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Preface

Genomics can be defined as the study of the structure, function and diversity of
genomes, genome being the collective term for all the genetic information contained
in a particular organism. The difference between genomic approaches and classical biological approaches is essentially one of scale, the aim of genomics being to
extend analyses that were originally limited to one or a small number of genes to
large numbers of genes or even to the complete set that make up a genome. One
consequence of this is that it is not always easy to define where classical approaches
end and genomics begins, and this has even led to suggestions that there is no essential difference between the two types of approach. This is an extreme view however
and, as the examples given in this book will illustrate, the need to develop highthroughput methodologies adapted to the analysis of multiple gene sets has led to
considerable technical advances and to the development of new ways of thinking
about biology.
Genomics as a discipline began with the first attempts to obtain large-scale
sequence data for individual organisms, either by sequencing the genomic DNA
or, where this was not practical, by sequencing large numbers of cDNAs.1 This
was initially a very costly process and consequently early efforts were focused
on laboratory model organisms such as the bacteria Escherichia coli and the yeast
Saccharomyces cerevisiae followed by the animal species Caenorhabditis elegans
and Drosophila melanogaster and the plant Arabidopsis thaliana. The availability of extensive sequence data for these organisms then facilitated the development
of additional genomic tools such as microarray systems for the analysis of gene
expression and collections of sequence-tagged mutants.
Marine organisms were very poorly represented amongst these early genomic
models and were to some extent left behind as the application of genomic
approaches to several terrestrial models allowed an acceleration of our understanding of the biology, ecology and evolutionary history of these species. The situation
has been rectified to a certain extent in recent years, essentially due to the reduced
cost of DNA sequencing and associated enhanced capacity for analysis of very large
datasets. The reduction in costs has not only allowed the application of genomic

1 See

the glossary for definitions of technical terms.

v

vi

Preface

approaches to a much broader range of species but has also opened up new fields
of genomics such as metagenomics and metatranscriptomics in which sequencing
methodologies are used in new and innovative ways. Marine biology has been at the
forefront of many of these new applications.
Genomic approaches are now being applied to a diverse catalogue of questions
in marine biology. These include exploiting the enormous phylogenetic diversity
of marine organisms to explore the evolution of developmental processes, characterising the marine ecosystems that play key roles in global geochemical cycles,
searching for novel biomolecules and understanding ecological interactions within
important marine ecosystems. Several of these domains have become increasingly
important in the context of global climate change.
The objective of this book is to provide an overview of recent advances in the
application of genomic approaches in the domain of marine biology. Each chapter covers a specific field, providing an introduction to that area and detailing how
genomic approaches have been adapted to the specific requirements of that field of
research. The final chapter discusses some practical questions of applying genomic
techniques, particularly in terms of the bioinformatic challenges. Many of these
fields of research addressed by individual chapters in this book will be covered in
further detail by complete volumes within the Advances in Marine Genomics book
series.
The first chapter looks at how genomic techniques are being used to explore and
monitor biodiversity in the marine environment. Consideration of biodiversity is of
particular interest in the light of accelerating climate change, which is increasingly
affecting many key marine ecosystems. The chapter emphasises how biodiversity
in the oceans is structured into ecosystems and the importance of interactions
between different hierarchical levels within these ecosystems. Genomic approaches
are described for the investigation of diversity at several different levels: taxonomic,
genetic and functional.
Chapter 2 looks at the rapidly evolving field of metagenomics or environmental
sequencing in which sequencing analysis is applied to communities of several (or
many) species rather than single, isolated organisms. The emergence of metagenomics as a discipline is described, with particular reference to the important
role played by marine ecosystems. The chapter emphasises the innovative nature
of metagenomic approaches, particularly with respect to providing global views
of ecosystems and as a means to describe species that cannot be cultivated in
the laboratory. Recently developed approaches such as metatranscriptomics and
metaproteomics are also discussed. Finally, this chapter provides some useful hints
for researchers new to this field.
Chapter 3 discusses the relatively recent application of genomic methodologies
to the study of marine organisms at the population level. The chapter looks both at
studies at the DNA level, which address questions such as measuring biodiversity,
mapping species boundaries and estimating drift in populations, and at the RNA
level, which provides information about adaptation to particular habitats via selective processes or modifications in gene expression. Information about the capacity
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of a species to adapt to perturbations of the environment are particularly important for predicting the effects of climate change or other anthropogenic factors. The
chapter begins with an overview of the methodologies available for analyses at both
the DNA and RNA level and then goes on to discuss the relative merits of the tools
available with respect to the type of question that is being addressed. Finally, the
chapter uses some examples to illustrate how genomic approaches have been and
are being used in different contexts to answer questions about the structure and
dynamics of populations and ecosystems in the marine environment.
The next two chapters concentrate on the impact of genomics on metazoan
research. Chapter 4 describes how genomic approaches have been used to improve
our understanding of the phylogeny of the metazoans. Early attempts to deduce
the evolutionary history of the metazoans, based solely on morphological and
developmental features, were susceptible to errors, due to factors such as morphological simplification of previously complex lineages and difficulties inherent in
scoring and evaluating this type of feature. The introduction of gene-based phylogenetic methods led to a revolution in this field, leading to what is known as the
“New View” of animal phylogeny, but certain relationships within the metazoans
remained unresolved or controversial. Phylogenomic approaches, employing much
more complete, “genome-scale” datasets, are now being employed to address these
questions. This chapter describes how genome information is being used in phylogenomic studies and provides some examples of important insights produced by
these approaches such as the recent re-evaluation of chordate relationships.
Chapter 5 looks specifically at the evolution of complexity in the animal lineage. Extension of work with model organisms to a much broader range of species,
including many marine animals, has provide a more complete view of the evolution
of complexity in the metazoans, particularly in terms of the underlying molecular
genetic processes. These studies challenge the assumption that descendants are necessarily more complex than their ancestors and show that simplification has occurred
in several lineages. By dissecting the molecular processes at work at different stages
of evolution, these studies have shed light on several major evolutionary transitions,
such as the transition to multicellularity or the origin of germ layers.
Chapter 6 focuses on the use of genomic methods to study marine algae. The
term “algae” assembles a very diverse collection of taxonomic groups that all
share one feature, the ability to carry out photosynthesis. These organisms play
an important role in the planet’s geochemical cycles and they are a rich source of
novel biomolecules and bioprocesses. The important contribution of both genome
sequencing and metagenomic analyses to the recent acceleration in our understanding of the biology of marine algae is discussed. The chapter also underlines the
importance of the recent development of model organisms for several major algal
groups.
Aquaculture is a rapidly expanding sector worldwide but the genomics resources
available in this area remain poorly exploited. Chapter 7 discusses the application of
genomic approaches to fish and shellfish and discusses how the data generated can
be exploited to address aspects such as reproduction, growth and nutrition, product
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quality and safety, and problems with pathogens. The chapter also looks at the evaluation of stock diversity and the potential for the use of genomic data in selection
programs. Finally, the chapter discusses the use of genomic methods to study and
monitor natural fish and shellfish populations and to understand interactions within
their ecosystems.
The next chapter looks at the rapidly growing field of marine biotechnology.
The chapter highlights the very broad spectrum of organisms that can be found in
the seas in terms of phylogenetic diversity and discusses how both whole genome
sequencing and large-scale metagenomics projects are rapidly expanding the genetic
resources available for biotechnological exploitation of this part of the planet. As in
several other domains, marine biotechnology has not developed to the same extent as
its terrestrial counterpart, probably because of the difficulty in accessing the marine
environment. The advent of genomic methodologies is changing this situation and
exciting developments are expected in this domain in the coming years. The chapter describes the genomic resources that are available and provides examples of
biotechnological products and processes that have been derived from a broad range
of organisms including viruses, archaea, bacteria, algae, fungi and marine animals.
As mentioned above, the final chapter addresses some of the practical aspects
of marine genomics. It looks at the different methods currently available for
DNA sequencing and discusses the problem of data management. The latter has
become an increasingly important consideration as the amount of data delivered
by new sequencing technologies has expanded impressively over recent years.
Bioinformatic processing of genomic data is then discussed including aspects such
as EST clustering, genome assembly, gene prediction, assignment of gene functions and whole genome annotation. The chapter also provides an overview of
transcriptome data analysis in particular those based on microarray hybridization
technology.
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Chapter 1

Genomics in the Discovery and Monitoring
of Marine Biodiversity
G.R. Carvalho, S. Creer, Michael J. Allen, F.O. Costa, C.S. Tsigenopoulos,
M. Le Goff-Vitry, A. Magoulas, L. Medlin, and K. Metfies

Abstract Marine biodiversity encompasses a range of hierarchical levels, including genetic, species, ecosystem and functional diversity. Interactions among such
levels determine ultimately the distribution and abundance, as well as evolutionary
potential and resilience, of marine taxa. In the face of accelerating environmental
change and ecosystem disruption, the detection and monitoring of structural and
functional components becomes increasingly urgent. Classical ecological and conservation marine studies focused on species and communities- the emphasis has now
shifted to enhancing our understanding of the relationships among the various components of biodiversity, especially their role in ecosystem services such as global
nutrient recycling and climate. Here, we highlight the significance of genomics and
genetic principles in elucidating the interactions among different biological levels of
diversity, from genetic and cellular, to community and ecosystem-level processes.
Genomic methods are especially powerful in disclosing previously undetected taxonomic (e.g. DNA barcoding), genetic (e.g. 454 sequencing) and functional (e.g.
gene expression, analysis of metabolites) diversity, including the identification of
new species and metabolic pathways.

1.1 Marine Biodiversity and Genomics – A Global Perspective
1.1.1 Marine Biodiversity: Structural and Functional Components
There are several indisputable facts about marine biodiversity: the exceptional levels
that are found in our oceans; the accelerating range of threats to which marine taxa
are exposed, and its importance in ecosystem functioning.
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First, the levels of biodiversity in our oceans are exceptional. Oceans encompass approximately 70% of the planet’s surface, and offer a diversity of habitats to
support 28 phyla of animals, 13 of which are endemic to the marine realm, compared with 11 phyla from terrestrial habitats (only one endemic, Angel 1992). High
species and phyletic diversity is commensurate with a corresponding plethora of
life-styles from floaters and swimmers, to those withstanding partial aerial exposure in intertidal zones or inhabiting deep sea hydrothermal vents at >3,500 m.
Moreover, because we know that life originated in the seas, marine taxa have been
evolving for up to 2.7 billion years longer than terrestrial counterparts. Almost all
extant phyla have marine representatives, compared to only approximately half having terrestrial representatives (Ray 1991). Importantly also, as advanced taxonomic
methods become available (Savolainen et al. 2005), and as new technologies enable
exploration of previously inaccessible habitats, many new marine species are being
discovered (e.g. Santelli et al. 2008). These include both microscopic or microbial taxa (Venter et al. 2004, Goméz et al. 2007), and also more familiar larger
organisms such as fish, crustaceans, corals and molluscs (Bouchet 2005). For example, the marine bryozoan, Celleporella hyalina, which was thought to be a single
cosmopolitan species. DNA barcoding and mating tests revealed that geographic
isolates comprised >20 numerous deep, mostly allopatric, genetic lineages (Gómez
et al. 2007; Fig. 1.1). Moreover, such lineages were reproductively isolated, yet
share very similar morphology, indicating rampant cryptic speciation. Such hidden
diversity is exemplified by recent discoveries in waters off Australia, where over
270 new species of fish, ancient corals, molluscs crustaceans and sponges new to
science were discovered among underwater mountains and canyons off Tasmania
http://www.csiro.au/science/SeamountBiodiversity.html). This is also exemplified
in marine transition zones between biogeographical provinces (e.g. between the
Lusitanian and boreal provinces, Maggs et al. 2008). All but one of the cosmopolitan diatom species investigated to date are composed of multiple cryptic species (see
review in Medlin 2007).
Second, despite the high levels of extant species diversity, marine systems
are exposed to excessive and accelerating threats from environmental change and
human activity. Threats such as pollution, over-exploitation, eutrophication, invasive species and climate change cause changes in distribution and abundance (Worm
et al. 2006), as well as localized extinctions. It is important not only to understand the mechanisms and consequences of such change to generate predictions
of response, but also importantly to enhance opportunities for recovery, resilience
and reversibility of disturbance (Palumbi et al. 2008a). Third, marine biodiversity
underpins the extent and dynamics of ecosystem functioning. Marine biota play a
key role, for example, in global nutrient recycling and climate, and provide man with
a multitude of resources and ecosystem services (products and processes provided
by the natural environment), including carbon storage, atmospheric gas regulation,
waste treatment, food provision and raw materials. Indeed, marine algae contribute
up to 40% of global photosynthesis. Globally, such marine ecosystem services have
been estimated to be valued in excess of $8.4 trillion per year for open oceanic systems and $12.6 trillion for coastal ecosystems (Costanza et al. 1997). For example,

1

Genomics in the Discovery and Monitoring

3

Fig. 1.1 Cryptic speciation of the marine bryozoan, Celleporalla hyalina. (After Gómez
et al. 2007). (a) Maximum-likelihood tree of haplotype data from the barcoding gene, COI.
(b) Maximum-likelihood tree of the nuclear gene, elongation factor, EF-1a haplotype data.
Individuals traditionally described as C. hyalina are marked with circles coloured according to
the geographical region listed to the right. (c) Map of the sample locations included in the genetic
analysis. Coloured circles indicate the major lineage according to the phylogenetic analysis. Dotted
lines indicate the limits of the temperate oceans (20C isotherm)

the deep sea plays a key role in ecological and biogeochemical processes globally.
The conservation of such biodiversity is a priority to secure sustainable functioning
of the world’s oceans.
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Fourth, there is increasingly compelling evidence that sustainable ecosystem services depend upon diverse biota (reviewed by Palumbi et al. 2008a). For example,
using several independent indicators of ecosystem functioning and efficiency, a
global-scale case study from 116 deep sea sites showed that ecosystem functioning
was exponentially related to deep sea biodiversity (Danovaro et al. 2008, Fig. 1.2).
Such a relationship, and similar such studies (Palumbi et al. 2008b), indicate that a
higher biodiversity supports higher rates of ecosystem processes and an increased
efficiency in which processes such as carbon production and cycling are carried out,
with an associated increase in the biomass of key taxa. A loss of biodiversity, at least
in this case, is likely therefore to be associated with a marked decline in ecosystem
function.

Fig. 1.2 Relationship between biodiversity and ecosystem function (after Danovaro et al. 2008).
Data show that as the biodiversity of benthic meiofauna increases (estimated geographically,
(a, c) and from diversity of trophic traits (b, d)), so do various proxies of ecosystem function
(e.g. prokaryote C production (a, b), faunal biomass (c, d))

The combination of high and apparently dynamic species diversity in our seas
with the global interdependence of biodiversity, energy flow and nutrient cycling
provides a compelling case for increasing the rate at which we can identify novel
taxa. In this chapter, we focus on how recent developments in genomic technologies
and associated genetic theory provide an empirical and conceptual framework for
the description and conservation of marine biodiversity. Crucially, we highlight the
role that genomics might play in elucidating the linkages among different biological levels of diversity, from genetic and cellular, to community and ecosystem-level
processes (Fig. 1.3). Genomic regions associated with particular phenotypes can
be identified using quantitative trait loci (QTL, Witham et al. 2008). Candidate
genes can then be identified from DNA sequence information, and anchored to
genetic maps with sequence-tagged markers such as simple sequence repeats (SSR).
Second, evidence for selection at candidate genes can be examined by screening natural populations for selective sweeps or local linkage disequilibrium, and/or rates
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Fig. 1.3 Exploring linkages between genomic information and ecosystem function (after Witham
et al. 2008). See text for further information. SSR, simple sequence repeats

of synonymous and non-synonymous polymorphisms. Third, genes with signature
of selection can be subjected to functional analysis such as gene expression using
microarrays or quantitative PCR. Finally, the link to community and ecosystems can
be tackled using common garden experiments and wild populations.
Genomic applications to management of marine biota are at an early phase, but
we identify opportunities in relation to relevant genetic and evolutionary principles. Exciting and novel opportunities now exist to detect and recognize life history
stages and new species that hitherto remained inaccessible to classical taxonomic
methods, such as high throughput DNA barcoding (Hebert et al. 2003) and metagenomics (Allen and Banfield 2005, DeLong 2005). Moreover, the ability to target
specific gene structure and function has led to the discovery of new metabolic pathways (Venter et al. 2004) thereby increasing our ability to understand and explore
functional links among marine biota, ecological processes and novel marine products. Such interrelationships coincide with the ecosystem approach to conservation
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and management (Pikitch et al. 2004), whereby the focus of effort has shifted from
individual components such as populations and species, to the interdependence of
communities and trophic levels. Initially, we will describe briefly the nature of
marine biodiversity, and then examine salient advances that have revolutionized our
ability to study its dynamics and distribution. The synthesis is not intended to be
comprehensive, but rather illustrates approaches and applications that are developed
further in accompanying chapters.

1.1.2 The Nature of Marine Biodiversity
Biodiversity is an all inclusive term to describe the variety of living organisms and
their environments, and it can be divided into four main components: (1) Genetic
diversity, that refers to the within-species genetic variation, a crucial determinant of
the ability of populations and species to withstand and recover from environmental
perturbations; (2) Species diversity, which describes the variety of species or other
taxonomic groups within an ecosystem, and represents the key identifiable units
that determine the complexity and resilience of habitats; (3) Ecosystem diversity,
that refers to the range of biological communities and the dynamics and nature of
their interdependence and interactions with the environment. Diversity at this level
is distinct from (1) and (2) in that it comprises both a living (biotic) and non-living
(abiotic) component; (4) Functional diversity, which includes the array of biological processes, functions or characteristics of a specific ecosystem. Some argue that
functional diversity may well be the most meaningful way of assessing biodiversity
because it does not necessitate the cataloguing of all species within an ecosystem,
and may thereby provide a tractable way for conserving marine natural systems.
Although such a view would be well supported by genomic approaches, its application is constrained by the usual need to relate diversity to function at different spatial
scales (Bulling et al. 2006, Naeem 2006), and the fact that many species and their
function are, as yet, undefined.

1.1.3 Empirical and Conceptual Advances
Genomics within the current context is a scientific discipline that studies the structure, function and diversity of genes and gene products in the genome of a species
with the aim of understanding the relationship between an organism and its biotic
and abiotic environment. Various advances at different biological levels have revolutionized our ability to analyze genome structure and function (Wilson et al.
2005): (1) At the level of DNA: including the development of high throughput DNA
sequencing, and recent enhancement using next generation sequencing technologies
(Rothberg and Leamon 2008); (2) At the level of gene expression (“transcriptomics”)
using microarray or digital gene expression technology; (3) At the level of protein products, with improved analysis of proteins (“proteomics”) using tandem
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mass spectrometry and (4) At the metabolic level, with the detailed analysis of
low-molecular-weight cellular constituents (“metabolomics”) using a diversity of
enhanced analytical techniques, such as pyrolysis gas chromatography and infrared
spectrometry. Each has been associated with major improvements in throughput and
volume of data produced, as described in Chapter 3. In addition to the developments
in molecular biology, the genomics revolution is associated with three other technological advances that occurred in the 1990s in microtechnology, computing and
communication (Van Straalen and Roelofs 2006).
Microtechnology: the ability to examine very small molecules on the scale of a
few micrometers using new laser technology was crucial for the deployment
of the gene chip.
Computing technology: The vast amount of DNA data generated by high
throughput sequencing, and the analysis of expression matrices and protein
databases requires considerable computing power for efficient bioinformatic
analyses. The advent of high-speed computers and data-storage methods of
immense capacity underpins genomic approaches.
Communication technology: The ability to access and integrate global databases
using the Internet in real time is an essential component of both the
design and interpretation of genomic data, especially as attention focuses
increasingly on non-model organisms (Cock et al. 2005).
The essence then of the genomics approach for exploring biodiversity is to analyze an abundance of individuals and/or genes simultaneously, thereby enhancing
the opportunities for matching genetic and phenotypic diversity at the component
biological levels identified above.
Conceptually, there are three salient points to note in the application of genomics
to the analyses of biodiversity. First, although the field of genomics was developed initially based on applications to model organisms such as baker’s yeast
(Saccaromyces cerevisiae), the fruit fly (Drosophila melanogaster), a nematode
worm (Caenorhabditis elegans), mouse ear cress (Arabidopsis thaliana), and more
recently the mouse (Mus musculus), techniques and interest now allow improved
access to ecologically-well characterized species (Vera et al. 2008, Witham et al.
2008). Laboratory-based models have been useful for elucidating our understanding of basic processes governing growth and development, but generally are more
restricted when predicting responses to environmental change and role in ecosystem
processes. The recent increase in DNA sequence data, for example, of marine organisms including diatoms, sea urchins, Hydra, fish, shrimps, and brown algae (Wilson
et al. 2005, Cock et al. 2005), together with the availability of rapidly increasing
expression sequence tag (EST) libraries, has significantly enhanced the representation of marine taxa (see Chapter 3 and 7). Moreover, the targeting of so-called “key
species” for genomic approaches across the evolutionary tree (Cock et al. 2005)
as models for phylogenetically similar organisms will further broaden the range of
life styles, adaptations and habitats that can be examined. Second, there has been a
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surge of activity in the analysis of microbial communities by isolating and sequencing large fragments of DNA directly from the environment, an approach known
as “metagenomics” (see Chapter 2). Such work has led to the discovery of novel
biochemical pathways (e.g. Peers and Price 2006) and novel organisms (Massana
et al. 2006). For example, the application of “whole-genome shotgun sequencing”
to microbial populations collected from the Sargasso Sea identified at least 1,800
genomic species based on sequence relatedness, including 148 previously unknown
bacterial phylotypes (Venter et al. 2004). The Sargasso Sea study additionally identified over 1.2 million previously unknown genes, including more than 782 new
rhodopsin-like photoreceptors, revealing unprecedented levels of phyletic and functional oceanic microbial diversity. Such approaches increase further the ability to
analyze directly samples from the wild, and promise to revolutionize our ability
to characterize gene function in relation to organismal and ecosystem processes.
Finally, the enhanced awareness that biodiversity underpins ecosystem resilience
and recovery from perturbations (reviewed in Palumbi et al. 2008a), has shifted
interest and focus of environmental management from individuals, populations and
species, to communities and ecosystems, with particular attention on functional
relationships between biotic diversity and ecosystem processes. Such a focus on
relationships is ideally suited for genomic applications because it is the linkages
between gene structure, function and phenotypic diversity at the cellular, metabolic
and ecological processes that characterize variability in patterns of productivity,
nutrient and energy flow.
Having provided a brief overview of key developments in marine genomics in
relation to marine biodiversity, we now examine some molecular approaches for
identifying marine species and classifying functional capacity of marine assemblages.

1.2 Molecular Identification of Marine Biodiversity
With the increasing focus on the relationship between biodiversity and ecosystem
functioning on such processes as elemental cycling, production and trophic transfer
(Chapin et al. 1997, Duffy and Stachowicz 2006), it is crucial to obtain realistic
estimates of species diversity and quantification of functional capability. Particular
challenges in the assessment of biodiversity in the marine environment arise from
limited access to certain habitats, communities and the patchy distribution of species
in pelagic environments. Accordingly, new genomic approaches have recently been
developed that provide the means to access previously undetected biodiversity.
Species identification is the critical starting point of any research in marine biology. Conventional identification approaches based on phenotypic characters may be
apparently straightforward. However there are various situations in which they may
fail or have limited efficiency, such as cryptic species, inherently difficult taxonomic
groups, or taxonomically ambiguous eggs and larvae (Kochzius et al. 2008). The
discovery of new marine habitats and associated new species, increased threats to
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marine species from on-going environmental change and habitat disturbance make
it increasingly important to develop rapid and robust ways of describing and cataloguing marine biodiversity. Molecular tools of universal implementation, such as
the recently proposed DNA barcodes (“a rigorously standardized sequence of a minimum length and quality from an agreed-upon gene, deposited in a major sequence
database, and attached to a voucher specimen whose origins and current status are
recorded”) can counter conventional limitations, providing a simple, yet robust system to unambiguously identify not only whole individuals, but eggs, larvae and body
fragments. Such approaches necessarily include a range of molecular identification
strategies based on the analysis of homologous gene regions (e.g. COI, 16S, 18S and
ITS) for delimiting species boundaries and in their discovery, as well as associated
“genome screens” for the identification of functional capacity.
Hebert et al. (2003) introduced the concept of a DNA barcode, and proposed
a new global approach to species identification, which offered great promise to
counter many limitations of the classical taxonomic approach. The new approach
was based on the premise that the sequence analysis of a short fragment of a single
gene (eg, cytochrome c oxidase subunit 1, CO1), enables unequivocal identification
of many animal species. Hence, the DNA barcode would provide a standardised tool
for fast, simple, robust and precise species identification. The rationale and approach
of DNA barcoding are essentially the same whichever region of the genome is
selected. The basic premise is that for each currently known species an unequivocal match can be established with the DNA barcode obtained by comparing the
same DNA regions. The resultant “matching hypothesis” underpins the rationale
for implementing the new molecular bioidentification system, which importantly
also extends and incorporates, rather than substitutes, the classical Linnaean system (Costa and Carvalho 2007). It is also assumed that a low between- versus
within-species divergence represents reproductively isolated entities according to
the biological species concept, thereby conforming to the Linnaean binomial system (Goméz et al. 2007). Reference barcoded specimens of each species that have
been identified by experts are deposited in a museum and therefore available for
double-checking and for long-term study. Once this reference database is complete,
it can be used to assign an unknown sample to a known species.
Whilst COI-based molecular barcoding is gaining momentum, COI does not
work effectively for the molecular identification of all eukaryotic taxa and different markers are used for bacteria, Archaea and viruses (see below). This is
predominantly because in some eukaryotes, such as the nematoda, the COI gene is
characterised by unusual molecular evolutionary rates and processes. In nematodes,
COI has high mutational rates and is very A+T rich with biased substitution patterns
(Blouin et al. 1998, Blouin 2000) making it rather unsuitable for DNA taxonomy
studies (Hajibabaei et al. 2007). Such challenges are demanding the acknowledgement of alternative markers for certain taxa and attempts are being made to
accommodate suites of markers into the DNA barcoding movement. Examples of
alternative markers include ribosomal genes that have been used for decades to identify multiple suites of microbial eukaryotes. It was first demonstrated in the 1960s
that ribosomal genes (rDNA) and their gene products (rRNA) could be used for the
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taxonomic classification of microbial species (Doi and Igarashi 1965, Dubnau et al.
1965, Pace and Campbell 1971a, b). Over the past decades the comparative analysis of homologous gene sequences has become an indispensable approach to gain
new insights into the phylogeny and diversity of microbial organisms (Díez et al.
2001, Evans et al. 2007). The genes coding for rRNA are particularly well suited for
phylogenetic analysis, because they are universal, found in all cellular organisms;
they are of relatively large size; and they contain both highly conserved and variable
regions with no evidence for lateral gene transfer (Woese 1987). The number of ribosomal sequences is continuously growing. Currently it is in the range of ∼550,000
sequences (Pruesse et al. 2007). Several publications describe the power of ribosomal sequences to identify both prokaryotic and eukaryotic micro-organisms (Amann
et al. 1990; Simon et al. 2000; Groben et al. 2004). Direct cloning and sequencing
of the small subunit ribosomal DNA (18S rDNA) from natural samples has, for
example, permitted a broader view of the structure and composition of picoplankton
communities (Giovannoni et al. 1990; López-Garcia et al. 2001, Medlin et al. 2006).

1.2.1 Diversity and Functional Analyses of Microbial Communities
With >99% of its organisms predicted to be unculturable, the marine environment
represents the largest untapped reservoir of genomic diversity on the planet (Beja
2004). Indeed, with an average of more than a million viruses per millilitre of seawater and no means of propagation outside of their host organism, the marine viral
fraction represents perhaps the most poorly sampled biomass on Earth. To date,
PCR-based approaches (e.g. clone libraries, denaturing gradient gel electrophoresis (DGGE) (Muyzer 1999) and restriction fragment length polymorphism (RFLP)
analyses) have offered us rare glimpses of the enormous diversity of marine microorganisms (Archaea, prokaryotes, eukaryotes) derived from the analysis of specific
homologous genes (e.g. 16S or 18S ribosomal DNA) used to identify species or
phylotypes (Kemp and Aller 2004). DGGE allows the rapid analysis and comparison
of microbial communities. Compositional diversity can be visualized using DGGE
where each band in principle represents a microbial phylotype (Tzeneva et al. 2008).
Sequencing of a single band provides information on the related taxon and can be
used, for example, in phylogenetic analysis. Since viruses are obligate intracellular parasites, they lack ribosomal encoding regions such as 16S and 18S, thereby
necessitating the development of markers specific for each broad family (such as
RNA polymerase and DNA polymerase) in order to perform similar biodiversity
studies (Allen and Wilson 2008).
Whereas such studies highlight the sheer abundance of natural biodiversity,
no real functional significance can be attributed to the communities in question,
because the molecular markers used for biodiversity appraisals have conserved
genomic functions. For years, the Holy Grail of biodiversity research has been not
to merely study biodiversity but to assess functional biodiversity, that is, to determine how diversity contributes to ecosystem functioning. The study of functional
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diversity has now been attempted with a variety of techniques including functional
and environmental genomics, transcriptomics (using microarrays and quantitative
PCR), proteomics and metabolic/metabolomic studies. Such studies have provided
crucial clues to the functional significance of natural biodiversity through the study
of well-known metabolic pathways.
Initially, perhaps the greatest success in marine functional genomics was
achieved using bacterial artificial chromosome (BAC) and fosmid (f1 origin-based
cosmid vector) libraries that allowed up to 300 kb of DNA inserts to be studied in
E. coli. A multiplex PCR screen for rRNA fragments allows the identification of
clones from specific phylogenetic groups. Full sequencing can then allow metabolic
genes to be identified in order to infer the metabolic potential of the specific organism or phylogenetic group. Such an advance was first achieved by Stein et al.
1996 with a marine Archaea population from coastal waters, followed by (Suzuki
et al. 2004)’s picoplankton study. BAC libraries derived from marine environments are now commonplace, yet still often require hundreds, if not thousands
of litres of seawater to produce. Recent modifications include the use of terminal restriction fragment length polymorphism (TRFLP) and internal transcribed
space, length heterogeneity PCR (ITS-LH-PCR) to screen for rRNA genes (Suzuki
et al. 2004, Babcock et al. 2007). Perhaps the greatest success story to come
from the BAC approach is the identification of a novel light driven photon pump
(now known as a bacteriorhodopsin) in an uncultured SAR86 (γ proteobacterial)
group BAC fragment (Beja et al. 2000). Since then the BAC approach has been
used with both natural marine communities and specific marine strains such as the
gammaproteobacterium Congregibacter litoralis (Fuchs et al. 2007), Eastern and
Pacific oysters Crassostrea virginica and C. gigas (Cunningham et al. 2006) and
protochordate Botryllus schlosseri (de Tomaso and Weissman 2003).
In addition to large-scale conventional sequencing approaches, the development
of pyrosequencing technologies now allows direct shotgun sequencing of environmental samples (Blow 2008) on a hitherto unforeseen scale (Huse et al. 2007,
Huber et al. 2007, Mou et al. 2008). Such metagenomic approaches (Handelsmann
2004) have had major implications for the marine environment with its massive
pool (quite literally) of unstudied and unculturable organisms. To date, combinations of chain-termination and pyrosequencing approaches have been used to study
marine bacterial, eukaryotic and viral diversity, sampled from diverse marine environments (coastal, open ocean, surface, deep sea, coral, subseafloor) (Breitbart et al.
2004, Venter et al. 2004, Angly et al. 2006, Culley et al. 2006, Sogin et al. 2006,
Bench et al. 2007, Biddle et al. 2008, Dinsdale et al. 2008, Quaiser et al. 2008,
Williamson et al. 2008). It is important to note though, that such a huge volume
of information has its limitations: the vast majority of genes currently being identified are of unknown function and their organism of origin is often a complete
mystery. Sometimes it is possible to find suitable phylogenetic markers associated
with DNA fragments, but more often than not, the precise origin of the genomic
sequence remains unknown. However, such challenges are now tractable, especially
with the advent of ultrasequencing approaches.
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Not all functional biodiversity studies require huge sequencing efforts. For example, a novel approach has seen a virus isolate-specific microarray used to probe for
the presence of genes in other natural virus isolates from the same family (Allen
et al. 2007). The application of this genome wide approach can actually provide
important information on the functional potential of an organism by identifying
regions or single genes that are diverse enough to avoid hybridization or conserved
enough to allow hybridization to occur. Providing sufficient information is available
about the genes under study, a brief overview can be gleaned on the potential of an
organism to perform specific metabolic functions and pathways.

1.2.2 Between the Microbes and Metazoans: Eukaryotic Protists
The functioning of marine ecosystems is based on organisms that belong to the
pico-, nano-, and micro- plankton. These three size fractions comprise bacteria and
eukaryotic protists, such as phytoplankton or heterotrophic protozoa. In contrast
to the important ecological role of microbes in the marine environment, in many
respects knowledge about their biodiversity is limited. Biodiversity assessment in
this group of species is challenged by various factors. First, the size of organisms,
particularly in the picoplankton fraction, renders microscopic observation and identification very difficult or even impossible. Eukaryotic marine picoplankton are a
group of species with limited information on biodiversity or ecology, but extremely
high ecological relevance. In open oceanic oligotrophic waters, picoplankton contribute up to 80% of the biomass and constitute an important prey for heterotrophic
nanoflagellates (Ishizaka et al. 1997, Caron et al. 1999). Diatoms are another example of ecologically important eukaryotic microbes with limited information on their
biodiversity and ecology. They account for at least 20% of the annual global carbon fixation by photosynthesis (Mann 1999). However, in this case species size
is not the limiting factor for biodiversity assessment, but rather an uncertainty of
the significance of small morphological variation among closely related species.
The identification of diatoms is challenged by limited morphological differentiation among closely related species and cryptic speciation is widespread among
cosmopolitan species (Evans et al. 2007, Medlin 2007). The consequence of cryptic
species is an underestimation of species numbers. However, species dimorphisms
can in turn lead to an overestimation of biodiversity. Dimorphic species occur in
different morphological appearances usually in different stages of a haplo-diploint
life cycle and have been misleadingly identified as different species. This phenomenon has been observed, for example, in the microalgal classes Cryptophyceae
(Hoef-Emden and Melkonian 2003) and Prymnesiophyceae (see review in Billard
1994).
1.2.2.1 Ribosomal Probes
The continually growing number of available algal 18S rDNA-sequences, as for
example, in the Ribosomal Database Project (RDP, Maidak et al. 2001), and in
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phylogenetic analyses, permit the design of hierarchically organized probe sets that
specifically target the 18S-rDNA from higher taxonomic levels down to the species
level (Groben et al. 2004). Molecular probes are powerful in the detection and monitoring of microbial diversity, especially in the pico-sized fraction. They can be used
in combination with a wide variety of hybridisation-based methods, such as fluorescent in situ hybridization (FISH) (Eller et al. 2007), RNA-based nucleic acid
biosensors (Metfies et al. 2005) and DNA-microarrays (or Phylochips) (Metfies
et al. 2006). FISH is a widely accepted and practiced approach for quantitative
surveillance of microbes, but processing and quantitative analysis of FISH samples with fluorescent microscopy can be tedious, slow, and time-demanding because
only one probe can be processed at a time because of the limited choice in fluorochromes. Nevertheless, the application of molecular probes and FISH techniques
in combination with flow cytometry has greatly increased the speed and accuracy of
microbial identification, as for example, in the context of characterizing picoplanktonic communities (Biegala et al. 2003). Surveillance of microorganisms could be
further refined by the application of new chip-based hybridization formats, such as
nucleic acid biosensors and DNA-microarrays/phylochips, that allow parallel identification and quantification of multiple taxa in a single experiment. The identification
is based on solid phase hybridization of molecular probes, immobilized to the surface of the sensor chips to the rRNA or rDNA of the target species (Metfies et al.
2006). Their feasibility for the assessment of picoplankton community composition
with a Phylochip (Fig. 1.4) has been shown for the picoeukaryotic prasinophytes
(Gescher et al. 2008).

Fig. 1.4 Microbial species identification with DNA-Microarrays (PHYLOCHIPS). A
PHYLOCHIP contains an ordered set of species specific molecular probes immobilized to
the chip-surface. The identification of a microbial species is based on a specific interaction
between the immobilized molecular probe and the complementary nucleic acid of the target
species

1.2.2.2 Biodiversity Assessment at Sub-species Level
If information on species diversity within communities is to be supplemented by
information on biodiversity below the species level, fingerprinting methods such as
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restriction length polymorphism (RFLP), amplified fragment length polymorphism
(AFLP) or microsatellites are appropriate methodologies. These well established
methods are suited to resolve the degree of biodiversity within populations of certain
species, and the utility of fingerprinting methods for microbial biodiversity assessment has been demonstrated in numerous publications (e.g. Adachi et al. 2003, John
et al. 2004, Iglesias-Rodriguez et al. 2006, see review in Medlin 2007). In all studies to date, microbial populations in the oceans have been shown to have a distinct
structure and gene flow can be restricted between geographically close areas. The
oceans are far more fragmented in terms of population structure and gene flow than
would have been believed decades ago.

1.2.3 Diversity and Ecological Analyses of Benthic Meiofaunal
Communities
Soft-bottom benthic meiofauna are a ubiquitous, highly abundant community
assemblage (ranging between 45 and 500 μm in size) that play a crucial role in
marine ecosystem functioning and services. Comprised of between 50 (shallow
water) and 90% (deep water) nematodes, meiofaunal assemblages contribute significantly to bentho-pelagic coupling in the form of nutrient cycling, water column
processes, pollutant distribution, secondary production and stability of sediments
(Snelgrove et al. 1997, Smith et al. 2000, Snelgrove et al. 2000). Despite their
pivotal role in ecosystem functioning (Danovaro et al. 2008), our ability to construct mechanistic links between biodiversity and ecosystem services is significantly
impeded by a poor understanding of global marine meiofaunal taxonomy and diversity. For example, a current estimate of global nematode diversity (c. 1 million
species) remains a matter of conjecture (Lambshead and Boucher 2003). Only about
20,000 species have been described, around 4,000 of which are marine (Platt and
Warwick 1983), and contemporary studies routinely recover between 30 and 40%
of sampled taxa that are new to science (Lambshead and Boucher 2003). Such a
knowledge gap is undoubtedly the result of the small size and apparent morphological conservatism of nematodes, rendering identification a considerable challenge
to non-specialists. Indeed, even for experts, many male- or female-specific diagnostic morphological characters exhibit intraspecific variation and are restricted to
mature individuals that can only be appraised using combinations of traditional light
and electron microscopy combined with informed knowledge from specialist literature (Floyd et al. 2002, DeLey et al. 2005). From a logistical perspective, surveys
have additionally shown that 120 times more scientific effort has to be expended
in assigning only 10% of nematodes to known species, compared to parallel studies
that successfully assigned all vertebrate morphospecies to known taxa (Lawton et al.
1998). The finding that more than 5,000 nematodes comprising up to 50 species can
be recovered from a single 38 cm3 temperate benthic fine sand sample, highlights
the formidable challenge that meiobenthologists face when analyzing environmental
samples.
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In addition to the phylotype system employed to identify microbes, the past few
years has witnessed the establishment of a DNA barcoding system of species identification for larger metazoans (Hebert et al. 2003). One drawback that arises when
attempting to apply a barcoding framework to micro- and meiofaunal organisms is
that in order to extract DNA from the organisms for PCR purposes, the whole animal is usually sacrificed, destroying the voucher specimen. An attractive solution
to this problem lies in video capture and editing (VCE) microscopy (DeLey et al.
2005), which consists of recording a taxonomically relevant multifocal series of “3D like” microscopy images as digital videoclips, that can act as “electronic voucher
specimens”. Images can then be deposited in appropriate publicly available repositories (e.g. NemAToL – http://nematol.unh.edu /) to be interrogated by the research
community.
Commonly though, biodiversity questions revolve around communities of meiofaunal organisms, rather than single individuals. An alternative to the barcoding
framework, analogous to methods employed in the study of prokaryotes, is to
sequence a large number of individuals derived from environmental samples and
recent research has highlighted the efficacy of an 18S rDNA molecular operational
taxonomic unit (MOTU) scheme for environmental samples (Floyd et al. 2002,
Blaxter and Floyd 2003, Bhadury et al. 2006). The MOTUs do not have any formal
relationship with published species descriptions, but identifications can be achieved
with existing databases, or future classifications in an approach that has been termed
“reverse taxonomy” (Markmann and Tautz 2005). MOTU-based studies to date have
investigated diversity via chain-termination sequencing of individual organisms, or
cloning and sequencing a few hundred PCR products derived from environmental
samples (Floyd et al. 2002, Blaxter et al. 2005). These data are highly informative,
but molecular diversity accumulation curves typically do not reach an asymptote,
suggesting that much larger sampling efforts are required to yield representative sets
of organisms present in the meiobenthos (Markmann and Tautz 2005). As with many
metagenetic (meta analyses of homologous gene regions) and metagenomic (meta
analyses of multiple, fractionated genomes) endeavours, ultrasequencing and downstream microarray-based technologies are likely to offer significant opportunities to
directly and simultaneously qualitatively assess molecular diversity (Creer 2008),
akin to species richness measures. Moreover, a significant advantage of the use of
VCE, is that functional diversity can be retrospectively assigned to environmental
community representatives, by referring to the trophic mode, body size and life history strategy of the voucher specimens (Moens and Vincx 1997, Schratzberger et al.
2007).

1.2.4 DNA Barcoding and Fisheries
To illustrate certain principles of DNA barcoding and its role in the management
of global marine resources, we consider briefly the application of the approach
to marine fishes. In May 2004, an international consortium of organisations – the
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Consortium for the Barcoding of Life (CBOL) (http://barcoding.si.edu/) – instigated
the worldwide implementation of DNA barcoding, thus launching a unique largescale horizontal genomics (one gene, many taxa) project. The first global DNA barcoding campaigns – the Fish Barcode of Life (FISH-BOL) (http://barcoding.si.edu/)
and the All Birds Barcoding Initiative (ABBI) (http://www.barcodingbirds.org/) –
were launched, with the intention of assembling a reference database of DNA barcodes for all fish and bird species respectively. FISH-BOL expects to complete most
of the inventory of all known fish species of the world by 2010. To date, out of an
estimated 29,112 fish species, approximately 5,600 have been barcoded using the
CO1 target gene, representing 19% of global fish taxa. CBOL coordinates and promotes DNA barcoding on a worldwide scale, and endorses public access to DNA
barcoding data. Both the Barcode of Life Database (BOLD) (Ratnasingham and
Hebert 2007) and existing public genomic repositories (namely the GenBank of the
National Center for Biotechnology Information (NCBI), the European Molecular
Biology Laboratory (EMBL) and the DNA Data Bank of Japan (DDBJ)) provide
free access to DNA barcoding data.
Fish provide a suitable model for testing the implementation of DNA barcoding
at a worldwide scale, in terms of their phyletic diversity, economic value and environmental threats (Costa and Carvalho 2007, see also Chapter 7). Fish and fisheries
resources comprise a key target group from which it is anticipated that DNA barcoding will bring larger and more immediate benefits (Lleonart et al. 2006). Such
a system will offer a simple – and increasingly rapid and inexpensive – means
of unambiguously identifying not only whole fish, but fish eggs and larvae, fish
fragments, fish fillets and processed fish. Such a capability will generate more rigorous and extensive data on recruitment, ecology and geographic ranges of fisheries
resources, improved knowledge of nursery areas and spawning grounds, as well as
elucidation of taxonomy (Rock et al. 2008), with evident impacts at the fisheries
management and conservation levels. For example, the possibility of rigorous identification of fish species from eggs and larvae could be particularly fruitful, since
phenotypic identification of early life stages can be especially difficult (Pegg et al.
2006). A study testing the utility of molecular markers in species identification of
fish eggs revealed that over 60% of the eggs were misidentified when phenotypic
characters were used (Fox et al. 2005). Eggs from haddock and whiting may have
been reported as cod eggs in previous surveys, possibly leading to an inflation of
stock assessments of cod in the Irish Sea. Moreover, early stage haddock eggs were
detected in the Irish Sea, indicating the presence of a spawning stock of this species
previously unknown to that region (Fox et al. 2005). In the context of environmental
change, induced, for instance, by global warming, the ability to rigorously identify fish species at all life history stages from egg to adult is particularly useful to
assess escalating shifts in range distribution, spawning grounds and nursery areas
(Fox et al. 2008).
Another valuable application of DNA barcoding is the identification of preyremains from predators’ stomach contents. Such studies could provide more detailed
information about aquatic trophic chains, revealing which fish species are preyed
upon by other fish species (Sigler et al. 2006) or seabirds (Phillips et al. 1999). This
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ecological information could then be incorporated into models, as well as providing
new data for use in management and conservation.
Potential forensic applications of fish DNA barcoding include the monitoring
of fisheries quotas and by-catch, inspection of fisheries markets and products, the
control of trade in endangered species, and improvements in the traceability of fish
products (Ogden 2008). In Australian waters, for example, sharks are illegally captured, largely for their fins alone. Quality sharks’ fins can sell for $6,000–$8,000/kg
in Hong Kong, and it is estimated that globally more than 100 million sharks are
killed every year. Sharks are particularly susceptible to overexploitation due to slow
growth, their longevity and long gestation and low fecundity. Many species are morphologically very similar, and many are protected (R D Ward, pers comm.). A tool
enabling precise identification of shark species from fins, from the fisheries boat to
the soup in the restaurant, could be of great utility for law enforcement and conservation of endangered species (Chan et al. 2003). DNA barcoding could also be used for
detection of fraudulent species substitutions in fish markets and fish food products,
a practice that is generating concern among consumers (Wong and Hamer 2008). A
striking example comes from the Red Snapper (Lutjanus campechanus), which is
one of the most economically important fisheries in the Gulf of Mexico, and which
has been subject to stringent fishing restrictions due to stock depletion. Marko et al.
(2004) used sequences of the mtDNA gene cytochrome b, in an approach very similar to DNA barcoding, to show that up to 77% of the L. campechanus fillets were
mislabelled in USA markets. Such a level of mislabelling may adversely affect estimates of stock size and contribute to the false impression among consumers and
industry that the supply of fish is keeping up with demand.
Thus, DNA barcoding provides a standardised tool for describing and monitoring fish species diversity, not only in the wild, but also throughout the food supply
chain in relation to legal enforcement and consumer protection (see Chapter 7).
Moreover, a globally-accessible, standardised DNA barcoding data base means that
non-experts may utilise the information to examine species identity, but importantly also allows a coordinated and extensive effort to document biodiversity from
throughout species distributions.

1.2.5 Larvae in Marine Systems
The crucial influence of larval stages on population dynamics and on population connectivity, especially when adults are sessile, has long been acknowledged
(Underwood and Fairweather 1989). Recent investigations of larval dispersal patterns have challenged traditional models, where larvae are dispersed as passive
particles, by revealing the importance of larval behaviour and retention (Shanks and
Brink 2005, Kinlan et al. 2005, Marta-Almeida et al. 2006). Accurately estimating larval distribution and abundance and assessing larval dispersal and recruitment
patterns are all prerequisites for the sustainable management of marine resources
(e.g. Taylor et al. 2002, Fox et al. 2005, Kochzius et al. 2008) and the restoration of
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anthropogenically-degraded ecosystems, such as coral reefs (Bellwood et al. 2004,
Shearer and Coffroth 2006). Including marine larvae in estimates of species richness
is crucial, not only in relatively inaccessible or unexplored environments, such as
the deep-sea (Grassle and Maciolek 1992), but also in more intensively documented
coastal waters (Harding 1999, Lindley and Batten 2002).
Larvae, especially those of invertebrates, often represent an inscrutable component in marine fauna inventories (Mariani et al. 2003). Their ecological significance
is still poorly understood, and the importance of larvae in marine food webs has only
been recently highlighted (Bullard et al. 1999, Rosel and Kocher 2002, Metaxas and
Burdett-Coutts 2006). Several factors account for this: small sizes, lack of diagnostic
morphological characters allowing equivocal species identification, multiple larval
stages, phenotypic plasticity, time and expertise required for accurate identification.
When identification characters exist, they may often be restricted to certain geographical areas (reviewed in Rogers 2001). In some cases, the difficulty of rearing
in captivity for reverse taxonomy is a further impediment to larval identification.
Larvae, however, represent a fundamental component of marine ecosystems and a
key step in the life cycle of many marine organisms.
Many molecular approaches have been developed to explore larval biology, and
especially for species identification (Table 1.1). While most aim at high throughput
analyses and are PCR-based, hence destructive, few preserve morphology. Despite
the number of approaches developed, applications in ecological studies are still
scarce.
Table 1.1 Recent molecular advances towards the identification of marine larvae
Molecular
approach
Hansen and
Larsen
(2005)
Patil et al.
(2005)
Noell et al.
(2001)
Santaclara
et al.
(2007)
Comtet et al.
(2000)
Shearer and
Coffroth
(2006)
Karaiskou
et al.
(2007)

Organism
targeted

Tested on
larvae?

Single step nested Mytilus edulis/Musculus
Yes
multiplex PCR
marmoratus, Ensis sp., Myoida
spp., Cariids, Spisula spp.,
Macoma/Abra spp. (bivalves)
COI nested PCR Crassostrea gigas (Pacific oyster) Yes
Control region
Hyporhamphus melanochir, H.
PCR
regularis (Garfish)
18S multiplex
Xenostrobus secures, Mytillus
PCR and RFLP
galloprovincialis (mussels)

Used in
ecological
studies?
Yes

No

Yes

No

Yes

No

ITS2 PCR and
RFLP
COI PCR and
RFLP

Bathymodiolus azoricus (deep-sea Yes
vent bivalve)
Agaricia agaricites, Porites
Yes
astreoides (scleractinian corals)

No

Cyt b PCR and
RFLP

Trachurus trachurus, T.
mediterraneus, T. picturatus
(European horse mackerel
species)

Yes

Yes

No
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Table 1.1 (continued)
Organism
targeted

Hosoi et al.
(2004)

D1/D2/D3 PCR
and RFLP

No

von der
Heyden
et al.
(2007)
Richardson
et al.
(2007)

Control region
PCR and
sequencing

Barbatia (Abarbatia) virescens, Yes
Mytilus galloprovincialis,
Pinctada martensii, Pinna
bicolor, Chlamys (Azumapecten)
farreri nipponensis, Anomia
chinensis, Crassostrea gigas,
Fuluvia mutica, Lasaea
undulata, Moerella jedoensis,
Theora fragilis, Ruditapes
philippinarum, Paphia undulata
(bivalves)
Merluccius capensis, M.
Yes
paradoxus (Cape hakes)

Istiophorus platypterus, Makaira Yes
nigricans, Tetrapturus albidus,
T. pfluegeri (billfish), Thunnus
atlanticus, T. albacares, T.
thynnus, T. obsesus, T. alalunga
(tuna)
COI, 16S and 18S Solasteridae, Echinidae,
Yes
PCR and
Ophiuridae, Echinidae, Syllida,
sequencing
Serpulidae, Nudibranchia,
Gastropoda, Nemertea,
Urochordata, Ophiuroidea,
Terebellidea, Adamussium
colbecki, (Antarctic scallop)
Parborlasia corrugatus, (Antarctic
nemertean)
Yes
16 S nested PCR Echinocardium cordatum,
and sequencing
Marthasterias glacialis,
Spatangus purpureus, Amphiura
filiformis (echinoderms)
COI PCR and
Stomatopod larvae (scleractinian Yes
sequencing
corals)

Yes

Webb et al.
(2006)

Kirby and
Lindley
(2005)

Cyt b PCR and
sequencing

Barber and
Boyce
(2006)
Goffredi et al. 18S PCR and
(2006)
sandwich
hybridisation
Jones et al.
18S PCR and
(2008)
sandwich
hybridisation

Deagle et al.
(2003)

Tested on
larvae?

Used in
ecological
studies?

Molecular
approach

PCR and DGGE

Thoracica, Balanus glandula
(barnacles)

No

No

Yes

Yes

Yes

Yes

Carcinus maenas (green crab),
Yes
Mytilus edulis (native blue
mussel), Balanus sp. (barnacle),
Osedax sp. and Ophelia sp.
(polychaetes)
Asterias amurensis (northern
Yes
Pacific seastar)

Yes

No
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Fox et al.
(2005)
Vadopalas
et al.
(2006)
Morgan and
Rogers
(2001)
Zhan et al.
(2008)
Barki et al.
(2000)
Arnold et al.
(2005)

Molecular
approach

Organism
targeted

Tested on
larvae?

Used in
ecological
studies?

TaqMan PCR

Gadus morhua (cod)

Yes

Yes

Real-time PCR

Haliotis kamtschatkana (pinto
abalone)

Yes

No

Microsatellites

Ostrea edulis (flat oyster)

Yes

No

Microsatellites

Chlamys farreri (Zhikong scallop) Yes

No

AFLP

Parerythropodium fluvum fluvum
(soft coral)
Blot hybridization Mercenaria (bivalve)
with18S rRNA
targeted probes
Kochzius
Microarrays
Boops boops, Engraulis
et al.
encrasicolus, Helicolenus
(2008)
dactylopterus, Lophius
budegassa, Pagellus acarne,
Scomber scombrus,
Scophthalmus rhombus,
Serranus cabrilla, Sparus
aurata, Trachurus sp., Triglidae
(fish)
Pradillon
Whole larvae in Riftia pachyptila, Tevnia
et al.
situ
jerichonana (hydrothermal vent
(2007)
hybridization
polychaetes), Crassostrea gigas
with 18S rRNA
(Pacific oyster)
targeted probes
Le Goff-Vitry Whole larvae in Ostrea edulis, Cerastoderma
et al.
situ
edule, Macoma balthica,
(2007)
hybridization
Mytilus sp., Nucula sp.,
with 18S rRNA
Glycymeris sp., Pectinidae,
targeted probes
Veneridae (bivalves)

Yes

No

Yes

Yes

No

No

Yes

No

Yes

No

The application of DNA barcoding for larval identification has faced technical obstacles, such as the applicability of a universal molecular marker (Shearer
and Cofforth 2008), the restricted number of sequences available in databases
(Barber and Boyce 2006, Webb et al. 2006, Richardson et al. 2007) and the lack
of taxonomic resolution (Webb et al. 2006). Molecular approaches have addressed
previously intractable larval ecological issues, yet, several major limitations still
hamper their routine use in environmental studies, including quantification and
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sensitivity problems associated with microarray platforms (Kochzius et al. 2008)
and the influence of larval developmental on detection and optimisation of PCR
with low quantities of target DNA (Patil et al. 2005). Morphological data therefore, remain the cornerstone of larval ecological studies (Minagawa et al. 2004,
Richardson and Cowen 2004, Shanks and Brinks 2005). Future priorities should
incorporate a more integrative approach, allying morphological, ecological and
molecular data, in an attempt to understand the complexity and dynamics of marine
life cycles (Will and Rubinoff 2004, Janzen et al. 2005, Dasmahapatra and Mallet
2006).

1.3 Marine Biodiversity and Ecosystem Function
1.3.1 Microbes in Novel Environments
Recent studies of microbial diversity have produced vast discoveries of previously unknown microorganisms, many of which have major impacts on oceanic
processes. Deep-sea hydrothermal vents and cold seeps, for example, contain thriving chemosynthetic microbial communities; oceanic midwaters contain abundant
Archaea. Large populations of picoplankton are the primary drivers for carbon
fixation and for nitrogen recycling. Fundamental information about selection and
evolution in the microbial world can be obtained if we can sample the global
marine microbial genome. A full census of marine microorganisms and thus a
complete list of metabolic processes is possible to achieve with intensive sampling (Scherer-Lorenzen 2005). Within all habitats, changing diversity has profound
effects on biomass production, nutrient recycling, and ecosystem stability (Hughes
et al. 2006). Higher biodiversity (genetic diversity) can afford a degree of ecological
insurance against ecological uncertainty (Hughes et al. 2006).

1.3.2 Microbial Links in Ecosystem Processes
Knowing what “kinds” of organisms exist within populations and how the community structure changes in response to environmental changes is the only way
to understand how biological systems force ocean function. Sophisticated measurements of microbial and metabolic diversity and how this diversity is linked
to biogeochemical and physical processes is required to explore the dynamics of
population biology, genome diversity and the metabolic basis of biogeochemical
processes, especially at the microbial level where most of the unknown diversity
lies. Scientists from all disciplines must interact to produce a predictive modelling
framework to understand the interaction between members of complex microbial
consortia and ocean biogeochemistry. Such predictions will challenge even the most
advanced genetic technology and evolutionary theory because the evolution and
diversity of the marine ecosystem is vastly different from terrestrial ones upon which
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our current models are based. For example, the scale of disturbances in oceanic
environments that can happen on a daily basis means that climax communities like
those that can develop on land rarely develop in the ocean. DeLong and Karl (2005)
are applying genomic technologies to search for the genomes of as-yet unidentified
microbes in samples from the environment. Given the central role that microbes
play in functioning ecosystems, ecogenomics has enormous implications for understanding of diversity in the oceanic microbial community (Eisen 2007), and can also
shed significant insight into the health of ecosystems if the assemblage of microbes
and their functions are eventually understood and mapped onto their geographic
locations (Hoffman and Gaines 2008).

1.3.3 Environmental Change and Microbial Diversity
The world’s oceans are facing many rapidly increasing threats from human disturbance. Ecosystems around the globe are currently undergoing dramatic changes
in species composition because of the influence of human activity. The manner
in which natural communities utilise resources affects the physical environment
and interacts with other species suggests that biodiversity (that is, the composition, structure and function of an community) is essential for the functioning
and/or sustainability of an ecosystem. These changes have usually led to a reduction in species diversity. Changes in species composition, species richness, and/or
functional type affect the efficiency with which resources are utilised within an
ecosystem, and suggest that biogeochemical functioning of an ecosystem will be
impaired by biodiversity loss. Much remains unknown about how species richness or functional groups affects ecosytem level responses. Experiments to test the
relationship between species richness and ecosystem function have been largely
confined to terrestrial systems, but more recently marine systems have also been
utilised, though with some conflicts between simulations and real observations. In
recent years, many models have attempted to describe how changes in species richness may affect ecosystem function. A specific ecosystem function is thus seen as
a function of (i) biodiversity and the functional traits of the organisms involved, (ii)
associated biogeochemical processes, and (iii) the abiotic environment. The concept of resilience, as applied to an ecosystem, is loosely defined as the ability of the
system to maintain its function when faced with novel disturbance. The concept is
related to stability, but with its focus on maintenance of function and novel disturbance, resilience uniquely encompasses aspects of society’s reliance on ecosystem
services and increasing anthropogenic change (Webb 2007). Thus, ecologists can
study resilience from a complex adaptive systems (CAS) approach or a social–
ecological systems (SES) approach, which places equal weight on the human and
ecological dimensions of ecosystem function and maintenance (Webb 2007).
Although documented global extinctions are rare in the marine environment,
local extinctions and dramatic changes in abundance are widespread. The causes
of this loss and its consequences for the functioning and stability of ecosystems
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are the current focus of intense research activity, partly because of the threat to the
goods and services that ecosystems provide to society. Much of the research to date
has been controversial, with disagreement over the role of diversity as opposed to
the roles of individual species or functional groups. Marine environments are more
diverse at higher taxonomic levels than terrestrial systems and have higher levels
of functional diversity. There are several hypotheses proposed, ranging from diversity having no effect on ecosystem function, through diversity driving ecosystem
functioning and must be redundant to cope with the magnitude of changes, and the
direction of change with diversity loss may or may not be predicatable. The question of how biodiversity affects ecosystem functioning is to search for communities
differing in one aspect of biodiversity.
Few data are available to assess the potential ecosystem level importance of
genetic diversity within species known to play a major functional role. However,
Hughes and Stachowicz (2004) have shown that increasing genotypic diversity in
a habitat-forming seagrass, Zostera marina, enhanced the community resistance
to disturbance by grazing geese. In addition, the time required for the community to recovery to near predisturbance densities also decreased with increasing
eelgrass genotypic diversity. A study on the population structure of the microalga
Phaeocystis antarctica from all of the major continental gyres around Antarctica
using microsatellites has shown that each continental gyre is highly genetically
diverse with reduced gene flow between the gyres (Gaebler and Medlin, unpubl.).
However, isolates from each gyre are physiologically distinct. For example, in those
gryes with annual ice cover, isolates can survive a range of salinities from 18 to
70‰ with only a delay in maximum growth over time, whereas isolates from icefree gyres can only survive at full strength sea water (33‰). Thus there appears to
be an integrated phenotypic response to the environment such that should climate
change occur, local extinctions would be expected and repopulation of an area would
depend on gene flow and dispersal from other others. The high diversity within each
gyre suggests that P. antarctica has exploited the niche available in each gyre to
cover different possible combinations of environmental conditions that occur in that
gyre and to make a more stable population.

1.4 Concluding Remarks
Documented shifts in the distribution and abundance of organisms in response to
climate change (Umina et al. 2005, Bradshaw and Holzapfel, 2006) indicate that
environments are changing rapidly. The ability of biota to persist is determined by
their genetic constitution and ability to adapt physiologically. In extreme changes,
an organism may respond in four ways: it migrates to a more favourable area, a
physiological response increases the metabolic range for survival and reproduction, selective mortality results in local adaptation, or populations become locally
extinct. Crucially, genetic markers can assist in monitoring the impact of environmental change at the level of DNA sequences, proteins or metabolites, as well as
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assessing the nature of selection imposed by shifts in conditions, and estimating the
potential of populations to respond to natural and anthropogenic change (Hoffmann
and Willi 2008). In addition to the well established use of neutral molecular markers
(Carvalho et al. 2002; Avise 2004), there has been an increasing shift in the study of
adaptive genes directly involved in phenotypic response, that is, within a genomics
framework. The excitement of many new species discoveries (Venter et al. 2004,
Santelli et al. 2008) is, however, tainted by continuing population crashes of many
exploited species, increase in number of endangered marine species, and continued
degradation of habitats and ecosystem services (Palumbi et al. 2008b). The utilisation of genomic technologies, in combination with appropriate genetically and
ecosystem-based conservation strategies offers one potent approach to halting such
impacts (Fig. 1.5).

Fig. 1.5 Schematic representation of ecosystem benefits of marine biodiversity (after Palumbi
et al. 2008b). Biodiversity (red portion) at the various biological levels (genetic, species, ecosystem and functional) enhances a variety of ecological processes (blue portion). Ecological processes
enhance the benefits that ecosystems cab provide in terms of recovery, resistance, protection,
recycling etc. (green portion)

The above inclusive consideration of marine biodiversity represents the range of
hierarchical levels that description and monitoring can take place, as well as the
close relationship among them. In many cases it is more practical to identify and
monitor discrete species, such as when defining the management units for exploited
species, whereas, a focus on genes and metabolic pathways may be more appropriate
when tackling the effects of temperature on such processes as carbon assimilation in
benthic biota. Ultimately, it is evident that the components of ecosystem stability –
recovery, resistance and reversibility (Palumbi et al. 2008a), are indicators of overall
resilience or robustness in the face of environmental change, and as such, necessitate
the study of targets at different biological, spatial and temporal scales. As recently
emphasized (Palumbi et al. 2008b), at least two key approaches can be identified
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as priorities for managing marine biodiversity in the future: first, elucidating the
link between diversity and ecosystem function, and second, undertaking empirical
studies that demonstrate that increased biodiversity can enhance simultaneously and
stabilize various measures of ecosystem functioning (Worm et al. 2006, Danovaro
et al. 2008). Our belief is that genomics will play a pivotal role in both elements of
such activity.
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Chapter 2

Metagenome Analysis
Anke Meyerdierks and Frank Oliver Glöckner

Abstract The term “metagenomics” represents a combination of molecular and
bioinformatic tools used to assess the genetic information of a community without
prior cultivation of the individual species. It is valuable for the study of microorganisms of which only a minor fraction is yet culturable. The collective genomes present
in an environmental sample or in an enrichment of target cells are extracted and subject to sequence-based or functional analyses. The field of metagenomics is evolving
very rapidly, especially due to newly developed high-throughput sequencing technologies and increased computational power. Metatranscriptome and – proteome
analyses are increasingly combined with metagenomic studies in order to assess not
only the genetic potential of a microbial community, but also the genes expressed
in a particular environment. The present chapter gives a short historical overview of
the early years of metagenome analyses, and of possible applications. Challenges
regarding the molecular and bioinformatic part of metagenome analyses are discussed. The molecular section includes strategies to access a metagenome. Methods
to enrich for cells or the DNA of certain subpopulations prior to metagenome analysis, as well as to extract, purify and amplify DNA are given. The construction
and sequence-based screening of small and large insert metagenomic libraries as
well as a library-independent metagenomic approach using a new high throughput sequencing technology are described. The bioinformatic section provides an
overview of assembly and binning tools, gene prediction programs, and annotation
systems. This section also addresses the problem of metagenomic studies on habitats with high microbial diversity. Moreover, approaches to analyse phylogenetic
and functional diversity within a dataset are discussed. The aim of the chapter is to
provide the reader with basic information on both the molecular and bioinformatic
aspects of metagenome analysis, to give hints to further reading and, therefore, to
enable the reader to use this valuable method in an appropriate way in his or her
studies.
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2.1 Introduction
Microorganisms are the most abundant form of life on Earth, and catalyse key
processes such as nitrogen fixation and the mineralization of organic matter.
Considering that about 70% of our Earth’s surface is covered by the oceans, a comprehensive understanding of microbial element cycling in marine environments is
crucial if we are to understand these processes on a global scale. In the light of
the current discussions about global warming, the formation, storage, emission, as
well as degradation of greenhouse gases in marine environments is receiving a lot
of attention. Although the importance of an investigation of biogeochemical cycles
in the ocean has generally been acknowledged, the study of microbial populations
in marine environments, their contribution to biogeochemical cycles, and the ecophysiology of individual species is still in its infancy. Metagenomics, defined as the
cultivation independent approach to assess the genetic potential of organisms, has
opened a new dimension in environmental research. This chapter is intended to provide an overview of the recent developments in metagenomics, ranging from lab
technology to bioinformatics.
Antoni van Leeuwenhoek provided the first microscopic evidence for the existence of microorganisms in the late seventeenth century (for review: Hall 1989). It
then took almost two centuries before microbiologists such as Louis Pasteur (for
review: Schwartz 2001), Robert Koch (for review: Kaufmann and Schaible 2005),
and Martinus Beijerinck (for review: Chung and Ferris 1996) started to describe
microorganisms based on culturing and enrichment techniques. Many of these early
studies in the nineteenth and early twentieth century targeted microorganisms of
medical relevance, but pioneers such as Ferdinand Cohn already studied algae
and photosynthetic bacteria. Cohn also described genera such as the large sulfur
bacterium Beggiatoa (for review: Drews 2000). It was Sergei Winogradsky, who
developed the concept of chemolithotrophy, revealing the essential role of microorganisms in biogeochemical processes. Moreover, he first isolated and described
nitrogen-fixing as well as nitrifying bacteria (for review: Schlegel 1996). These first
microbiological studies were all restricted to the isolation of microorganisms and
their characterization in the laboratory. This changed when molecular techniques
were introduced in the field of microbiology, and the 16S rRNA gene was discovered to be a phylogenetic marker that could be used to describe the diversity of
uncultured microorganisms (Olsen et al. 1994). Early cultivation-independent investigations reported an immense array of completely unexpected microbial diversity
in the environment (Torsvik et al. 1990). Moreover, the design and application of
specific rRNA-targeted oligonucleotide probes allowed insights into the composition of microbial communities in situ (Stahl and Amann 1991, Amann and Fuchs
2008).
It is estimated that only about 1% of the microbial diversity in the biosphere has
been revealed so far by means of standard cultivation techniques (Amann et al. 1995,
Curtis et al. 2002). New cultivation strategies have already been introduced to gain
access to this yet uncultured majority of microorganisms (Connon and Giovannoni
2002, Rappe et al. 2002, Zengler et al. 2002). However, currently cultivation is not
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keeping pace with the flood of molecular studies of microbial communities which
are identifying an increasing number of species and phyla. Examples of these molecular tools include powerful PCR-based methods that have been established for the
direct amplification, cloning, and analysis of ribosomal RNA (rRNA) genes from
the environment (Pace et al. 1985, Olsen et al. 1986, Giovannoni et al. 1990, Ward
et al. 1990). Recently, with the development of a new generation of DNA amplification and sequencing techniques, a new dimension in 16S rRNA diversity analysis
was opened, allowing massively parallel sequencing of a variable region of the 16S
rRNA gene from environmental samples (Sogin et al. 2006).
It is often difficult to predict the ecophysiology of uncultivated microorganisms
solely based on rRNA phylogeny. For that, also the “adaptive” pool of metabolic,
resistance, and defence genes has to be investigated, because they ensure survival in
the environment. The addition of metagenomic techniques to the toolbox available
to molecular ecologists has opened a new window to study the metabolic equipment
of uncultured microorganisms in detail, and has allowed bridging between diversity
and function.

2.2 History and Application of Metagenomics
The term “metagenome analysis” was introduced by Jo Handelsman (1998). The
term is derived from the statistical concept of meta-analyses, i.e. the process of statistically combining separate analyses, and genomics, the comprehensive analysis of
an organism’s genetic material. The method involves sequence-based or functional
analysis of the collective genomes contained in an environmental sample based
on genomic DNA fragments retrieved from a habitat, or an enrichment of target
cells. Popular synonyms of “metagenome analysis” are “environmental genomics”,
“ecogenomics”, and “community genomics”.
Metagenome analyses were actually carried out before the term metagenomics
was coined. Thomas M. Schmidt, Edward F. DeLong and Norman R. Pace were
the first to screen a metagenomic library, with the objective of obtaining a PCRindependent, unbiased access to the microbial diversity in a marine ecosystem. They
extracted DNA from about 8,000 l of an oligotrophic picoplankton sample from the
north central Pacific Ocean and cloned it into a bacteriophage λ derived vector. Part
(3.2 × 104 clones) of the resulting library (107 clones), with insert sizes of 10–
20 kbp, was screened for 16S rRNA genes by hybridization with a mixed kingdom
probe. This resulted in the identification of 16 unique clones. This group had already
noted the power of metagenomics for the retrieval of sequence information associated with the 16S rRNA gene (Schmidt et al. 1991). The next step was made five
years later by DeLong. With colleagues, he sequenced a metagenomic fosmid originating from an uncultured planktonic archaeon (Stein et al. 1996). With improved
sequencing techniques and bioinformatic tools, metagenomics became increasingly
popular in the late 1990s. Large metagenomic fragments were preferably cloned
into high capacity vectors to create cosmids (Collins and Hohn 1978), fosmids (Kim
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et al. 1992), and bacterial artificial chromosomes (BACs) (Shizuya et al. 1992) (see
Section 2.3.5.2). The large inserts (> 30 kbp) in these clones offered the chance to
gain access to whole operons, and to find a phylogenetic marker on the same contiguous region (contig ) as a gene of interest, indicating the phylogenetic affiliation
of the microorganism from which the genomic fragment originated. The discovery
of proteorhodopsin based on large insert metagenomic libraries, by co-localisation
of a rhodopsin-like gene and a 16S rRNA gene affiliating with the γ-proteobacterial
SAR86 cluster on a 130 kb BAC clone, remains one of the most intriguing outcomes of these metagenomic studies (Beja et al. 2000, 2001). This and subsequent
studies changed substantially our understanding of aerobic, anoxygenic phototrophy in the oceans and its relevance to global carbon and energy budgets (Bryant
and Frigaard 2006). More recently, it has even been demonstrated that complete
bacterial genomes can be reconstructed, based on metagenomic fosmid clones. This
approach was used for a rice cluster I bacterium. For this project, about 3,700 fosmid
clones were constructed from an enrichment culture and used to assemble a complete genome (Erkel et al. 2006). Moreover, massive fosmid insert-end sequencing
has been applied to analyse depth-variable community trends in carbon and energy
metabolism of planktonic communities (DeLong et al. 2006).
With decreasing costs and improved high-throughput sequencing techniques,
metagenome analysis based on small insert libraries (about 1.5–3 kbp) became
“en vogue”. These approaches were particularly successful in low diversity habitats, for example in a study of the microbial community in an acid-mine drainage
(Tyson et al. 2004). In a second study, of the symbionts of the marine worm Olavius
algarvensis, small insert shotgun library sequencing was complemented with fosmid sequencing (Woyke et al. 2006). Both of these studies provided fascinating
insights into the genetic capabilities of the respective microbial communities and the
potential interactions of microbes with each other, and with their host. The largest
massive small insert metagenomic library sequencing experiment carried out to date
was recently completed by the Global Ocean Sampling expedition (Rusch et al.
2007, Yooseph et al. 2007). This study was a follow up to the Sargasso Sea shotgun
sequencing project (Venter et al. 2004), which had already led to the identification
of 148 new phylotypes, and 69,901 novel genes, including 782 new proteorhodopsin
genes.
Recently, a new DNA sequencing method, called pyrosequencing, has been
developed. The technique does not involve cloning and is therefore free of cloning
biases (Margulies et al. 2005). Third generation pyrosequencing technology generates sequences of just over 400 bp. This technique in its infancy with read length
of about 100 bp already proved to be valuable for the study of microbial diversity
(Leininger et al. 2006, Sogin et al. 2006) and metagenome (Edwards et al. 2006)
analyses.
In addition to inventions and improvements in the field of DNA sequencing,
isothermal multiple displacement amplification (MDA) using bacteriophage φ29polymerase has generated considerable interest from molecular ecologists. The
technique allows the amplification of genomic DNA from minute amounts of environmental samples to obtain insights into microbial communities such as those
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found in soil (Abulencia et al. 2006). MDA is also used to amplify DNA from single cells. Although this technique still has its drawbacks (Hutchison and Venter
2006) it is valuable as a method for obtaining an initial overview of the genome
of a single uncultured bacterium (Marcy et al. 2007). Such single cell approaches
aim at the isolation of single uncultured microorganisms from the environment, and
at the subsequent description of the genetic potential of each individual organism.
This approach, therefore, involves analysing the metagenome cell by cell. Single
cell genomics and metagenomics are therefore complementary approaches to assess
the genomes of uncultured organisms. Some of the techniques discussed below are
applied in both, metagenomics and single cell genomics.

2.3 Technical Challenges in Metagenome Analysis
2.3.1 Strategies to Assess the Metagenome
The construction and analysis of metagenomic libraries follows a general scheme
(Fig. 2.1). Genomic DNA is either isolated directly from an environmental sample,
or following enrichment. The DNA generally requires further purification in order to
remove contaminants such as polyphenolic substances or metal ions, which could
interfere with the subsequent enzymatic manipulation of the DNA. If insufficient
DNA is retrieved for downstream processing, multiple displacement amplification
(MDA) can be applied to increase DNA quantity (Binga et al. 2008). In the next
steps, the genomic DNA is processed for cloning into large (BAC, fosmid, Cosmid)
or small (plasmid) insert vectors or for direct DNA sequencing without prior library
construction (e.g. pyrosequencing). If libraries are constructed, arraying of individual clones is often recommended, and an initial characterisation of the library with
respect to parameters such as the number of recombinant clones, and the average
insert-size should be carried out. The libraries can be used directly for insert-end
sequencing or they can be screened for selected DNA sequences or expressed
proteins. If large insert clones carry a gene of interest, they can be completely
sequenced. This sequencing step is then followed by bioinformatic analysis of the
dataset. This includes, depending on the approach, a binning of sequences belonging to the same species or group, the assembly of contigs, the functional assignment
of predicted genes, and the interpretation of specific metabolic capabilities.
Ecologists have various microbiological and molecular tools available to them.
The choice of tool depends on the question to be answered by the metagenomic
study. Issues that need to be considered are the diversity of the microbial community
in the habitat of interest. One also needs to decide whether the study is targeted
towards the genetic capability of the entire community or of one population within
the community. Depending on this, a decision for or against an enrichment of cells
or DNA has to be made. In addition, the quality, length and amount of sequences
that will be required to address the aim of the study, has to be defined.
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Fig. 2.1 Metagenomic workflow. Steps indicated by dashed lines are optional

The genetic composition of a highly diverse microbial community can be
assessed using several different approaches. A simple inventory of genetic capabilities without gene order and phylogenetic affiliation of single genes is best obtained
by shotgun sequencing of small insert libraries (Venter et al. 2004, Tringe et al.
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2005, Rusch et al. 2007) or library-independent pyrosequencing (Angly et al. 2006,
Edwards et al. 2006, Biddle et al. 2008, Dinsdale et al. 2008). If, however, gene
order and phylogenetic affiliation of gene fragments are of interest, end-sequencing
or screening of large insert libraries is the method of choice (DeLong et al. 2006).
This approach allows selection and further sequencing of clones that carry genes of
interest.
Studies aimed at studying the genetic capability of certain species within a highly
diverse microbial community should use an enrichment of target cells to reduce
screening and sequencing effort. If this is successful, a shotgun sequencing approach
or a pyrosequencing approach followed by sequence assembly can be applied. If it
is only possible to obtain a small number of target cells at a high level of purity,
a DNA amplification step has to be included (Mussmann et al. 2007, Podar et al.
2007). If pre-enrichment of target populations is not possible, the generation of large
insert libraries can be attempted as this allows a considerably reliable phylogenetic
affiliation of sequences (Beja et al. 2000, Krüger et al. 2003, Teeling et al. 2004,
Bryant et al. 2007).
An intelligent combination of the available tools can result in significant savings
in both time and money.

2.3.2 Enrichment Strategies
There are various methods available to enrich subpopulations of microbial communities prior to a metagenomic study.
Plankton samples have been fractionated by serial filtration through filters of
different pore sizes. Eukaryotic phytoplankton and particles were removed using
meshes and filters with pore sizes ranging from 20 to 0.8 μm (Schmidt et al. 1991,
Stein et al. 1996, Beja et al. 2000, de la Torre et al. 2003, Lopez-Garcia et al. 2004,
Venter et al. 2004, Angly et al. 2006, Culley et al. 2006, DeLong et al. 2006, MartínCuadrado et al. 2007, Rusch et al. 2007). The filtrate was either further subdivided
(Rusch et al. 2007) or prokaryotic cells were concentrated using filters of generally
0.22 μm pore size, or by centrifugation (Schmidt et al. 1991, Beja et al. 2000).
For metagenomic studies of viruses, prokaryotic cells were removed using filters
of 0.22 μm pore size (Angly et al. 2006, Culley et al. 2006, Rusch et al. 2007).
Prokaryotes inhabiting marine invertebrates have been successfully separated from
host tissue cells by density gradient centrifugation (Hughes et al. 1997, Schirmer
et al. 2005, Woyke et al. 2006, Robidart et al. 2008). Benthic microbial consortia
were detached from sediment particles by sonication, separated from those particles
by density gradient centrifugation, and concentrated and separated from single cells
by filtration (Schleper et al. 1998, Hallam et al. 2003). In other cases, it may be
even possible to manually isolate cell filaments. This was applied in a metagenome
analysis of multicellular Beggiatoa filaments (Mussmann et al. 2007). Enrichment
of genomic DNA based on G+C content is an alternative to the enrichment of intact
cells, if the G+C content of the target cells is significantly different from that of the
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bulk DNA. Selective lysis of cells, based for example on a difference in cell wall
composition, or biochemical properties may also be used, when an enrichment of a
subpopulation of a community is necessary.
Cell populations may also be tagged by in situ hybridisation using 16S rRNAtargeted nucleic acid probes. These probes can be labelled, for example using
biotin, and target cells captured with streptavidin coated paramagnetic beads and
a magnet (Stoffels et al. 1999). Another enrichment method using microplates has
also been described (Zwirglmaier et al. 2004). An improved protocol combining
catalysed-reporter deposition fluorescence in situ hybridisation (CARD-FISH) with
magnetic bead capture, called Magneto-FISH, has recently been used to enrich
methanotrophic microbial consortia from sediments (Pernthaler et al. 2008). Cell
populations stained by fluorescence in situ hybridisation (FISH), have also been
sorted by flow cytometry (Podar et al. 2007).
In addition to these cell enrichment methods based on physical or molecular
characteristics, cell populations can also be separated based on their metabolic capabilities. The genomic DNA of the active fraction of a microbial community can
be labelled by a short incubation with 5-bromo-2 -deoxyuridine (BrdU). BrdU is a
thymidine analogue, which is incorporated into newly synthesised DNA of replicating cells. Such labelled cells can be visualised by immunostaining and sorted
by flow cytometry. Alternatively, the labelled DNA can be captured with BrdUspecific monoclonal antibodies coupled to paramagnetic beads (Urbach et al. 1999,
Mou et al. 2008). This method can also be used to label cells growing in response
to a specific stimulus (Borneman 1999). Alternatively, microbial communities can
be incubated with substrates labelled with stable isotopes (Dumont and Murrell
2005, Dumont et al. 2006, Neufeld et al. 2008). In one study, marine surface water
was incubated with 13 C-labelled methanol. Microorganisms capable of metabolizing methanol incorporated 13 C. The resulting heavy DNA could be separated from
light DNA by caesium chloride density gradient centrifugation, and was used for
metagenome analysis of the genetic capability of the methanol utilizing fraction of
the microbial community (Neufeld et al. 2008).
Another way of increasing the fraction of target cells is to enrich using classical
microbiological techniques. The circular genome of the methanogenic, rice cluster I
bacterium (Erkel et al. 2006) and the almost complete genome of the uncultured
anammox bacterium Kuenenia stuttgartiensis (Strous et al. 2006) were obtained
from metagenomic approaches based on such enrichments.
A general trend in the analysis of uncultured prokaryotes is single cell genomics.
In one study, for example, single cells of marine bacterioplankton were sorted on 96well plates by high speed fluorescence activated cell sorting (FACS) (Stepanauskas
and Sieracki 2007). Moreover, microfluidic devices have been developed to allow
single cell isolation based on dilution (Ottesen et al. 2006), or targeted selection
of individual cells (Marcy et al. 2007). Micromanipulation has been applied to isolate FISH-stained cells (Ishoy et al. 2006, Kvist et al. 2007). Micromanipulation
using optical tweezers (Huber et al. 1995), and laser capture microdissection (Gloess
et al. 2008, Thornhill et al. 2008) are alternative tools to select single cells from
environmental samples.
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2.3.3 Isolation and Purification of Genomic DNA
The method applied for the isolation of metagenomic DNA depends largely on
the downstream metagenomic analysis. Metagenomic DNA for library independent
analysis as well as small insert and large insert shotgun libraries can be retrieved
by “liquid phase-based” methods. This means, that the environmental sample is
directly mixed with an appropriate lysis buffer. The maximum fragment size generally obtained is about 150–200 bp. The method is hardly suitable for the construction
of BAC libraries with average insert sizes exceeding 50 kbp (Rondon et al. 2000,
MacNeil et al. 2001). For the generation of BAC libraries, the environmental samples are generally embedded in a matrix, such as agarose, prior to cell lysis. This
prevents excessive shearing of the DNA.
The “liquid phase-based” method is the most straightforward DNA isolation
technique. It is applicable to nearly every environmental sample. One of the commercially available DNA isolation kits can be used for this purpose. However, if
silica-based purification kits are used, this is often at the expense of a smaller average fragment size and a lower yield of DNA. If larger fragment sizes for large
insert library construction are needed or the sample is limited, other protocols are
preferable. One such protocol was published by Zhou et al. (1996). Cells are lysed
in a high salt buffer containing Proteinase K, cetyl trimethyl ammonium bromide
(CTAB), and sodium dodecyl sulfate (SDS). The lysis of gram-positive bacteria is
enhanced by several freeze and thaw cycles. DNA extracted from plankton samples may be used directly for downstream sequencing or library construction. DNA
from other samples, such as sediment samples, may need further purification in
order to be suitable for downstream enzymatic manipulation. This purification can
be accomplished by gel electrophoresis (Rondon et al. 2000, Quaiser et al. 2003),
anion exchange chromatography (Krüger et al. 2003), density gradient centrifugation (MacNeil et al. 2001, Courtois et al. 2003), or by using commercially available
kits.
Isolation of high quality genomic DNA fragments larger than 200 kbp is more
difficult. DNA fragments of more than 100 kbp are easily sheared by pipetting or
sample mixing. Therefore, the sample needs to be embedded in agarose, and dialysed against different buffers supplemented with enzymes and detergents to remove
proteins and lipids from the embedded cells, leaving naked DNA behind (Green
et al. 1997, Sambrook and Russel 2001). After these treatments, plankton samples
can be used directly for BAC library construction (Beja et al. 2000). The use of
this method with other, more contaminated environmental samples, such as sediment samples, resulted in agarose plugs with partly degraded genomes and enzyme
inhibitors, which could not be removed by the lysis procedure. Further purification of the DNA, for example by electrophoresis through conventional agarose gels
or two-phase agarose gels containing polyvinylpyrrolidone (Quaiser et al. 2002),
or dialysis against a high salt and formamide containing buffer (Liles et al. 2008),
was necessary in these cases. However, this procedure often leads to a reduction
in quantity and shearing of the DNA, which may be afterwards inadequate for the
construction of large insert BAC libraries.
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2.3.4 Amplification of Genomic DNA
Comprehensive metagenome analyses generally require microgram amounts of
genomic DNA in order to be representative (see below). Theoretically, less DNA
would be sufficient for a representative metagenome analysis, if the microbial diversity in the sample is low or strategies have been applied to reduce the diversity and
to enrich for genomic DNA of target cell populations. However, standard metagenomic library construction and sequencing techniques are not compatible with
DNA amounts much below the microgram level. In some studies, large amounts
of genomic DNA cannot be obtained, e.g., from the deep biosphere (Webster et al.
2003, Biddle et al. 2008). These small quantities of starting DNA need to be amplified before metagenome analysis. To overcome this problem, different genomic
DNA amplification methods have been developed (Telenius et al. 1992, Zhang
et al. 1992, Breitbart et al. 2002, Breitbart and Rohwer 2005, Pinard et al. 2006)
of which one, the multiple displacement amplification (MDA) with bacteriophage
φ29 polymerase, is now widely used in metagenome analyses.
The DNA polymerase of bacteriophage φ29 from Bacillus subtilis is required
for the replication of the 19,285 bp phage genome (Blanco and Salas 1985b). In
addition to its DNA polymerase activity, this single polypeptide of 66,520 dalton
(Blanco and Salas 1984, Watabe et al. 1984) has a 3 → 5 exonuclease activity
(Blanco and Salas 1985a). The error rate of the φ29 polymerase (∼10–5 to 10–7 )
(Esteban et al. 1993, Nelson et al. 2002, Zhang et al. 2006) is about 10–100-fold
lower than the mutant frequency determined for Taq DNA polymerase (Eckert and
Kunkel 1990) and the processivity is high. The replication of the bacteriophage φ29
genome in a protein primed reaction was determined to last 8 min (Blanco et al.
1989). The φ29 polymerase can also elongate DNA-primed reactions. The circular
single stranded M13 genome (∼7,250 bases) was isothermally replicated in 5 min,
producing a strand of more than 70 kb after 40 min, due to the strand displacement
capability of the φ29 polymerase (Blanco et al. 1989). This strand displacement
capability leads to a successive detachment of the 5 -end of the synthesised DNA
molecule from the template strand by the φ29 polymerase during DNA synthesis, resulting in a rolling circle amplification (RCA) (Fire and Xu 1995, Liu et al.
1996).
In (meta)genome analyses, the φ29 DNA polymerase is used in a multiplyprimed amplification with 3 -terminally modified, exonuclease resistant, random
hexamers as primers. This results in an exponential, hyperbranched amplification
of DNA of 10,000-fold (Dean et al. 2001), or even more (Dean et al. 2002). The
hexanucleotides bind at several sites to the template DNA, and are elongated by the
φ29 polymerase. If the polymerase reaction reaches the 5 -end of the next hexamer
binding to the DNA, the preceding DNA strand is displaced and the displaced single strand is again subject to the binding of hexamers and elongation. The result is
a network of amplified DNA (Fig. 2.2). Disadvantages of this method include the
formation of chimeras, amplification biases, and non-specific DNA amplification.
Chimera formation during MDA occurs with a frequency of one rearrangement per
10–22 kb of MDA product (Zhang et al. 2006, Lasken and Stockwell 2007). In 85%
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indicated in black. Newly synthesised DNA is coloured in grey (after Binga et al. 2008)

of all cases inverted sequences were observed (Lasken and Stockwell 2007). The
frequency of chimeric sequences in MDA-based libraries could be reduced by a
combination of φ29 polymerase debranching, S1 nuclease treatment to hydrolyse
single stranded regions, and nick translation using DNA polymerase I. However,
this still resulted in about 6–8% chimeric inserts in a small insert library of about
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3 kb insert size (Zhang et al. 2006). Increased sequencing effort and iterative assembly strategies have also been applied to overcome this problem (Zhang et al. 2006).
The second issue, the amplification bias observed for MDA reactions (Dean et al.
2002, Hosono et al. 2003, Abulencia et al. 2006, Yokouchi et al. 2006) is of importance when the input is reduced to several or only one microbial cell (Raghunathan
et al. 2005, Zhang et al. 2006, Kvist et al. 2007, Podar et al. 2007). As this bias
seems to be sequence independent, this limitation of the method may be overcome
by deep sequencing, and the combination of multiple MDA reactions from the same
DNA sample (Raghunathan et al. 2005, Abulencia et al. 2006, Zhang et al. 2006).
Non-specific DNA amplification is especially observed when minute amounts of
DNA are amplified, and might originate from primer dimers or trace contaminants
of DNA (Raghunathan et al. 2005, Zhang et al. 2006). MDA has been used in several
studies for whole genome amplification (WGA) of single uncultured microorganisms, isolated from environmental samples by single cell isolation methods
(Zhang et al. 2006, Kvist et al. 2007, Marcy et al. 2007, Stepanauskas and Sieracki
2007).
When a mixed sample of eight bacterial genomes of different sizes and G+C
contents was amplified by MDA a significant bias towards the amplification of certain strains was observed (Abulencia et al. 2006). A case study with low biomass
samples from contaminated soils revealed only small changes in the taxonomic
groups detected, and a slightly higher number of species were inferred based on 16S
rRNA libraries constructed from MDA treated community DNA (Abulencia et al.
2006). An investigation of microbial communities in the deep biosphere revealed
a similar phylogenetic and functional category distribution in MDA amplified and
non-amplified samples. However, the phylogenetic distribution of 16S rRNA genes
and ribosomal proteins differed significantly in this study, probably due to the low
number of such genes in the dataset (Biddle et al. 2008). An evaluation of the MDAassociated bias using 16S rRNA denaturing gradient gel electrophoresis (DGGE)
fingerprints revealed a slight amplification bias when the DNA input in the MDA
reaction was below one nanogram (Neufeld et al. 2008). MDA-amplified DNA has
already been successfully used to construct a large insert fosmid library from heavy
DNA retrieved from a stable isotope probing experiment. Chimeric artefacts were
observed at the ends and within a fosmid insert, making a verification of the gene
order by PCR necessary. Nevertheless, the approach represents a significant step
forward in the assessment of the genetic potential, including complete operon structures, of uncultured, active microorganisms in marine surface waters (Neufeld et al.
2008).
Other studies in which the amplification of metagenomic DNA was a prerequisite
for the study of uncultured marine microbes include a study of marine viral assemblages (Angly et al. 2006), an analysis of the genetic potential of two multicellular
filaments of uncultured, marine, large sulfur bacteria (Mussmann et al. 2007), and an
analysis of marine methanotrophic microbial consortia, isolated by a combination
of fluorescence in situ hybridisation and magnetic bead capture (Pernthaler et al.
2008).
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2.3.5 Construction and Analysis of Metagenomic Libraries
2.3.5.1 Small Insert Metagenomic Libraries
Small insert metagenomic libraries (generally 1.5–3 kbp insert size) in plasmid or
bacteriophage λ derived vectors are a repository of the metagenome, which can be
screened by sequence-based and, more often, function-based assays. Early studies
of such small insert libraries (Cottrell et al. 1999, Henne et al. 1999) focused on
the analysis of single metabolic genes of uncultured microorganisms. Small insert
libraries in reporter gene constructs proved to be valuable to identify novel catabolic
operons in a substrate-induced gene expression screening (Uchiyama et al. 2005).
In a variety of studies small insert libraries have been constructed as a prerequisite
for Sanger-based metagenome sequencing. High throughput sequencing of small
insert libraries has proved to be a powerful method for the assessment of genome
drafts (e.g. Tyson et al. 2004, Venter et al. 2004, Woyke et al. 2006), and for the
study of the phylogenetic and metabolic diversity in complex habitats (Venter et al.
2004, Rusch et al. 2007). The construction of small insert libraries is straightforward. Nevertheless, there are several major drawbacks when small insert libraries
are used in sequence-based metagenomic studies. First of all, a phylogenetic marker,
which allows the reliable assignment of a fragment to a certain phylogenetic group,
is generally missing on small inserts. If insufficient sequence data is available or
if microbial diversity is high within the sample, as is the case for soil samples
(Handelsman et al. 2002, Tringe et al. 2005), the reconstruction of draft genomes
or even the assignment of genetic capabilities to certain species is almost impossible. Moreover, the in silico assembly of larger fragments involves a risk of creating
chimeras, especially when the overlaps of the reassembled fragments are too short
or repetitive elements are present.

2.3.5.2 Large Insert Metagenomic Libraries
Metagenomic libraries with large DNA inserts of > 30 kbp (large insert libraries)
have the advantage that genome fragments can often be assigned to a specific
species. This assignment can be made based on the presence of a phylogenetic
marker gene, such as the 16S rRNA gene (Schleper et al. 1997, Beja et al. 2002), on
the same DNA fragment. Moreover, an in silico assignment of large fragments to a
reference sequence carrying a phylogenetic marker can be attempted, e.g., by comparing nucleotide frequencies (Krüger et al. 2003, Teeling et al. 2004). Large insert
libraries can give access to complete operons (Krüger et al. 2003) or genomic islands
(Schübbe et al. 2003, Mußmann et al. 2005), along with a lower risk of chimera formation and a reasonable sequencing effort. Therefore, large insert libraries were
favoured in early metagenomic studies. Improved single-cell and sequencing technologies along with a decrease of sequencing costs per base pair have changed the
focus within the past few years. It needs to be seen whether large insert repositories
of metagenomes will be dispensable in future metagenome analyses.
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Large DNA fragments can be cloned into a variety of vectors (Green et al. 1997,
Tao and Zhang 1998). Among these, three are commonly used for the construction of metagenomic libraries: cosmid, fosmid and bacterial artificial chromosome
(BAC) vectors. Cosmid vectors are conventional plasmids in which one or two bacteriophage λ cos sites have been integrated (Collins and Hohn 1978). This allows
highly efficient in vitro packaging of the DNA with bacteriophage λ packaging
extracts. The average size of DNA fragments that can be cloned in cosmid vectors
is between 30 and 45 kbp. This is dependent on the size of the vector. The combined size of vector plus insert needs to be 78–105% of an average bacteriophage λ
genome in order to be suitable for DNA packaging into bacteriophage λ phage heads
(Sambrook and Russel 2001). Once in the host cell, cosmids are present at a high
copy number. This facilitates further screening of the libraries (Collins and Hohn
1978, Sambrook and Russel 2001). Cosmids have been used in the construction of
several metagenomic libraries (Entcheva et al. 2001, Piel 2002, Courtois et al. 2003,
Schmeisser et al. 2003, Sebat et al. 2003, Lopez-Garcia et al. 2004). However, the
system has two major drawbacks. Firstly, chimeras, rearrangements, and deletions
have been observed (Monaco and Larin 1994), secondly the insert sizes are more or
less uniform, but relatively small compared to a complete genome.
Fosmid vectors (Kim et al. 1992) are currently the most popular vectors for
metagenome analyses (e.g., Stein et al. 1996, Schleper et al. 1997, 1998, Beja et al.
2002, Quaiser et al. 2002, 2003, Meyerdierks et al. 2005, DeLong et al. 2006,
Neufeld et al. 2008). Fosmid cloning also takes advantage of the in vitro packaging
system for bacteriophage λ, resulting in insert sizes similar to those obtained with
cosmid vectors. In contrast to cosmid vectors, however, fosmid vectors are derived
from the E. coli F(ertility)-factor and carry the replication and partition sequences
of the F-factor plasmid. As a result, there are only 1–2 fosmid copies per cell and
two different fosmids cannot be maintained in a single cell. The expression of toxic
gene products that could be lethal for the host is reduced due to the lower copy
number, and chimeras are less frequent. To facilitate screening, improved fosmid
vectors have been constructed, which carry a second inducible replicon (Wild et al.
2002). This allows maintenance of the library in the low copy state, and the selective induction of 10–50 copies per cell for screening and further analysis. With these
improved vectors fosmid cloning and screening is straightforward. This may be the
reason for the success of these vectors in metagenome analyses.
BAC vectors (Shizuya et al. 1992) have been developed to overcome the insert
size limitation of fosmids, intrinsic to the bacteriophage λ packaging system. BAC
vectors, like fosmid vectors, carry the F-factor replication and partition sequences
from E. coli. and are also available with a second inducible replicon (Handelsman
et al. 2002, Wild et al. 2002). The main difference between these two cloning systems is the method used to introduce the recombinant DNA into the host. In contrast
to fosmid cloning, electroporation is used for BAC library construction, to circumvent the size limitation of the bacteriophage λ packaging system. Specific E. coli
host strains are used which have been shown to transform well with large insert
constructs (Sheng et al. 1995). It has been shown that DNA fragments larger than
300 kbp can be cloned into BAC vectors and stably maintained in E. coli (Shizuya
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et al. 1992, Kim et al. 1996, Zimmer and Verrinder 1997). For example, Bryant
et al. recently analysed a 271 kbp metagenomic BAC clone from a phototrophic mat
community for phylogenetic marker and phototrophy genes (Bryant et al. 2007).
Nevertheless, BAC cloning is up to 100–1,000 times less efficient than fosmid
cloning due to the low efficiency of electroporation as compared to in vitro packaging and transition. Moreover, the average insert size of BAC libraries is negatively
correlated with the number of BAC clones generated (Leonardo and Sedivy 1990,
Woo et al. 1994, Sheng et al. 1995, Zimmer and Verrinder 1997). For groups working on metagenomics, especially for those focusing on soil or marine sediments,
BAC cloning is still a challenge, and often the average insert size of the constructed
metagenomic BAC libraries is not much higher than those of fosmid libraries (e.g.,
Hughes et al. 1997, Beja et al. 2000, Rondon et al. 2000, MacNeil et al. 2001,
de la Torre et al. 2003, Dumont et al. 2006). In a recent publication describing
the construction of BAC libraries from soil samples, it was noted that “. . . large
insert library construction is to some degree an idiosyncratic process. . .” (Liles et al.
2008). This clearly evokes the difficulties that may be encountered, especially during BAC cloning. Nevertheless, the larger an insert is the less laborious is genome
walking, especially in a library from a highly diverse sample.
The technical aspects of the construction of large insert libraries have been
described in detail, for example by Sambrook and Russel (2001) and by Green
et al. (1997), as well as in the manuals of cloning kits. An overview is given in
Fig. 2.3. Most of the refinements published over the years will not be discussed here
due to space restrictions. However, one important step should be mentioned. This
is the size selection of DNA fragments prior to cloning, as this greatly influences
the size and quality of large insert libraries. When constructing fosmid libraries,
the inclusion of an effective size selection step prevents chimera formation resulting from the ligation of two, or more, genome fragments with one vector molecule.
Moreover, cloning efficiency may be influenced as ligation products which are too
small or too large will not be packaged into phage heads. When constructing BAC
libraries, smaller constructs will be preferentially introduced into the host cell during electroporation, and this can lead to a smaller average insert size of the resulting
library (Osoegawa et al. 1998). For BAC libraries, size selection should be performed by pulsed field gel electrophoresis (PFGE), instead of conventional agarose
gel electrophoresis. In a regular agarose gel electrophoresis with a constant electric
field, DNA molecules larger than 15–25 kbp migrate with nearly identical mobilities. In contrast, PFGE allows size-dependent separation of DNA molecules of up
to 5 Mbp in agarose gels (Sambrook and Russel 2001). Two rounds of size selection
are preferable if large amounts of DNA are separated on the gel (Osoegawa et al.
1998, Rondon et al. 2000).
2.3.5.3 Metagenomic Library Size
For microorganisms in pure culture the library size (N) needed to cover the genome
with a given probability is defined as N = [ln (1–P)]/[(ln (1–f))], with P being
the desired probability, and f being the fractional proportion of the genome in a
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Enzymatic Manipulation
- blunt ending (fosmid)
- partial digest (cosmid, BAC)

Size Selection [2x]
- PFGE (Fosmid, BAC)
- [one dimensional agarose
gel electrophoresis
(Fosmid, Cosmid)]

Ligation

DNA Purification
- liquid based (cosmid, fosmid)
- matrix based (BAC)

Transformation
- in vitro packaging&infection
(fosmid, cosmid)
- electroporation (BAC)

DNA Isolation

Environmental Sample
[Enrichment]

Library Storage
- arrays
- pools

Fig. 2.3 Overview of the construction of large insert metagenomic libraries

single recombinant (e.g. average insert size/genome size) (Sambrook and Russel
2001). In metagenome analysis, several additional factors have to be considered.
The size of a metagenomic library that is needed to be representative for an environmental sample, or that contains statistically one clone carrying a marker gene
of interest is difficult to calculate. Among the additional factors that have to be
taken into account are the diversity and composition of the microbial community,
and the genome sizes of the different microorganisms in the sample. The average genome size, calculated for the 815 bacterial and archaeal genomes listed on
the homepage of the National Center for Biotechnology Information (September
2009; http://www.ncbi.nlm.nih.gov/) is about 3.2 Mbp. Nevertheless, genome size
can vary considerably. Currently the two extremes are the genomes of Candidatus
Carsonella ruddii (159,662 bp), an endosymbiotic gammaproteobacterium, and
Sorangium cellulosum “So ce 56” (13 Mbp), a soil bacterium belonging to the
Myxobacteria. In addition, incomplete lysis of cells from complex environmental
samples may result in a biased library. Repetitive elements and an extreme G+C
content may also introduce a bias (Abulencia et al. 2006) as well as the presence of
toxic gene products such as phage genes (Edwards and Rohwer 2005).
2.3.5.4 Storage of Metagenomic Libraries
Metagenomic libraries may be stored at several different stages. If the library cannot be plated at once, the ligation or the packaged phage heads can be stored at
–80◦ C, after shock freezing. Prior to deep freezing, the phage solution has to be supplemented with DMSO (Sambrook and Russel 2001, Promega Corporation 2007)
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or glycerol (Epicentre Biotechnologies 2007). Also, the recombinant cells may be
stored in glycerol at –80◦ C immediately after transformation.
The method used for long-term storage of plated libraries depends on many factors: the uniqueness of the sample, the library size, and the method chosen for the
subsequent screening. The storage of several copies of a library is generally recommended. The libraries can be stored at –80◦ C in pools of recombinant clones that
have been washed off their agar plates using culture medium containing cryoprotectant (e.g. 5–7% glycerol). In cases where approaches such as insert-end sequencing
are planned, picking and arraying of individual clones is generally conducted.
2.3.5.5 Screening of Metagenomic Libraries
Metagenomic libraries can either be screened by sequence-based or function-based
approaches.
Sequence-based approaches include (i) PCR-screening, (ii) hybridisation, and
(iii) insert-end sequencing. PCR-screening is the fastest method to screen a library,
especially, when DNA pools or pools of recombinant clones have been prepared.
Examples for complex pooling schemes have already been published (Kim et al.
1996, Asakawa et al. 1997). Several strategies have been developed to prevent
amplification of the host’s chromosomal DNA by cross-reacting primers. In one
study, the chromosomal DNA of the host was selectively hydrolysed with an ATPdependent DNase prior to PCR-screening (Beja et al. 2000, Liles et al. 2003).
Host specific, terminally modified oligonucleotides have also been included in the
PCR reaction (Goodman and Liles 2001, Liles et al. 2003). Another study added
restriction fragment length polymorphism (RFLP) analysis to the PCR protocol in
order to identify positive clones (Liles et al. 2003). Screening by hybridisation has
been performed using colony blots (Asakawa et al. 1997, Osoegawa et al. 2000),
high density DNA arrays (Rondon et al. 1999), and microarrays (Park et al. 2008).
Finally, insert-end sequences can be determined to find certain genes (Kube et al.
2005) or overlapping clones for genome walking (Meyerdierks et al. 2005), and also
to characterise and compare microbial assemblages (DeLong et al. 2006).
Function-based screening is based on heterologous expression of the cloned
genes by the host cell. This approach is predominantly applied to identify enzymes
for biotechnological purposes. If the transcription and translation machinery of the
host and donor strain are incompatible, shuttle vectors may be used to transfer the
library into a different host strain (Handelsman et al. 2002, Riesenfeld et al. 2004).

2.3.6 Library Independent Metagenome Analysis
The dideoxynucleotide-based DNA sequencing method was for decades the standard method for DNA sequencing. Improvements to this method, which was first
described by Sanger et al. (1977), have included the use of fluorescent- instead of
radioactive-labelled dideoxynucleotides as chain terminators (Prober et al. 1987).
The use of this method in (meta)genome sequencing requires the construction of
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shotgun libraries prior to sequencing. The most impressive examples of bulk Sangerbased sequencing of small insert metagenomic shotgun libraries to date are the
sequencing of the metagenome of marine surface waters in the Sargasso Sea (Venter
et al. 2004) and its follow up, the Global Ocean Survey (Rusch et al. 2007, Yooseph
et al. 2007).
Since the beginning of the twenty-first century, several new sequencing methods have become available. These are allowing highly parallel, fast and cheap DNA
sequencing, and they do not require the construction of shotgun libraries (Mardis
2008). Of these, pyrosequencing technology, developed by 454 Life Sciences
(Margulies et al. 2005), is currently the most widely used in metagenome analysis.
Pyrosequencing is based on a sequencing by synthesis technology. DNA is fragmented (300–800 bp), blunt ended, and two types of adapters, one with a biotin
tag, are ligated to the fragments. Fragments carrying the same adaptor on each
side are removed by streptavidin-biotin interactions. The resulting denatured, single stranded DNA fragments are diluted so that, statistically, only one fragment
binds to one DNA capture bead. Subsequently, the DNA fragments are amplified
in an emulsion PCR reaction in a highly parallel manner, using primers specific for
the adaptor regions. About 400,000 (GS FLX) to >1 million (GS FLX Titanium) of
those beads, carrying the amplified fragments are loaded onto a PicoTiterPlate so
that each well contains no more than one bead. Sequencing enzymes are added
and the fluidics subsystem of the sequencer flushes individual nucleotides in a
fixed order across the wells. The reaction mixture is composed of the sequencing primer, the DNA template, the enzymes DNA polymerase, ATP-sulfurylase,
luciferase and apyrase, as well as the substrates, adenosine 5 phosphosulfate (APS)
and luciferin. The primer is elongated by the incorporation of a deoxynucleotide
triphosphate (dNTP), which is catalysed by the DNA polymerase. Pyrophosphate
(PPi) is released in a quantity equimolar to the amount of incorporated nucleotide.
This is important because more than one nucleotide can be incorporated in a single
step if a stretch of identical nucleotides is present on the target DNA. The ATPsulfurylase converts pyrophosphate to ATP in the presence of APS. This ATP fuels
the luciferase-mediated conversion of luciferin to oxyluciferin, generating visible
light in amounts that are proportional to the amount of synthesised ATP. The light is
detected by a charge coupled device (CCD) camera, resulting in a peak in a so called
pyrogramTM . Each light signal is proportional to the number of nucleotides incorporated. Each cycle is completed by an apyrase step that degrades unincorporated
dNTPs and excess ATP before the next dNTP is added.
Pyrosequencing has many advantages. Massive parallel sequencing generates a
vast amount of sequence information. The method is about 100 times faster than
Sanger-based sequencing (Rogers and Venter 2005), and the costs per base pair
are lower (Wheeler et al. 2008). There is no cloning bias and the method is less
sensitive to sequencing hard stops, often found in genomes with high G+C content
(Goldberg et al. 2006, Wheeler et al. 2008). A major disadvantage is the short length
of the sequence reads compared to Sanger-based sequencing (∼700 bp). However,
the first generation 454 GS20 sequencer with its 100 base pair reads was already
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sufficient to back up genome sequencing projects (Goldberg et al. 2006), and for resequencing projects (Margulies et al. 2005). It was also used to obtain insights into
the metabolic equipment of single uncultured TM7 cells (Marcy et al. 2007) and
of about 600 cells of a single filament of uncultured marine Beggiatoa (Mussmann
et al. 2007). Pyrosequencing technology was also a great step forward in the analyses of the metabolic capabilities of microbial communities and the differences
between microbial assemblages present in habitats with distinctly different biogeochemical parameters (Angly et al. 2006, Edwards et al. 2006, Biddle et al. 2008,
Dinsdale et al. 2008). However, the phylogenetic affiliation of identified genes, a
binning of sequences belonging to distinct microbial species or clades and therefore
a reliable assignment of functions to distinct microbial groups in a mixed microbial
community was difficult due to short read lengths (Frias-Lopez et al. 2008). With
the 454 GS FLX system read length improved to 200–300 bp and more than 400 bp
reads can be achieved with the new 454 GS FLX Titanium system. Another issue
related to this technique is the higher error rate of pyrosequencing due to the poor
resolution of homopolymer stretches in template sequences (Margulies et al. 2005,
Huse et al. 2007, Wheeler et al. 2008). However, this can be markedly improved
by rigorous exclusion of low quality reads from the dataset (Margulies et al. 2005,
Huse et al. 2007, Wheeler et al. 2008).

2.4 Bioinformatic Challenges in Metagenome Analysis
The typical workflow for metagenomic data analysis follows the well established
analysis schema for full or draft genome sequencing projects (Glöckner and
Meyerdierks 2006, Stothard and Wishart 2006). After the raw reads have been
obtained, either from large or short insert size clone libraries, assembly is usually the
first step in data processing. If longer contigs (continuous sequences) or scaffolds
(contigs that still contain sequencing gaps) can be successfully established, gene
calling and subsequent annotation is performed to gain insights into the phylogenetic and functional diversity of the sample. To get an overview of the functional and
metabolic capacities represented in the sample, the protein coding genes are often
mapped against Subsystems (Overbeek et al. 2005), the Kyoto Encyclopaedia of
Gene and Genomes (KEGG) (Kanehisa et al. 2004) and the Clusters of Orthologous
Groups of proteins (COGs) (Tatusov et al. 1997). Comparative metagenomics
(Tringe et al. 2005, DeLong et al. 2006) and functional metagenomics approaches
such as metatranscriptomics (Poretsky et al. 2005, Frias-Lopez et al. 2008) and
metaproteomics (Ram et al. 2005, Wilmes and Bond 2006) are currently emerging
techniques that aim at obtaining a more dynamic understanding of the differences
and adaptations of the organisms to their environment.
Although processing metagenomic sequence data may seem to be straightforward a priori, this process is far from trivial in practise. In fact it is the same as trying
to reconstruct a puzzle with millions of pieces where most of them show a similar
colour and texture. When highly diverse environments, such as marine ecosystems,
are being studied and especially when the data produced corresponds to shallow
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sequencing and/or short read sequencing reads, analysis is particularly difficult.
Metagenomic data analysis is still in its infancy when it comes to meeting this sort
of challenge. To address these problems, this description of the bioinformatic analysis of metagenomic data will be split into the analysis of assembled metagenomes
and the analysis of short read metagenomics resulting from high throughput/high
diversity approaches.

2.4.1 Fragment Assembly and Binning
To obtain fragments that can be assembled into scaffolds and contigs of several
kilobases in length it is best to sequence large insert constructs (BACs or fosmids).
These constructs are generally sequenced using a shotgun approach as described,
for example, by Sambrook and Russel 2001. About 400 sequencing reactions are
required to sequence a fosmid sized fragment (∼ 40 kb) to eight-fold coverage.
Because all the resulting reads belong to the same large insert construct, assembly
is then easily performed with standard programs such as Phrap (www.phrap.com),
JAZZ (Aparicio et al. 2002), Arachne 2 (Jaffe et al. 2003) or the Celera Assembler
(http://sourceforge.net/projects/wgs-assembler). If sequencing capacities are limited
the crucial step in this approach is the selection of the appropriate BACs or fosmids for sequencing. Standard approaches include screening for phylogenetic or
metabolic marker genes or random insert-end sequencing.
If a whole metagenome shotgun approach is chosen, the situation becomes immediately more complicated. The success of such a strategy strongly depends on the
phylogenetic complexity of the sample. In low diversity environments, containing
only a small number of dominant species (5–10), it is possible to obtain a good
set of assembled contigs and scaffolds of up to several megabases in length with
reasonable sequencing efforts (Tyson et al. 2004, Martin et al. 2006, Woyke et al.
2006). Nevertheless, problems can arise from biology due to high genome complexity even within closely related species (Johnson and Slatkin 2006) and the
presence of ubiquitous genomic elements like transposons, viruses and inserted
phages (Salzberg and Yorke 2005). Technical problems are even more pronounced.
In a recent study Mavromatis et al. (Mavromatis et al. 2007) showed an increased
chance for chimeric contigs particularly for sequence fragments below 8 kb. In general this is in line with the fact that none of the currently used assembly programs
has been specifically built for metagenomes. In particular, more progressive aligners such as Phrap or JAZZ try to incorporate as many of the reads as possible,
resulting in a large number of contigs. This is the primary goal in single genome
assembly programs. For metagenomes a more conservative approach such as that
implemented by the Arachne assembler is preferable, as this significantly decreases
the chance of misassemblies.
To maintain an optimal balance between the number of contigs and the probability of obtaining chimeras, iterative cycles of “binning” and assembly can be
performed.
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The term binning describes the process in which sequence fragments of variable sizes are clustered into “bins”, where each of the bins most probably resembles
a single organism. Several binning approaches have been proposed over the last
years, the simplest just mapping occasionally occurring phylogenetic marker genes,
or all genes on the contigs, to taxonomic groups based on best BLAST-hits (Treusch
et al. 2004, Huson et al. 2007). More sophisticated approaches use intrinsic genomic
signatures based on oligonucleotide frequencies for fragment correlation or even
phylogenetic classification. Numerous studies have shown, that oligonucleotide
frequencies within DNA sequences exhibit species-specific patterns (Karlin et al.
1998); and for tetranucleotides it has even been demonstrated that their frequencies
carry an innate but weak phylogenetic signal (Pride et al. 2003). The currently available techniques can be classified into supervised (classification) and unsupervised
(clustering) methods (McHardy and Rigoutsos 2007). Here supervised means that
sequence fragments are classified based on their intrinsic DNA signatures to one
or many classes that have been modelled based on prior knowledge (e.g. all bacterial genomes). Recent examples for this approach are naïve Bayesian classifiers
(Sandberg et al. 2001) and Phylophytia (McHardy et al. 2007). The main advantage of these systems is that they provide a direct feedback about the phylogenetic
composition in the metagenome after presenting the metagenomic fragments to the
trained classifiers.
The main drawback of supervised classifiers is the availability of accurately classified sequence information for training. Optimal results are only obtained in case
sample specific classes e.g. trained on closely related sequenced genomes are available (Mavromatis et al. 2007, McHardy et al. 2007, Warnecke et al. 2007). This is
often problematic when working with environmental samples.
Unsupervised methods like TETRA (Teeling et al. 2004) or Self Organizing
Maps (SOM) (Abe et al. 2005, Abe et al. 2006) do not need a training set and produce sequence clusters independently of phylogenetic assignments. In a subsequent
mapping step phylogenetic marker genes, often present on at least on one fragment
in the clusters, are used to assign the sequence clusters to an organism. The clear
advantage of unsupervised methods is their ability to take a broad set of sequence
features, like GC content, read depth, into account, in addition to oligonucleotide
frequencies and distributions. These methods are able to assign metagenomic fragments to coherent organism bins, even if no prior information is available about
the prevailing organisms in a sample. The power of unsupervised correlation of
sequence fragments has been recently demonstrated for a consortium of microbes
involved in the anaerobic oxidation of methane (Krüger et al. 2003, Meyerdierks
et al. 2005), in single cell genomic analysis of Beggiotoa sp. (Mussmann et al.
2007) and in the reconstruction of the genomes of the four symbionts of the marine
oligochaete Olavius sp. (Woyke et al. 2006).
Nevertheless, both supervised and unsupervised methods are based on the statistical analysis of sequence data and therefore perform poorly if sequence fragments
are shorter than 5–8 kb. For assembled data this is not a major problem because currently the standard assembly methods fall short for contigs of less than 8 kb in length
(Mavromatis et al. 2007). A solution for the huge amount of single reads, which are
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consequently accumulating in complex environmental samples, could be an initial
round of conservative assembly combined with an unsupervised pre-binning of the
resulting contigs and scaffolds. These “seed” bins can then be used as templates for
further sequence correlation and clustering of the single reads or merged mate pairs,
or to train systems like Phylophytia for classification. However, this will only work
if sequencing depth is sufficient to produce the initial contigs, or if sequences from
large insert constructs are available.

2.4.2 Gene Prediction
Classical gene predictors like ZCurve (Guo et al. 2003), Glimmer (Delcher et al.
2007) or a combination of several gene finders (Glöckner et al. 2003) work reasonably well for high quality contigs from assembled shotgun sequences or large insert
constructs. If only a small number of contigs needs to be analysed a slight overpredition of 10–20%, typical of intrinsic gene predictors like ZCurve or Glimmer,
can be accepted and these can later be eliminated by manual curation. Gene predictors using extrinsic strategies such as similarity based searches against existing
genomic and metagenomic databases to delineate coding regions (Badger and Olsen
1999, Krause et al. 2006) require more time and tend to underpredict genes due to a
lack of homologous information in the databases. In the case of large metagenomic
datasets, processing time and potential loss of information can be a severe limitation.
Furthermore, metagenomic gene predictors have to cope with (1) fragmented genes,
(2) low sequence quality leading to frameshifts and (3) high phylogenetic diversity,
which limits the initial training step of intrinsic gene finders. MetaGene, a recently
developed genefinder for the analysis of metagenomic fragments, is able to cope
with most of these limitations. MetaGene utilises di-codon frequencies estimated
by the GC content of a given sequence. This estimation, in combination with measures of the length distribution of ORFs, the distance from the leftmost start codons
and the orientation and distance of neighbouring ORFs, extracted by statistical analysis of around 130 bacterial and archaeal genomes, are used for gene prediction
(Noguchi et al. 2006). The system is quite fast and, based on our experiences,
currently provides the best results when tested on a broad range of metagenomic
assemblies from prokaryotes.

2.4.3 Functional Annotation
Functional annotation can be regarded as the most important step in the process
of analysing genomic fragments obtained from metagenomic studies. It is at this
stage of the process that the investigator obtains a substantial insight into the abundance of the genetic potential available in the environmental sample being studied.
Annotation should be carried out with care since poor annotations will – like the
proverbial first ice crystal – start a snowball effect by continuous error propagation
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in the public databases. In general, errors can be introduced by inconsistencies in
functional assignments between and even within a single genome and by a simplistic procedure for assigning potential functions to the genes found. Unfortunately,
there is currently no “gold-standard” for consistent (meta)genome annotation available and there are no binding rules which have to be followed by all annotators
(Raes et al. 2007). To exploit the currently available data sources for functional predictions, comprehensive software systems are needed to store, analyse and visualise
data, and to support the decision process by providing information from various
sequence-based analysis tools. A “state-of-the-art” analysis pipeline for genomic
data should include gene finding and standard bioinformatic tools for similarity-,
pattern- and profile-based searches as well as prediction of signal peptides, transmembrane helices, transfer RNAs and other stable RNAs. In addition, the analysis
of global and local G+C content and skews as well as codon usage and other statistical parameters can be helpful in distinguishing coding from non-coding regions.
Adequate annotation systems should include automatic annotation of the protein
coding regions as well as user friendly annotation facilities for manual refinement via annotation jamborees (for more details see Stothard and Wishart 2006).
Finally, the reconstruction of metabolic pathways and networks helps to transform
the wealth of sequence information into biological knowledge.

2.4.4 Web Based Annotation Pipelines
Current, initiatives such as the Community Sequencing Program at the Joint
Genome Institute (JGI), the Microbial Genome Sequencing Project funded by the
Gordon and Betty Moore Foundation, or collaborations with Genoscope, have
enabled researchers worldwide to get their genome or metagenome of interest
sequenced. Moreover, these centres can fund a number of projects internally, solving
another important problem of cost. Unfortunately, when the sequences are recovered by the research laboratories, the processing of this data can pose a serious
problem due to a lack in expertise with installing, maintaining and/or implementing the software needed for genome annotation. Initially, bioinformatic support
is often provided by the sequencing centers through web-based systems, such as
the Integrated Microbial Genomes (IMG and IMG/M) system (Markowitz et al.
2006, 2008), Magnifying Genomes (Vallenet et al. 2006) or CAMERA (Seshadri
et al. 2007). Further online systems that accept raw (meta)genomic sequence data
for processing and provide web-based visualisation of results such as BASys and
PUMA2 (Van Domselaar et al. 2005, Maltsev et al. 2006) have been set up to
support functional assignments and metabolic reconstruction. Recently, the RAST
Server for rapid annotation using subsystem technology (Aziz et al. 2008) and
comparative genomics (Overbeek et al. 2005, Ye et al. 2005) has been released.
Besides gene prediction and annotation this system uses annotations to reconstruct
the metabolic networks that are functioning in the studied environment and then
makes all this data available for download. An experimental system specifically
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designed for metagenome analysis is currently being developed and will be available
at http://metagenomics.ics.nmpdr.org

2.4.5 Annotation Systems for Local Installation
The arguments for installing an annotation system locally are mainly an improved
flexibility in handling and visualizing the data (Gans and Wolinsky 2007). After
the first round of data mining using web-based annotation systems, users normally
ask for custom tailored views on their data. To deal with such demands, full access
to the databases and tools is required. Since the advent of genomics at the beginning of the 1990s several annotation systems have been made available for local
installation. The most prominent are MAGPIE (Gaasterland and Sensen 1996),
PEDANT Pro (Frishman et al. 2001), WIT/ERGO (Overbeek et al. 1999, 2000)
and ARTEMIS (Rutherford et al. 2000). Currently, one of the most advanced is the
recently developed GenDB system (Meyer et al. 2003) which has been adopted by
the Networks of Excellence “Marine Genomics Europe” as their standard platform
for data processing and annotation.
Without going into details about the pros and cons of the different annotation
systems (an overview can be found in Stothard and Wishart 2006), we would like
to suggest that the data model and versatility of GenDB is the most appropriate
for the emerging demands of metagenomics. Starting with gene prediction, several options can currently be chosen in GenDB: 1. to run single gene finders such
as Glimmer (Delcher et al. 2007), Critica (Badger and Olsen 1999) or 2. to use a
combination of two gene finders united in the tool Reganor (McHardy et al. 2004).
Exchanging the preconfigured gene predictors by MetaGene or combined systems
(Bauer et al. 2006) can be done easily using a local installation. The standard tools
and databases for providing functional observations for the predicted genes can be
found in Table 2.1. Information about the location of a protein can be procured by

Table 2.1 Standard tools and databases providing functional observations
Tool

Databases

References

BLASTn

GenBank
EMBL
GenBank
UniProt
Swiss-Prot
Pfam
InterPro

http://www.ncbi.nlm.nih.gov
http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov
Apweiler et al. (2004) and
Boeckmann et al. (2003)
Bateman et al. (2004)
Mulder et al. (2003)

BLASTp or BLASTx

HMMER
InterProscana
a InterPro

itself is a metadatabase that provides access to commonly used signature
database such as Prosite, Prints, Pfam, ProDom, SMART, TIGR-fams, SCOP, Cath and
MSD see http://www.ebi.ac.uk/interpro/.
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the prediction of signal peptides with signalP (Bendtsen et al. 2004) and transmembrane helices prediction with TMHMM (Krogh et al. 2001). tRNAscan-SE (Lowe
and Eddy 1997) can be used to find and assign transfer RNAs within the sequence.
Once the calculations are finished, automatic annotation systems like Metanor,
provided by GenDB, or MicHanThi (Quast 2006) attempt to automatically generate annotations for all the predicted genes based on the observations returned
by the individual tools. This supports the manual annotation process by providing additional information for decision making. The MicHanThi system is currently
able to delineate and annotate hypothetical and conserved hypothetical genes in a
nearly quantitative manner. For genes with significant hits in primary or secondary
databases, such as UniProt or Pfam, the system is consistently able to assign the
correct functional category. In the subsequent manual annotation process, every
predicted gene should be investigated for significant hits to entries in the databases.
Starting with hits to Swiss-Prot and taking into account Pfam and InterPro results the
annotators have to integrate the information, read additional literature, and finally
assign a function to the genes. The history system implemented in GenDB tracks all
annotation changes and thus parallel annotations by different experts, or automatic
annotations systems, can be handled for every gene. After finishing the annotation
process, metabolic reconstructions can be performed to the extent that this is possible with the dataset in hand. The easiest way to do this is to automatically map
the EC-numbers to the corresponding KEGG pathway maps (Kanehisa et al. 2004)
provided by the GenDB system.
The rather slow web based visualisation system of GenDB has recently been
complemented by JCoast a software tool for data mining and comparison of
prokaryotic (meta)genomes (Richter et al. 2008). JCoast offers a flexible graphical user interface (GUI), as well as an application programming interface (API)
that facilitates direct back-end data access. The system offers individual genome,
cross-genome and metagenome analysis, and assists the biologist to explore large
and complex (meta)genomics datasets. The system can also work independently of
an existing GenDB installation as long as an appropriate database backend exists.

2.4.6 High Diversity Environments, Shallow Sequencing
and Short Read Technologies
Mastering the bioinformatic analysis of metagenomes becomes increasingly difficult as the environments studied increase in their diversity, especially if this factor
is combined with shallow sequencing. This has been nicely demonstrated by the
recently published Global Ocean Sampling campaigns (Venter et al. 2004, Seshadri
et al. 2007, Yooseph et al. 2007). Although billions of bases were obtained, only
two genomes could be reconstructed and reasonably large scaffolds could only be
assembled for the most dominant community members. Nevertheless, the incredible
repertoire of genes now available in our public databases has already stimulated a
broad range of follow up research aimed at investigating the diversity and function
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of microorganisms in marine ecosystems (DeLong 2005, DeLong and Karl 2005,
Harrington et al. 2007, Sabehi et al. 2007, Yutin et al. 2007, Kagan et al. 2008).
When assembly fails, gene prediction has to cope with the additional problem of
fragmentation. When this is the case, BLASTx searches of the “environmental gene
tags” (EGT) (Tringe and Rubin 2005) against UniProt or Swiss-Prot can at least provide some information about the available functional space. Two strategies can be
used to compensate for these limitations: (1) pooling of sequence data from several
sampling sites to increase coverage, (2) establishment of a set of reference genomes
as templates for assembly and comparison (see the Gordon and Betty Moore Marine
Microbiology Project). Pooling has been used for the GOS datasets (Rusch et al.
2007), although this has incidentally caused a nightmare for ecologists. Building up
of the “oceans community genome” has led to the lost of data about specific adaptations to oceanic provinces and the correlation of these adaptations with habitat
parameters. This problem is compounded when short read technologies like pyrosequencing are used. A recent study on the influence of read length on functional
predictions showed that 100 bp fragments missed on average 72% of the BLASTx
hits found by long reads (∼750 bp) in the Sargasso, AMD (Tyson et al. 2004) and
Chesapeake bay datasets (Bench et al. 2007, Wommack et al. 2008). Nevertheless, it
has to be mentioned that a recent study by Mou et al. (Mou et al. 2008), which analysed populations involved in the metabolism of organic carbon compounds, showed
that valuable information can be obtained even with short read sequencing, provided
that targeted marine microcosm approaches are used.

2.4.7 Metagenome Descriptors for Comparative Metagenomics
Descriptors of phylogenetic and functional diversity can be used to obtain a better
understanding of the metagenome under investigation and to compare metagenomes
especially from environments with high biological diversity.
2.4.7.1 Phylogenetic Diversity
Several approaches can be used to describe phylogenetic diversity: (1) binning
and classification of the fragments as described above (2) phylogenetic analysis
of the ribosomal RNA genes (3) best BLAST hit mapping (4) analysis of singlecopy or equal-copy marker genes. Phylogenetic assignment of the ribosomal RNA
genes is rather straightforward. They can be mapped against the up to date ribosomal RNA (rRNA) sequence databases provided by SILVA (Pruesse et al. 2007)
or the Ribosomal Database Project II (Cole et al. 2007). The advantage of the
SILVA databases are that they provide quality checked and aligned sequences for
Eukarya as well. Furthermore, in addition to 16S/18S databases, 23S/28S rRNA
databases are provided for download at www.arb-silva.de. The SILVA compatible ARB software suite can be used for detailed phylogenetic tree reconstruction,
providing advanced alignment, tree reconstruction and visualization tools (Ludwig
et al. 2004).
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A commonly used alternative to show an overview of the taxonomic composition of the metagenome, is the analysis of the taxonomic affiliation of the best hit
by searching for similarities of the contigs or genes to the UniProt or nr databases
(Treusch et al. 2004, DeLong et al. 2006, Turnbaugh et al. 2006). Due to misclassifications of the sequences in the databases this is often not very accurate and curated
genome databases like the genomesDB provided by GenBank and implemented in
the JCoast system (Richter et al. 2008) are preferable for taxonomic breakdowns.
A recently introduced alternative is based on the mapping of single-copy or equalcopy marker genes onto a reference species phylogeny (Ciccarelli et al. 2006, von
Mering et al. 2007). The advantage of the system is that 31 phylogenetic marker
genes can be used, compared to only two available markers when rRNA sequences
are applied. It is important to note that the coverage of the phylogenetic protein
marker databases is still rather small (only around 600 per gene) when compared
to the more than 800,000 publicly available rRNA genes. Nevertheless, the two
methods provide different views of the data and should therefore be regarded as
complementary (Raes et al. 2007).
2.4.7.2 Functional Diversity
As described above, functional diversity should be primarily accessed and described
by classical annotation and metabolic reconstruction approaches involving manual
curation. Unfortunately, the lack of common standards means that there is a significant difference in the quality of data handling and interpretation and this can hamper
comparative metagenomic analyses (Raes et al. 2007). Furthermore, the incredible
amount of data produced by metagenomic sequencing campaigns often renders time
consuming approaches unrealistic. In consequence, the analysis is often limited to
the determination of general statistical descriptors such as over- and underrepresentation of genes (Tringe et al. 2005) or the richness, membership and structure
of microbial communities (Schloss and Handelsman 2008). These approaches are
often the only available option for obtaining comparative insights into the functional adaptations of the populations, especially when only shallow or short read
length sequencing data is available for several sampling sites. Successful examples
of this sort of analysis include the investigation of stratified microbial assemblages
in the North Pacific Subtropical Gyre (DeLong et al. 2006), the comparison of
mesocosms amended with DMSP (Mou et al. 2008) and the investigation of several viral communities (Edwards and Rohwer 2005, Angly et al. 2006, Culley et al.
2006).
In summary, for high diversity environments a “gene-centric” approach invoking
the descriptors mentioned above, plus additional ones like differences in functional categories, is useful to obtain a better view of the ecology and function of
the microbial communities. With low diversity communities, where only a few
dominating species are present, the classical “genome-centric” approach is often
preferable because this provides more detailed information. The assignment of the
assembled contigs to organism bins combined with subsequent annotation usually enables the reconstruction of individual metabolic properties and leads to

60

A. Meyerdierks and F.O. Glöckner

sound hypotheses about how the organisms share their resources and energy (Tyson
et al. 2004, Meyerdierks et al. 2005, Martin et al. 2006, Woyke et al. 2006). The
challenge is now to expand the bioinformatic toolbox so that it can deal with complex environments and provide an integrated understanding of marine ecosystem
functioning.

2.5 Outlook
In the current context of global change, it is crucial to generate a broad understanding of the key players and processes that regulate life on earth. Marine ecosystems,
which cover more than 70% of the earth surface, represent the majority of the planetary biomass and contribute significantly to the global cycles of matter and energy.
Microorganisms are known to be the “gatekeepers” of these processes and insights
into their life-style and fitness will enhance our ability to monitor, model and predict
future changes. The capability of sequencing DNA samples from natural environments without prior cultivation of the organisms present in these samples provide
an unprecedented opportunity to investigate the microbial diversity and functions on
the molecular level. In the long run this will allow us to address questions which are
central for marine ecology: (1) Which microbes are in the environment? (2) How
abundant are they? (3) What is their functional potential? and (4) How are their
activities and adaptations linked to environmental conditions?
The power of metagenomics to provide descent answers to some of the questions has been recently shown. Dinsdale et al. (2008) demonstrated that functional
differences of nine qualitatively categorized, discrete biomes can be used for discrimination. Gianoulis et al. (2009) took this a step further by calculating metabolic
footprints based on an ensemble of weighted pathways that maximally covaries with
a combination of environmental variables. They even suggest that such footprints
can be used as environmental indicators when no measurable environmental factors
are available.
Although metagenomics has been shown to be a formidable tool, there are still
several limitations that need to be addressed and solved. A major obstacle is that
it is often impossible to assign specific abilities to individual organisms, especially
if highly diverse environments are sampled. The general descriptors indicating the
prevailing phylogenetic and functional diversity cannot provide answers to questions such as: “Who does what?” and “How do they work together and exchange
energy and nutrients?” Single cell genomics based on physical separation of cells
and subsequent whole-genome multiple displacement amplification (MDA) (Lasken
2007) is an emerging technology. This approach has been shown to provide valuable insights into the genomic potential of large sulfide oxidisers such as Beggiatoa
sp. (Mussmann et al. 2007) and a set of marine organisms isolated from the Gulf of
Maine bacterioplankton (Stepanauskas and Sieracki 2007).
Another common criticism of sequence dominated metagenomics is the discrepancy between the rate of data accumulation and the rate of knowledge generation.
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To progress from piling up a rather static repertoire of gene inventories more information about the expression of the genes, with respect to different sampling sites
and environmental conditions, is needed. Although, still in an early phase metatranscriptomics (Poretsky et al. 2005, Bailly et al. 2007) and metaproteomics (Ram
et al. 2005, Wilmes and Bond 2006) are becoming increasingly visible and promise
insights into the dynamics and regulation of genes in naturally occurring microbial communities. In a recent example Frias-Lopez et al. (Frias-Lopez et al. 2008)
investigated gene expression in ocean surface waters by cDNA pyrosequencing. In
addition to identifying expressed genes from key metabolic pathways, the study
detected a significant amount of highly expressed hypothetical genes. These genes
were most probably involved in the specific adaptation of the organisms and should
be primary targets for further functional assessment.
To transfer the current flood of metagenomic data into biological knowledge,
data generation and storage need to be organised and standardised to handle the
sequences, genomes, genes and predicted metabolic functions and relate them to the
environment that is being analysed (DeLong and Karl 2005, Lombardot et al. 2006,
Markowitz 2007). The Genomic Standards Consortium (GSC) has been recently
established to work on a richer description of our complete collection of genomes
and metagenomes (Field et al. 2007, 2008). The Minimum Information about a
Metagenome Sequence (MIMS) initiative intends to standardise contextual data
acquisition so that investigators are required to anchor their metagenomes in space
and time by providing a minimum of information including GPS coordinates plus
depth/altitude and sampling time (see http://gensc.org). More information about
the physical-chemical characteristics of the samples is needed so that genomic
features can be correlated with habitat properties. This would also allow organismspecific adaptations to be identified and the role and impact of organisms on the
environment to be assessed. To complement missing environmental information
and to obtain a dynamic picture of the stability of the ecosystem under investigation, in situ measurements can be complemented by global data layers. An initial
approach aimed at integrating (meta)genomic information with interpolated habitat
parameters from global ocean data layers is already available (see www.megx.net;
Lombardot et al. 2006). If this approach is developed further, it might be possible to overlay functional diversity, metabolic pathways and phylogenetic diversity
upon physical, chemical and biological data to map microbial features onto marine
provinces.
To allow sound comparisons between the different metagenomic investigations standardization of the processing pipeline is another aspect that is crucial.
Cyberinfrastructures like the CAMERA project in the marine field will be helpful
in this respect by processing a significant portion of the data. Raes et al. (Raes et al.
2007) have proposed MINIMESS, the MINImal Metagenome Sequence analysis
Standard, where basic parameters for assembly, species and functional composition
and coverage as well as biological and technical factors need to be documented for
each metagenome. Such efforts needs to be merged and made transparent to the
data providers and biologists. It will be a major community effort to work on the
integrity and quality of our ever growing metagenomic inventories to improve our
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understanding of how marine ecosystems function. In the long run these data could
represent the starting point for modelling the complex interplay and networks found
in the environment, leading to a new science of ecosystems biology.
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Chapter 3

Populations and Pathways: Genomic
Approaches to Understanding Population
Structure and Environmental Adaptation
Melody S. Clark, Arnaud Tanguy, Didier Jollivet, François Bonhomme,
Bruno Guinand, and Frédérique Viard

Abstract The field of Genomics has essentially been fuelled by medical research
with developments in human gene therapy, such as the Human Genome Project.
This major international undertaking resulted in a significantly increased sequencing capacity, a dramatic decrease in the time and cost of sequencing and also the
computational effort required for the analysis. Marine biologists are taking advantage of this high throughput technology, hence, the tools are now available to answer
questions that would have not been possible even five years ago. Genomics, in terms
of studying DNA, can effectively define the genetic structure of populations and as
a consequence the mapping of species boundaries, approximate drift in populations
and accurately measure biodiversity. Studying transcribed sequences (RNA) enables
the identification of changes at the cellular level associated with the adaptation of
species to particular habitats and now, in our changing environment, predicts their
ability to survive perturbation.
The aim of this chapter is to familiarize the reader with the most commonly used
genomic techniques that are available for population and adaptation studies. These
encompass both DNA based methodologies for population studies and RNA based
techniques for expression studies. Which technique is used largely depends on the
species under study and the resources available. In environmental research it is
important to understand that “resources” does not just refer to money for sequencing
and library production, but also access to starting material and the ability to store
the material successfully, often under difficult conditions. For example, a cruise to
investigate a particular hydrothermal vent may only happen once in a researcher’s
lifetime and so material will be scarce, numbers will be limited and it may not be
possible to store the material at a low enough temperature to prevent RNA degradation (thereby excluding expression studies). Also species availability tends to be on
what is there at the time, rather than being able to perform a calculated choice for
which species is the best to study. In other studies such as aquaculture or invasive
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species, a means has to be found to work on a particular species even if the material is intractable as there is a defined requirement for work in that area. So having
outlined the techniques, the question is how to use them?
In this chapter specific examples will be used to demonstrate how such techniques
are being used to address these important ecological issues in the marine environment, concentrating on lower vertebrates (fish) and invertebrates. These encompass
both population analyses and gene expression (functional) studies to understand
how populations have adapted to and interact with, their environment.
Ultimately, the challenge for the marine biologist is to utilize the tools produced
for the study of model organisms, where significant amounts of sequence data exist
(i.e. resource rich) and to develop these for non-model species, essentially from a
zero base-line. It is not an easy task.
Abbreviations
AFLP
BAC
cDNA
COI
dbEST
DNA
ER
EST
GH
GHRH
GMPD
HSP
IPCC
MPA
MPSS
PR
Q-PCR
QTL
RNA
SNP
SSR
SYBR Green
UTR

Amplified fragment length polymorphism
Bacterial artificial chromosome
copy/complementary DNA
Cytochrome C oxidase
database for ESTs: http://www.ncbi.nlm.nih.gov/dbEST/
Deoxyribonucleic acid
Endoplasmic reticulum
Expressed sequence tag
Growth hormone
Growth hormone releasing hormone
Glycosylase mediated polymorphism detection
Heat shock protein
Intergovernmental panel on climate change
Marine protected area
Massively parallel sequencing signature
Prolactin
Quantitative or Real Time PCR
Quantitative trait locus/loci
Ribonucleic acid
Single nucleotide polymorphism
Simple sequence repeat
Fluorescent green dye
Untranslated region

3.1 Tools
This first section will concentrate on the tools available, some of which can be used
in either DNA and/or RNA studies and these are described below. The tools are
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prefaced in the subtitles to indicate whether they are mainly used in either DNAbased (population based analyses) or RNA-based (functional/expression) studies.
A brief description of each tool is given, with reference to more detailed texts if
required.

3.1.1 DNA and RNA Studies: EST Libraries
EST is the abbreviation for “Expressed Sequence Tag”. An EST is a single sequencing read from a cloned piece of cDNA. The production of a cDNA occurs when
an RNA molecule corresponding to the expressed part of a gene is converted into a
DNA copy to increase stability. Each clone is then usually sequenced from one end
(generally the 5 end of the gene to avoid the complications of sequencing errors
associated with the polyA tail. It also allows more direct access to the open reading frame and thus increases the chance of finding potential gene matches using
sequence similarity searching of the databases). This data is entered into a public
database, dbEST (Boguski et al. 1993) (http://www.ncbi.nlm.nih.gov/dbEST/) on
the understanding that the sequencing quality may not be 100% and errors may
be present. ESTs can be produced from any cell/tissue/species and are a good
method for discovering and identifying genes in non-model organisms. They can
also be used to data-mine for markers for DNA studies (microsatellites and single
nucleotide polymorphisms (SNPs)). For DNA-based studies, the source of the EST
library is, not important however, this is an important consideration in expression
work, along with the type of library used.
Production of lots of ESTs from a particular tissue/cell type creates a library.
Libraries can be produced for just a few hundred sequences, or many thousands
(largely dependent on cost and ease of access to large-scale sequencing facilities).
There are essentially two approaches for producing EST libraries:
• Non-subtracted methodologies: cDNA is made directly from the cells or tissues
under investigation. So the number of times a sequence is present in a library is a
direct reflection on the quantity of the RNA quantity corresponding to that gene in
the cell. This may mean that highly expressed sequences (cf. actin in muscle) may
mask the detection of rarely expressed clones. Sequencing a library containing
many highly expressed sequences is also not ideal as sequencing the same gene
many times over is not efficient and only generally of utility when assessing the
nucleotide polymorphism of a specific locus). This issue is particularly important
when only a small number of clones are generated and sequenced, but knowing
the relative quantities of an RNA molecule (gene) across in various tissues can
be very useful.
• Subtracted and/or normalised methodologies: This involves hybridization steps to
compete out the most highly expressed sequences in the cell/tissue and to increase
the relative number of copies of rare differentially expressed sequences in the cell
(cf. Suzuki et al. 1997, Carninci et al. 2002, Otsuka et al. 2003). So with this latter
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technique, a greater number of different sequences are obtained in each library
(gene discovery is more efficient), but no estimate of relative gene copy number is
possible. This technique is more complicated than non-subtracted methodologies.
It can often require larger amounts of RNA or if amplification techniques are
used, sequence bias can result during the amplification process.
Both techniques of library production have their own advantages and disadvantages, the main point is to be aware of these and conduct the in silico analyses
accordingly. The ESTs can then be used either as a data source for DNA markers, or
the clones physically used for the production of gene chips or targeted gene analyses
and to a large extent, it is the former where EST libraries have been put to best use to
date (see Sections 3.1.2 and 3.1.3). Whilst there are numerous papers documenting
the production of EST libraries (e.g. Douglas et al. 2007, Govoroun et al. 2006), they
are invariably gene lists or catalogues for future studies. EST libraries per se cannot
provide accurate information on environmental adaptation and any inferred findings
need to be validated with in-depth functional analyses and experimental manipulation. Also non-model species suffer from lack of functional information associated
with EST data, i.e. many sequences are designated as “unknown” or “putative protein” and this impacts on their usefulness for both functional and population studies
(see Section 3.2.1.1).

3.1.2 DNA Studies: Microsatellites
Microsatellites or SSRs (simple sequence repeats) are small DNA stretches of a
repeated core sequence of few base pairs (e.g. GT repeat units). Because they are
highly polymorphic in length, they have been extensively used since the 1990s
to produce genetic linkage maps and have been used in population assignments,
paternity analyses and fine-scale dispersal analyses. The major drawback of this
technique has long been the tremendous effort needed to generate a statistically
relevant number of such polymorphic loci in non-model organisms (Zane et al.
2002).
The availability of genome databases for model organisms has considerably
enhanced the possibility of finding microsatellites in non-model organisms by defining primers in regions conserved across a large set of organisms, but there is also the
increasing resource of EST libraries where such markers are present in 4% of the
bivalve cDNA sequences in GenBank (Saavedra and Bachere 2006). The frequency
of SSR EST-based data is highly variable across species. However, microsatellites
have been found in numerous ESTs libraries constructed for a wide range of ecologically and/or economically important marine species including invertebrates (e.g. the
European clam Ruditapes decussatus, the blue mussel Mytilus edulis, the Japanese
oyster Crassostrea gigas and the deep-sea vent mussel, Bathymodiolus azoricus,
(Tanguy et al. 2008), the bay scallop Argopecten irradians (Roberts et al. 2005)),
fishes (e.g. cod, Gadus morhua; halibut, Hippoglossus hippoglossus, Douglas et al.
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2007, Weiss et al. 2007) or marine plants (e.g. eelgrass Zostera marina; Oetjen
and Reusch 2007b). A tremendous number of EST-SSRs were also found in the
3 UTR regions of cDNAs in a collection of 100,000 sequence reads from the
deep-sea vent polychaete Alvinella pompejana (Daguin and Jollivet, unpublished
data). Microsatellites derived from genomic DNA have different properties to those
derived from expressed sequences (ESTs), Oetjen and Reusch (2007b) has indicated
that microsatellites derived from ESTs should be used with caution for population
genetics analyses as they are likely to be in strong linkage with selected genes.
However as these markers are found in known genes, they present a viable alternative to those methods that utilize anonymous genetic markers and there are several
other advantages:
• They can specifically be used for studying selection processes. For example,
based on the analysis of 58,146 Atlantic salmon EST sequences available in the
GenBank database, 75 EST-linked microsatellites were used by Vasemägi et al.
(2005) to examine the signature of selection in the Atlantic salmon Salmo salar.
• EST-derived markers are often conserved across species enabling comparative
studies across a wide range of non-model species. There is no comprehensive
review of such a transferability among aquatic organisms, but in plants, such an
approach has been very effective (Ellis and Burke 2007). A potential pitfall of
cross-amplification of markers across species is the increased occurrence of null
alleles which will bias estimations of allele frequencies, reduce any observed
heterozygosity, and increase the apparent levels of inbreeding (DeWoody et al.
2006). However, as primers flanking EST-SSRs are generally identified in more
conserved sequences than those of anonymous microsatellites, null alleles will be
less of a problem. Again, we are not aware of any comparative data on the relative
occurrence of null alleles among sets of markers in aquatic organisms, but this
has been documented in other organisms (plants: Rungis et al. 2004; beetle: Kim
et al. 2008).
• Contrasting the diversity and levels of population differentiation of microsatellite loci spread throughout non-coding DNA (i.e. “traditional” anonymous
microsatellites) against produced those from coding regions (e.g. EST-SSRs;
UTRs, introns) potentially allows us to gain a better estimation of population
genetics parameters and of the relative strength of selective pressures acting on
each type of marker (e.g. Luikart et al. 2003, Oetjen and Reusch 2007b).

3.1.3 DNA Studies: Single Nucleotide Polymorphisms (SNPs)
SNPs are considered to be the most abundant type of genetic variation (polymorphism). In coding regions, they can be used to compute the ratio of synonymous
to non-synonymous substitution that is of prime interest in evolutionary studies of selection (reviewed in Ford 2002, Vasemägi and Primmer 2005). Similar
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to the situation for microsatellites, the development of SNPs from a zero baseline in non-model organisms can be particularly time-consuming and expensive
(Kim and Misra 2007). However, these markers have also benefited from the everexpanding public genome databases (Kim and Misra 2007, Phillips 2007, Hayes
et al. 2007). For example, SNPs were successfully obtained in the Pacific salmon, a
non-model species, by using sequences from two sister taxa, the rainbow trout and
the Atlantic salmon (Smith et al. 2005, Campbell and Narum 2008, respectively; see
also Ryynanen and Primmer 2006 for a review). Also 318 segregating SNPs were
recently isolated from 17,056 EST sequences in cod (Moen et al. 2008) and the
first results based on cDNA library screening at a population level have also been
obtained in marine mollusc species (Tanguy et al. 2008, Faure et al. 2007, 2008).
Identification of SNPs is not solely reliant upon screening EST databases and they
can be generated from scratch. In-depth methodologies for the generation of SNP
markers will not be presented here (reviewed in Kim and Misra (2007) and Hudson
2008). However, one particularly useful method is that of GMPD technology (glycosylase mediated polymorphism detection; O’Leary et al. 2006, Vaughan 2000). This
approach seems to be particularly useful for targeting specific genes with SNPs, and
as such, the results can contrast with patterns of genetic diversity using other marker
types.
As with all marker types, there are disadvantages as well as advantages: Luikart
et al. (2003) highlighted the possible drawbacks associated with the use of SNPs
in population genomics as they are prone to severe ascertainment bias (bias in
estimating population parameters) due to the criteria used for their selection (i.e.
polymorphism) and the way they are usually tested (e.g. few individuals). Indeed,
in Chinook salmon (Oncorhynchus tshawytscha) some ascertainment bias has been
reported for SNPs compared to anonymous microsatellites and allozymes (Smith
et al. 2007). The main point is to be aware of the advantages and limitations of
using a specific technique and construct the experiment and analyses accordingly
(see Section 3.2.1 for further discussion).

3.1.4 DNA Studies: Amplified Fragment Length Polymorphisms
(AFLPs)
AFLP data sets are now relatively easy to produce and reliable. This technique
involves the use of restriction enzymes to cut genomic DNA. Adaptors are then
ligated onto the sticky ends and a sub-set of these amplified using primers designed
to the adaptor and part of the restriction site. The resulting DNA fragments are
separated by size (length of sequence) using polyacrylamide gel electrophoresis or
capillary sequencers. Only two allelic states are counted (presence or absence), and a
band of a specific length represents the presence of such an allele at an AFLP locus.
The AFLP technique is a particularly well-established molecular technique in
plants (Meudt and Clarke 2007). It is relatively easy to produce >100 AFLP markers,
compared to the microsatellite studies in most non-model organisms where often
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only <20 unlinked loci are used. The number of loci used is then of primary importance to correctly assess the impact of selection (e.g. Beaumont and Nichols 1996),
or bottlenecks (Luikart et al. 1998). Moreover, AFLPs are useful markers for the
investigation of other issues such as inbreeding (an important parameter in managing populations) (Dasmahapatra et al. 2008), and analysing systems characterized by
weak population structuring (Campbell et al. 2003), as is the case in marine organisms (Ward et al. 1994, DeWoody and Avise 2000). Although much less used for
marine invertebrates compared to terrestrial plants or animals, AFLPs have recently
proved to be a powerful tool to tackle numerous ecological issues (Table 1).
As regards applicability, artefacts may occur in some cases when using AFLPs
with, for example, the probability of amplifying bands of the same size at distinct loci (Gort et al. 2006, see also Pompanon et al. 2005) and possible confusion
Table 1 Examples of uses of AFLPs. This list is not restrictive and most population genetics and
associated ecological issues can theoretically be addressed using such markers
Characteristic

Species

References

Divergence between
different ecotypes
Zones of secondary contact

Littorina saxatilis
periwinkle
Crassostrea virginica
oyster
Anguilla spp.
eel species
Cyclina sinensis
clams
Crangon crangon
shrimp
Solea vulgaris
common sole
Oncorhynchus keta
chum salmon
Haliotis rutescens
Californian red abalone
Portunus pelagicus
blue swimming crab
Asterina gibbosa
sea star
Riftia pachyptila
tubeworm
Various
Florida Keys hamlets genus
Hypoplectrus
Stichopus chloronotus
Holothurian
Heteroxenia fuscescens
coral
Salmo salar
Atlantic salmon

Oetjen and Reusch (2007a)

Stock definition

Anadromous species
Connectivity among
populations

Forensic issues
Assortative mating
Reproductive tactics

Maximising genetic
diversity when founding
a hatchery population

Murray and Hare (2006)
Albert et al. (2006)
Zhao et al. (2007)
Weetman et al. (2007)
Garoia et al. (2007)
Flannery et al. (2007)
Gruenthal et al. (2007)
Klinbunga et al. (2007)
Baus et al. (2005)
Shank and Halanych (2007)
Maldini et al. (2006)
Barretto and McCartney (2008)
Uthicke and Conand (2005) and
Fuchs et al. (2006)

Hayes et al. (2006)
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between alleles and loci across individuals. This leads to a form of homoplasy (similarity due to convergent evolution), a phenomenon that can be encountered for any
genetic marker (e.g. Ellegren 2004). For instance, Wares and Blakeslee (2007) found
this issue was the major drawback to their analysis of the invasive status of the
periwinkle Littorina littorea along northern American coasts. As AFLP markers
are dominant markers, they do not really comply with detection methods of outlier
loci developed so far. Such methods (reviewed in Guinand et al. 2004) rely on the
estimation of allelic frequencies assuming Hardy-Weinberg proportions. Dominant
markers do not allow verification of this assumption, but, as noted by Bonin et al.
(2006), locus-specific deviations from the Hardy-Weinberg equilibrium may arise
and therefore bias the results of outlier detection in an unpredictable way. Finally, a
major drawback of AFLP markers is that they are anonymous markers in non-coding
regions. As they are not identified per se and not easily linked to genes it is difficult to use them to fill in the gaps between phenotype and genotype and therefore
between observed diversity and fitness. AFLPs are best used to improve knowledge
in some ecological areas such as better stock or species delineation and the topics mentioned in Table 1. However they do not particularly allow links be made
with regard to individual fitness, as investigating this issue with any type of genetic
marker is controversial (Balloux et al. 2004, Pemberton 2004, Slate et al. 2004,
DeWoody and DeWoody 2005). The AFLP technique is now being combined with
new technologies based on pyrosequencing of AFLP fragments to develop SNPs
and microsatellites.

3.1.5 DNA Studies: High Through-Put Sequencing
Sanger sequencing has become a routine laboratory technique, but recent major
advances with the next-generation of sequencing technologies such as massively
parallel sequencing signature (MPSS; Brenner et al. 2000) and pyrosequencing
(reviewed in Margulies et al. 2005, Langaee and Ronaghi 2005) (also called 454
sequencing) are revolutionising this technique, allowing simultaneous processing
of millions of short sequence reads. Although challenging from a bioinformatic
perspective, such technologies offer several opportunities for addressing ecology
and evolution issues, among them the possibility to carry out biodiversity analysis
(Venter et al. 2004). Moreover, such methods are less prone to errors due to mishandling, recovery of missing or rare transcripts or clones that are unstable when
cloned into bacteria. Technical improvements make such methods increasingly reliable (e.g. Hamady et al. 2008), and expression of most transcripts, including rare
variants, can be accurately and precisely quantified (e.g. Stolovitzky et al. 2005).
This methodology will become increasingly used as the length of the sequence read
increases (450 bp reads are now possible with 454 pyrosequencing), increasing the
chance of identifying genes in non-model species (Hudson 2008). The initial technology was restricted to tens of bases which is really only of use in sequenced model
organisms (Hudson 2008).
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The most powerful use of short-read sequence data is comparison to other
genomes that are sequenced at high quality. For instance, Vera et al. (2008) used
the silkworm Bombyx mori to BLAST sequences and to further establish useful
contigs for the Nymphalid butterfly (Melitaea cinxia). The B. mori’s genome has
been estimated to have about 18,000 genes, and assuming that this is representative
for Lepidoptera, Vera et al. (2008) obtained 9,000 non redundant hits in their study.
This may suggest that at least half of all genes in M. cinxia are now at least partially identified using a single pyrosequencing run. As Ellegren (2008) noted about
Vera et al.’s (2008) study, this technology offers support for association mapping,
QTL and population genetics studies, and candidate gene studies (e.g. Saastamoinen
and Hanski 2008). Even though the M. Cinxia genome data is still a draft, such a
study and that of Toth et al. (2007) on the Polistes wasp proved that high-throughput
techniques of cDNA sequencing can be reliably used in species that are of ecological and evolutionary relevance. A further example of the use of such technology is
given in Section 3.3.4 and the analysis of hybrid vigour. As stated earlier, the use of
this technique will increase and, as costs decrease, it becomes a viable alternative to
gene chip expression analyses.

3.1.6 DNA and RNA Studies: Targeted Gene Analyses
Targeted gene analyses or the candidate gene approach (Tabor et al. 2002) are where
a particular gene or a small set of genes is intensively investigated in an organism
or population under different conditions (either natural or artificially induced). It is
difficult to perform targeted gene analyses on non-model organisms where there is
either little or no sequence data available. Gene sequences can be produced via EST
libraries and then specific primers designed for the gene of interest, or a more random approach can be adopted using degenerate PCR. This latter technique involves
identifying the gene of interest in several different species, hopefully including data
from the same taxa as the species of interest and designing primers from the amino
acid sequence incorporating codon usage degeneracy.
In expression work, targeted gene analyses are currently used where there is
some knowledge of which genes may change in expression levels between environmental conditions/treatments and knowledge of the actual gene sequences. These
days, analysis of target genes in expression studies is carried out using Q-PCR.
DNA studies have historically focused on phylogenetic analyses and a specific
set of genes such as cytochrome c oxidase subunit I (COI) and the ribosomal
genes (18s, 16s and 28s) (http://www.barcoding.si.edu/; http://rdp.cme.msu.edu/,
http://bioinformatics.psb.ugent.be/webtools/rRNA/). The COI gene is the gene of
choice for barcoding, a technique that is described in more detail in Chapter 1
However, developments in sequencing technologies have made it possible to resequence a target gene in many individuals from a population in parallel. The
resulting haplotype information is then used to determine either whether specific
alleles can be associated with traits of interest or coalescence-based methods to
tackle selective and hybridizing processes in speciation of closely-related species
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(Faure et al. 2008). In a variant of this technique (called ecoTILLING), rather than
using a particular marker to follow a gene, the researcher begins with a gene (usually selected based on genome sequence) which is potentially related to a phenotype
of interest (Comai et al. 2004). The ecoTILLING method allows the rapid detection of natural sequence variants of this gene within a population of genotypes
by PCR amplification of a population of alleles followed by mismatch detection
using the CEL1 or ENDO1 endonucleases, which cleave DNA at polymorphic sites
(Comai et al. 2004). Variant alleles can then be followed using molecular markers
and associated with particular traits of adaptive significance.

3.1.7 DNA Studies: Barcoding
The development of rapid sequencing methods including new developments based
on pyro-sequencing technology may also be applied to barcoding approaches.
Barcoding is a populist name given to the technique of assigning a unique identifier to every known species. This technique is not only useful for population and
taxonomy studies, but also marine forensic analyses. However, the application of
this technology has already been comprehensively explained in Chapter 1and will
not be explored further here, as the emphasis will remain on large-scale population
analyses.

3.1.8 RNA Studies: Microarrays or Gene Chips
Microarrays represent a method of analysing the expression of many genes at the
same time. Thousands of sequences are individually attached (spotted) to a small
glass slide (typically the size of a microscope slide) with each spot on the slide representing a gene sequence. These sequences can either be cDNAs or oligonucleotides
designed using EST or genomic sequence information. Hybridization of samples
to the microarray can be performed using either a single or double fluorescent dye
system, the choice of which depends on the technology used to manufacture the
chip (cf. Gibson 2002). Statistical analyses are then applied to the colour and level
of intensity of fluorescence to determine how the applied treatment has affected
gene expression. Generally genes that show more than a 2× increase in fluorescence under any conditions are regarded as having significantly changed under the
assumption that the signal is normally distributed between replicates within the
two samples under scrutiny. Whilst this is clearly a powerful technique for mass
screening of gene expression, experiments have to be carefully designed with rigorous consideration of what constitutes a “control” and planning sample replications.
If too many different variables are introduced into the experiments, then the data
can become too noisy and no meaningful information can be extracted. Currently
it is essential to validate microarray results using other methods of transcriptional
analysis, such as Q-PCR.
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3.1.9 RNA Studies: Q-PCR
Q-PCR stands for “Quantitative PCR”, also sometimes known as “Real-Time PCR”.
With this technique, the gene of interest is assayed in control and “treated” animals
using fluorescently labelled primers (often SYBR Green) and incorporation of these
primers is monitored during the PCR run by laser excitation. The level of fluorescence directly reflects the amount of PCR product generated. By comparing the
point in the PCR reaction where the amplification enters the log phase for both control and treated samples and determining the difference between the two, a measure
of the change in relative levels of transcript abundance caused by the treatment can
be made. There are a number of ways to control and validate this technique (see
Pfaffl 2001, Pfaffl et al. 2002, Radonic et al. 2004). This technique is often used
in tandem with microarray analyses, as the estimate of the change in expression
level produced via Q-PCR is more accurate than that produced via microarray analysis. However, designing and testing specific primers is a time-consuming process.
Microarrays are therefore best adapted for the initial, global overview of transcriptional activity, whereas Q-PCR is used subsequently to analyse the expression of
specific candidate genes identified by the microarray analysis.
In the previous sections, the main tools that are available for ecological genomics
studies have been briefly described. Note however, that this list of tools is continually expanding, fuelled by technological spin-offs from the Human Genome Project.
It is now important to outline some of their uses in the marine environment and how
they can contribute to our knowledge on population dynamics, biodiversity, and
environmental issues.

3.2 Population Genomics
Population genomics differs from population genetics in that it involves significantly increased coverage of the genome and the use of bioinformatics facilities to
deliver molecular tools as well as to analyze large datasets. Both neutral and selected
markers are targeted in population genomics in order to simultaneously analyze and
discriminate demographic (i.e. change in population size) and selective processes
(i.e. effects of environmental constraints).
It combines the methodology developments derived from genome analyses with
the conceptual framework of population genetics (for a review see Luikart et al.
2003). It can be broadly defined as the screening and analysis of a large number of DNA regions in order to address evolutionary or ecological issues (Black
et al. 2001, Luikart et al. 2003, Schlotterer 2003, Feder and Mitchells-Olds 2003).
Methodologies and approaches are highly interdisciplinary. For example, it is obvious that any relationship between a phenotype and an environment can be tracked
to both the level of the population or of the individual in order to define the
genetic basis of this phenotype. However, this relationship can also be analysed
from a more functional perspective by examining a set of co-expressed genes
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in a network involved in the physiological regulation of genes that led to the
expression of this phenotype at the individual or population levels (Feder 2007,
see also Crawford and Oleksiak 2007, Marden 2008). Some authors bring together
population and functional genomics to define environmental/ecological genomics
(e.g. Ungerer et al. 2008), whereas others define ecological genomics as a distinct
field (e.g. Wilson et al. 2005). We do not disagree with these different approaches
and it is clear that genomics sensu lato profoundly influences current biology. Here
we describe the use of the conceptual frameworks of population and/or quantitative genetics that have the potential for identifying and studying the genetic basis
of those traits affecting fitness that are key to natural selection (e.g. Ellegren and
Sheldon 2008). Such research is now commonplace in model species, and is increasingly used to study fundamental questions in ecology, phenotypic plasticity and
gene-environment interactions (reviewed in, e.g., Morin et al. 2004, Nielsen 2005).
Among the promising fields derived from population genomics is the understanding of complex evolutionary processes like patterns and rates of adaptation.
By examining large portions of the genome, population genomics can theoretically
disentangle locus specific-effects such as recombination, selection, epistatic interactions etc. that affect one or a few loci, from genome-wide effects affecting the
whole genome (bottlenecks, founder events, inbreeding). (e.g. Mitchell-Olds et al.
2007, Stinchcombe and Hoekstra 2008, Ellegren and Sheldon 2008). Some selective
processes may also act on the whole genome as a result of the long-term adaptation
of organisms over the course of evolution (i.e. thermal or pressure effects on protein
stability). Population genomics can be used to address ecological and environmental
issues such as biodiversity studies and marine ecosystems surveys with applications
to fisheries, monitoring of invasive species or design of Marine Protected Areas
(MPAs). They also offer great promise to address the phenomenon of trade-offs
that are expressed at the phenotypic level and dependent on the modulation of gene
expression and molecular processes (Roff 2007).

3.2.1 Analysis: Choices, Limitations and Considerations
3.2.1.1 Marker Type
The use of several genetic marker types including SNPs on the analysis of genetic
data and estimation of population parameters has been reviewed by Vasemägi and
Primmer (2005) and Ryynanen et al. (2007). The study of Vasemägi et al. (2005)
on Atlantic salmon can be used to illustrate issues about changes in heterozygosity, allele diversity, levels of population differentiation across sets of genetic
markers, and number of loci potentially under selection. They identified genetic signatures of divergent selection by screening 95 genomic and 78 EST derived miniand microsatellites for populations inhabiting contrasting natural environments
(salt, brackish, and freshwater habitats). They detected no significant variations in
heterozygosity, allele diversity or levels of population differentiation across anonymous or EST-SSRs loci when looking at all the populations surveyed as a whole.
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Nevertheless, when grouping populations by type of habitats, significant differences
were found regarding genetic and allelic diversities. They also found that tandem
repeat markers in ESTs did not deviate more frequently from neutral expectations
than anonymous genomic microsatellite loci. This could be due to the unbalanced
number of markers of each type in this particular study, but similar results have
been reported in other organisms (e.g. Woodhead et al. 2005). This result can be
explained by the tiny fraction of EST-SSR markers (more generally gene-linked)
that are influenced by selection. Indeed, Vasemägi et al. (2005) finally identified
only nine putative EST-SSRs (12%) that were potentially under selective pressure.
Moen et al. (2008) carried out a similar study on cod using SNPs markers.
However, the cod study did not include other types of markers to survey gene or
allele diversities and levels of population differentiation. In cod, forty-eight SNPs
out of a total of 318 (≈15%) had levels of genetic differentiation significantly different from zero, and twenty-nine were found to be potentially selected (≈9%). Of
the latter, seventeen were associated with genes of known function.
Together these two studies indicate that the percentage of markers under selection is >9% for studies based mainly on EST-SSRs or SNPs. This figure can be
compared to estimates obtained in the few genome scans that have been carried out
using AFLP markers. These reported a range of ≈1.5–12.5% of loci that could have
been or were influenced by selective constraints, and subsequently conferred or are
actually prone to confer a potential fitness gain within a given environment (Wilding
et al. 2001, Campbell and Bernatchez 2004, Bonin et al. 2006, Gruenthal and Burton
2008). The highest value reported for AFLPs (12.5%, 49 loci of a total of 392) is
debatable as indicated by Bonin et al. (2006), as it depends on the statistical method
used to detect loci under selection, and on the data sampling design (i.e. the geographical scale and/or the main ecological factor considered in the hierarchical data
analysis). For AFLPs, this number is probably overestimated and the correct value in
this example is more likely ≈2% (Bonin et al. 2006). More studies are needed so that
rigorous comparisons of marker types can be carried out, but current data indicates
that coding sequences involved in EST-SSRs or gene-based SNPs are (somewhat
logically) better sources of adaptive polymorphisms. This number probably does
not exceed 15%, indicating that a huge effort is required when establishing ESTlibraries to recover a “significant” number of potentially selected genes. However,
this does not negate EST libraries as a substantial resource for mining adaptive traits,
particularly because they are usually in the public domain and available for anyone
to exploit.
To date, very few population studies have been carried out to look at genetic
variation in aquatic organisms based solely on EST-SSR markers, but the study of
Vasemägi et al. (2005) does reveal some pitfalls to such an approach in non-model
organisms. For example, in this study, a large number of ESTs did not match any
known gene in the databases. The percentage of “unknown” genes has been estimated to be as high as 70% in the European sea bass (Dicentrarchus labrax (Boutet
et al. 2006, Chini et al. 2006) or the polychaete Alvinella pompejana (Alvinella
Consortium) and as low as ≈13% in halibut (Douglas et al. 2007). Hence, obtaining EST-SSRs by random EST database mining for any non-model species could
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produce similar results to those by Vasemägi et al. (2005), which in their case did
not directly shed light on the physiological basis of local adaptation. This could
possibly be improved if EST-SSRs were only used from ESTs that matched known
genes. This would improve our knowledge of how physiological regulation shapes
a given phenotype and/or pattern of habitat distribution. However, this can dramatically decrease the number of such markers available for population studies, reducing
the benefit of genomics in providing ecological and population tools. In consequence, functional information should not be an a priori prerequisite for choosing
EST-SSR markers.
3.2.1.2 Differentiating Selective and Demographic Effects
One challenge when studying the genetic basis of adaptation is that the pattern
of variation produced by genetic hitch-hiking or selective sweeps may also be the
result of demographic changes. Therefore a common approach in population genetics studies is to analyse a very large number of unlinked loci (the so-called “genome
scan” method; see Luikart et al. 2003, Storz 2005) in an attempt to disentangle
selective and demographic effects (see also Teshima et al. 2006). As stated by, e.g.,
Wenne et al. (2007), the outlier loci in genome scans – i.e. loci that do not statistically conform to the neutral theory – offer the potential for the generation of
informative markers which are suited for specific questions raised in management
scenarios of marine species. According to the theory first developed by MaynardSmith and Haigh (1974), outlier loci are most likely the causal loci, but are either
physically linked or in linkage disequilibrium (LD) with the site(s) that undergo
or have undergone selection. The extent of LD between the marker locus and the
functionally relevant mutation involved in one ecological adaptation can vary dramatically across the genome and also between study systems. This will be affected
by population history, mating system, recombination rate, the age of the selected
allele, the strength of selection and many other factors (Nordborg and Tavare 2002).
Several marker types can be used for genome scans such as anonymous microsatellites (amphibian: Bonin et al. 2006), SNPs (man: Akey et al. 2002), or a combination
of several markers (cf. Chinook salmon: Smith et al. 2007). Dominant (see Bensch
et al. 2002) AFLP (Vos et al. 1995) markers are also appropriate tools for carrying
out such analyses as these can be produced at a moderate cost and with no previous
genomic knowledge.
3.2.1.3 Identifying Adaptive Traits
The use of molecular markers, such as anonymous microsatellites, EST-SSRs and
AFLPs, is not necessarily the best approach for addressing all ecological issues. This
is because they are mostly neutral and do not enable the understanding of fitness differences among wild individuals that could drive adaptation in a given environment.
Generally, it is not known if they are associated with a gene and, even if this is
known, the role(s) of such an associated gene in metabolic/gene network(s) can be
very obscure in a wide range of marine organisms. The continued development of
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such markers, however, is essential for the production of fine-scale linkage maps,
which ultimately can lead to identification of adaptive traits and/or genes.
Linkage analysis is the traditional method of identifying chromosomal regions
containing QTLs (Quantitative Trait Loci) in model organisms. The methodology
relies on following the inheritance of segregating traits in pedigrees and seeking to
find (co)inheritance of traits and numerous genetic markers. Hence, statistical analyses of genome-wide molecular markers such as microsatellites and AFLPs, and
phenotypes measured in the progeny of controlled crosses can be used to identify
chromosomal regions contributing to phenotypic differentiation for a trait or a suite
of traits of interest (reviewed in Mackay 2001, Erickson et al. 2004). If this can be
established, trait loci are inferred to map in the vicinity of marker loci and markers
such as microsatellites, AFLPs and even SNPs can lose their purely anonymous status. The determinism of the trait under study can then theoretically be investigated
by looking at the polymorphism of a few markers. The use of inbred lines in genetic
crosses is the most powerful method for QTL analysis, because it maximizes linkage
disequilibrium between markers and trait loci (Lynch and Walsh 1998). Analysis is
then mostly pedigree-based.
The power of linkage analysis increases with number of meioses that can be studied. Linkage maps have so far mainly been constructed for species that can be bred in
captivity, including fishes, insects and mammals. In marine organisms, studies have
concentrated on aquaculture species including the European sea bass (Chistiakhov
et al. 2005), the sea bream (Sparus aurata; Franch et al. 2006), the European flat
oyster (Ostrea edulis; Lallias et al. 2007a), the Pacific oyster (Crassostrea gigas;
Hubert and Hedgecock 2004, Li and Guo 2004), the Eastern oyster (Crassostrea virginica; Yu and Guo 2003); the bay scallop (Argopecten irradians; Qin et al. 2007),
the blacklip abalone (Haliotis rubra; Baranski et al. 2006), and the blue mussel
(Mytilus edulis; Lallias et al. 2007b). However, the number of linkage maps available for aquatic organisms is rapidly increasing (Wenne et al. 2007). Most of the
QTL studies to date have concerned growth related traits, and to a lesser extent disease resistance traits. Even though growth is one important proxy of fitness, other
ecologically relevant traits (e.g. reproductive performance, larval duration, gene
expression response to various stresses) should certainly be investigated as these
could explain performances of individuals.
At present, the genetic maps available for aquatic organisms are not sufficiently
fine to map adaptations as they rarely comprise more than >1,000 markers disseminated throughout the genome. An average marker distance of 20 cM is required
for the location of a QTL to the correct chromosome arm (e.g. Rogers et al. 2001,
Chistiakhov et al. 2005), but, for finer mapping, a marker distance of 1 cM or less
is needed. Mapping chromosomal regions that co-segregate with traits of interest
represents just the first step towards the identification of the causative genetic variants that shape the phenotype. Numerous genes usually reside within a targeted
chromosomal region and the eventual identification of such variants requires refined
mapping and nomination of candidate genes. There are only a few examples of such
studies so far in natural populations, notably the mapping and subsequent identification of ectodysplasin (Eda gene) the armour plate patterning gene in different
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populations of the three-spined stickleback (Gasterosteus aculeatus) (cf. Cresko
et al. 2004, Colosimo et al. 2005). Allelic variants at this locus have led to the
reduction of pelvic plates in the freshwater ecotype of this species, a process that
has been associated with changes in predation risk.
For QTL mapping to become a commonplace methodology for studies of outbred
natural populations would require sampling of either large pedigrees, or extensive
series of sibling-pairs and the components of fitness measured in these individuals
(e.g. mammals: Beraldi et al. 2006). This is generally not possible without a massive
input of resources and a huge targeted breeding programme and hence is not really
an option, particularly if no commercial advantage is gained. The nearest example
related to this issue was a pilot study in the European sea bass. This reported crosses
among individuals with a poorly known pedigree and allowed the characterisation
of QTLs for body shape (Chatziplis et al. 2007), a trait of potential benefit to both
the aquaculture industry and par hasard the study of wild populations.
An alternative method to QTL mapping is association or linkage disequilibrium
mapping. This relies on the analysis of linkage between markers and trait loci that
are in linkage disequilibrium by genome scans of population samples, rather than
by pedigree analysis using QTLs. This approach has typically a much higher resolution than conventional pedigree analysis, but the efficiency of association mapping
depends on the number and distribution of markers used to scan the genome, and the
extent of linkage disequilibrium. This is a parameter itself that varies (Jorde 2000)
and is strongly reliant on population/species history (e.g. Backström et al. 2006) and
model of population structure (Yu et al. 2006). We are not aware of marine species
where such a method could be used in a near future to identify causative sequence
variants, as long as the number of markers in genome scans is low.
The use of genome scans using any of the markers cited above is important in
confirming that QTLs identified in contemporary populations have played a part in
adaptive phenotypic differentiation, driven by directional selection. By definition,
QTLs may be used to infer the genetic basis of adaptive traits underlying species
or population differences, but they do not rely per se on the effects selection may
have on corresponding adaptive traits (Hoekstra and Nachman 2003, Rogers and
Bernatchez 2005). Whilst genome scans rely on detecting potentially selected markers, the function and role of these loci on the construction of a given phenotype
needs to be ascertained. Nevertheless, if signs of selection as revealed by scans for
reduced within-population variability or increased between-population divergence
coincides with the chromosomal location of QTLs, this highlights the significance
of genes within these regions in adaptive evolution (Ellegren and Sheldon 2008).
Such a result has been recently presented by Rogers and Bernatchez (2005). They
integrated QTL mapping and genome scanning methods to analyse diverging sympatric pairs of the lake whitefish (Coregonus clupeaformis) species complex. This
was to test the hypothesis that differentiation between dwarf and normal ecotypes
at a growth associated QTL was maintained by selection. Indeed, their objective
consisted of evaluating growth as a phenotype–environment association, determining its genetic basis with QTL mapping, screening natural populations for outlier
levels of differentiation, and finally assessing observed patterns of divergence for
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outliers over multiple environments. They were able to determine whether the loci
closest to a growth rate QTL were the same as loci showing elevated differentiation in genome-wide scans of natural populations (Campbell and Bernatchez 2004).
They found that eight AFLP loci (so-called “QTL homologues”) closest to the QTL
for growth rate showed values outside the empirically determined 95% confidence
limits for genetic differentiation estimated from 440 AFLP loci. Thus suggesting
that differentiation at these loci was due to selection on nearby growth rate loci.
The authors were able to show that one AFLP locus corresponding to a growth rate
QTL exhibited significantly higher levels of genetic differentiation between ecotypes than expected under neutrality. This exemplifies a similar genetic basis for
adaptations of the normal and dwarf ecotypes in each lake, and how particular portions of the genome are related to dramatic phenotypic changes for a multigenic
trait as growth. Hence, such a study reinforces the potential of a complementary
QTL/genome scan approach towards studies of adaptive divergence. As Campbell
and Bernatchez’s (2004) study did not use a dense linkage map (25 of the 40 presumptive linkage groups were covered), and “only” 440 AFLP markers were used,
it also means that our understanding of the basis of adaptive divergence across sister
species and/or ecotypes may be improved even with the sparse QTL mapping that
is presently possible in marine species.
Hence, although time intensive, costly and challenging, developing linkage maps,
searching for QTLs, and combining information with genome scans arguably represents a comprehensive way of identifying genomic regions contributing to adaptive
variation, especially for multigenic traits (Price 2006, Stinchcombe and Hoekstra
2008). Given this, there are still drawbacks to this approach, which are exemplified
by an example in stickleback.
A microsatellite-based linkage map had established that the portion of the
genome containing a large-effect QTL contributing to adaptive variation in pelvic
morphology between oceanic and lake populations was shown to cover a region
of ≈10 Mb (Shapiro et al. 2004). Associated molecular knowledge including
sequencing of a BAC (bacterial artificial chromosome) covering this region of the
stickleback genome enabled the identification of a gene (Pitx1), which showed
expression differences associated with a reduced pelvis in lake populations (Shapiro
et al. 2004). However, the nature of the precise molecular change driving the phenotypic change – certainly in cis-regulatory modules in this particular case – has yet
to be identified. Such a situation raises at least three questions:
• How is a similar type of question approached without BACs or some substantial
fraction of genome sequence?
• What would happen if this QTL was not a large-effect QTL? It is clear that the
developmental processes of the hind limb and pelvis are under the control of a few
major genes in vertebrates (e.g. Marcil et al. 2003) that translate into large-effect
QTLs. QTLs affecting most ecologically important traits certainly do not belong
to such a category. Hence, such clear genotype-phenotype coupling cannot be
expected in most cases.
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• Why so much effort (e.g. development of numerous markers, pedigrees, linkage map) for only one gene? Is this useful? Why not a candidate gene approach
that deals with a few well-known genes that would come from the available biochemical and physiological literature or other techniques such as microarrays
(see below, and, e.g., Ellegren and Sheldon 2008)?
Hence, although combining genome scan and QTL approaches can be useful in
identifying genomic regions of interest, the relevance of individual genes and their
surrounding cis- and trans-regulatory regions do necessitate extensive sequencing
of resources (e.g. BACs), and comparative genomics to identify genes of interest in
marine organisms.

3.3 Practical Application of Population Genomics in the Marine
Environment
There are a number of applications for the tools described above and population
genomics approaches, which inter-link with ecological issues:

3.3.1 Dispersal in the Sea: From Larval Development to Local
Adaptation and Speciation Processes
Understanding the extent of connectivity between marine populations is crucial, not
only for conservation purposes but also for fisheries management, as well as being a
means to increase our understanding of the functioning and evolution of populations
in the marine system. Comprehensive methodologies exist which means this issue
can be addressed from larval tracking through to gene analyses. Chapter 1 can be
consulted for more information on the specific area of larval identification, whilst
here three more general examples are provided of genome-based approaches that
fuel the debate about the patterns and extent of dispersal in the sea:
3.3.1.1 Pelagic Larval Studies
In species with a bentho-pelagic life cycle (the most frequent cycle in marine invertebrates) and in which adults are non-mobile, larvae are the major dispersal vector.
Larvae which are able to metamorphose (i.e. competent larvae) can delay their metamorphosis in response to biotic and abiotic factors (Hadfield 1998, Hadfield et al.
2001). This delayed metamorphosis may enhance the dispersal potential and the
connectivity between populations with implications on local adaptation, maintenance of species cohesiveness and population dynamics. Numerous studies have
nevertheless shown that evolutionary trade-offs exist between characteristics linked
to the dispersal abilities of the species and its cost, e.g. between the avoidance of
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competition between related individuals and the increased mortality during dispersal
(Pechenik 1999).
Despite its biological significance, only a limited number of studies have
attempted to elucidate the mechanisms underlying the timing of acquisition of
competence in marine invertebrates. Although the metabolic pathways and the
substances inducing or preventing larval development, metamorphosis and settlement are studied in numerous species, the molecular and genetic bases of these
processes as well as their variations in response to selective pressures are still
poorly documented (Hadfield 1998). Until recently, genomic tools were poorly
available for non-model organisms. As pointed out by Medina (2009), the study
of non-model organisms can now provide lights on major issue about life-cycle
evolution, for instance, on-going studies based on micro-arrays and Q-PCR carried
out in the invasive gastropod, Crepidula fornicata (Taris et al. 2009) demonstrating the involvement of NO signalling pathway in larval metamorphosis. Another
major illustration comes from several recent studies by Degnan and collaborators
on gastropods of the genus Haliotis (Degnan et al. 1997, Jackson et al. 2005,
Williams et al. 2009). Through the identification of cDNA fragments representing
differentially-expressed genes, they obtained a suite of genes likely to be involved
in metamorphosis and competence in H. asinina (Jackson et al. 2005). Results of an
extensive study carried out by means of cDNA microarrays then suggested that pathways operating at larval metamorphosis may regulate the expression of novel genes
specific to abalone and molluscs metamorphosis (Williams et al. 2009). Analyses of
the conservation of these genes and of their associated polymorphisms should help
in understanding the selective processes acting on larval development pathways.
3.3.1.2 Genetic Basis of Adaptive Differentiation in High Gene Flow Species
Marine species often exhibit high gene flow through larval dispersal. Such dispersal
ability may prevent local adaptation in a heterogeneous environment in the absence
of spawning shifts between the inter-connected populations. On the other hand, both
the very high fecundities (allowing differential mortalities) and large population
sizes (enabling a high selection efficiency through the parameter 2 Ne s) provide
opportunities for counteracting the homogenising effects of gene flow. The question
is to determine the actual extent of adaptive polymorphism, which accounts for the
presence of the same marine species in contrasting environments, and to examine
under which set of conditions such an adaptation may arise and persist.
Population genomics and more specifically genome scan analyses can provide
relevant tools to address these questions. In the case of divergent selection according to habitats, new beneficial alleles may sweep to fixation in a single habitat where
such an allele is advantageous. Subsequently, the frequency of some neutral alleles
at closely linked loci should be increased in that region, due to genetic hitchhiking. Therefore, the genetic divergence should be greater for neutral loci, which are
closely linked to the selected locus than for other neutral loci. This is the rationale for locating outlier loci and then candidate genes that may have been targets
of selection, with the various types of markers and techniques described above.
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The outlier status of a locus having undergone a selective sweep has been demonstrated among 11 loci that are otherwise undifferentiated between two patches of
Mytilus edulis (Faure et al. 2008). Vasemägi et al. (2005) identified nine loci in
the Atlantic salmon, Salmo salar with highly significant deviations from the neutral expectations and proposed them as promising candidate genes for adaptation to
different habitats. A similar method was also implemented in the eelgrass Zostera
marina: using a genome-scan, over 25 anonymous or gene-linked microsatellite loci
appeared to be under selection in subtidal and intertidal populations of the eelgrass.
Oetjen and Reusch (2007a) identified three outlier loci, one of them being linked to
a nodulin gene involved in water transport regulation. This suggested a functional
significance in the genetic divergence observed at the outlier locus that may reflect
habitat differences.

3.3.1.3 Study of Hybrid Zones and the Speciation Processes
As in terrestrial ecosystems, ample opportunity for secondary contact between
differentiated gene pools also exists at sea. This creates hybridisation or tension
zones where the two genomes confront each other. These zones are maintained
by a balance between an afflux of parental genomes mediated mostly through larval dispersal and the removal of less fit hybrid gene combinations. Because of
the demographic characteristics of most marine species, which allows a very fine
selective sieving of the various genotypes, one expects that these zones settle precisely where the two differentiated gene pools (e.g. subspecies) display habitat
specificities. The combination of habitat specialisation genes (exogenous selection)
and under-dominant “speciation” genes (endogenous selection) gives rise to locally
coincident genetic clines where all the genes are in linkage disequilibrium and may
roughly resemble primary differentiation along an environmental gradient. These
clines are the result of the interaction of “congealed” genomes (i.e. genomes that
cannot completely remix with each other because of the existence of these “speciation” genes). One of the best studied examples of this is the mosaic zone of the blue
mussel Mytilus edulis and M. galloprovincialis (Bierne et al. 2002, 2003), but it is
likely that many other cases have gone unreported or misinterpreted. Recent surveys of Bathymodiolus populations using coalescence-based methods over multiple
genes both along the mid-Atlantic Ridge and the South East Pacific Rise indicated
that such secondary contact with hybridization are frequent occurrences in the deep
ocean with old introgression events that cover large portions of the oceanic ridges
(Faure et al. 2009). If genome scans are performed along those clines, many markers
will co-segregate, yet only a few may really reveal differential adaptation to varying
environmental conditions. This should not be underestimated when studying places
where many species show genetic clines such as at the mouth of the Baltic Sea
(Johannesson and André 2006). Ecological genomics represents a great potential
for disentangling the complex interactions of exogenous and endogenous selective
forces in the future. Both categories of genetic effects are pertinent to studying the
speciation process in the marine realm.
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3.3.2 Marine Bio-Invasions: Using Genomic Resources to Study
Invasive Species
Biological invasions, tightly linked to human activities, are one of the major threats
to marine biodiversity and ecosystem stability. Although one of the main properties
of biological invasions is the unpredictable nature of their appearance, introductions
of non-indigeneous species have been shown to be highly correlated with commercial shipping routes (Ricciardi and MacIsaac 2000) and aquaculture (Wolff and
Reise 2002). For instance, shipping between the USA and Great Britain may have
caused the introduction of 20% of the foreign species in British waters. Foreign
species may also be capable of taking advantage of coastal water pollution (e.g., the
introduced alga Ulva fascicata has supplanted the autochthonous species Ulva pertusa in polluted environments in Japan; Morand and Briand 1996) or climate change
(Stachowicz et al. 2002). In this context, several authors have underlined the usefulness and lack of molecular and genomic data for the study of biological invasions
(Holland 2000, Roman and Darling 2007, Sax et al. 2007, Caroll 2008, Darling
and Blum 2008). Population genomics and DNA-based approaches may provide
important information about biological invasion processes in several ways. For
example, using the completely sequenced mitochondrial genome of Laminaria digitata (AJ344328; Oudot et al. 2002) and Pylaiella littoralis (AJ277126; Oudot-Le
Secq et al. 2001), Engel et al. (2008) identified seven polymorphic intergenic regions
which were conserved over a range of brown algae species from the Laminariale
(sensu lato) and to a lesser extent Fucaceae. The sequences of two of these genomic
regions were used in a worldwide population survey of circa 500 individuals of the
invasive brown alga Undaria pinnatifida, which showed that different introduction
processes were responsible for the successful introduction of this Japanese kelp in
different parts of the world (Voisin et al. 2005).
Darling and Blum (2008) recently advocated the use of genomic resources such
as microarrays and quantitative PCR as potentially powerful tools for examining
microbial or planktonic diversity. The extent of biological invasions involving these
organisms is certainly neglected due to their small size and difficulties with identification. Another important and unresolved question in invasion biology studies is the
tempo and mode of evolution of invasive species in their new range. Genome scan
approaches based on AFLPs, SNPs or full genome studies can potentially provide
tools for analyzing on-going adaptation processes. In the specific case of introduced species, such analyses may be used to examine the possibility for selection
on standing genetic variation (Barrett and Schluter 2008).

3.3.3 Uncovering the Genetic Basis of Hybrid Vigour
in Aquaculture Populations
Oysters are a highly prized commercial species. Investment into understanding
their genetics is of paramount importance for their maintenance as a cash-rich
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aquaculture crop. Using the new MPSS (Massive Parallel Signature Sequencing)
technology, Hedgecock et al. (2007) studied the genetic and physiological causes of
heterosis (hybrid vigor) and its converse, inbreeding depression in the Pacific oyster,
Crassostrea gigas, the causes of which have remained elusive for nearly a century
(e.g. Crow 1998). Explanations proposed for heterosis have included:
• Overdominance (the superiority of heterozygotes at genes affecting fitness traits)
• Dominance (the masking of deleterious recessive mutations in hybrids by
dominant alleles inherited from one or the other inbred parent)
• Epistasis (the interaction of alleles at different loci).
In previous investigations, the evidence for heterosis in bivalves was indirect. An
observed correlation between a heterozygous marker and fitness-related traits, such
as growth was established (e.g. Hedgecock et al. 1995). Also controlled crosses
including the study of F2 hybrid populations revealed a high load of deleterious recessive mutations concordant with the dominance hypothesis (Launey and
Hedgecock 2001).
The physiological causes of growth heterosis are far less studied than the genetic
origins, but it was shown that both larval and adult hybrid oysters have higher feeding rates and efficiencies than their inbred counterparts (Bayne et al. 1999, Pace
et al. 2006). The two main aims of the Hedgecock et al. (2007) study were:
• To estimate the number of genes implicated in the hybrid vigour of oyster
• To provide a genome-wide scan for the causes for heterosis.
Gene-expression patterns underlying growth heterosis were analysed in two partially inbred (f = 0.375) and two hybrid larval populations produced by a reciprocal
cross between the two inbred families. cDNAs were cloned and 4.5 Mb of sequence
tags were generated. The sequences contained 23,274 distinct signatures (i.e. short
read sequence tags) that were expressed at non-zero levels, and showed a highly
positively skewed distribution with median and modal counts of 9.25 million and
three transcripts per million, respectively. For nearly half (57%) of these signatures,
expression levels were shown to depend on genotype. Results demonstrated that
this phenomenon is predominantly non-additive (hybrids deviate from the inbred
average as in the over- or underdominance hypotheses), and that overdominance
was prevalent in explaining expression patterns in the Pacific oyster as opposed to
results reported in maize or Drosophila (Swanson-Wagner et al. 2006, Gibson et al.
2004).
The genetic basis of overdominant phenotypes may be due to interactions
between cis-acting regulatory elements or differences in levels of trans-acting factors. As noted by Hedgecock et al. (2007), it should be possible to distinguish
between cis- and trans- regulation of expression levels by contingency tests on the
linkage between expression and genotype in the next generation:
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• cis regulation: the linkage between heterozygosity at the candidate locus and
expression level should remain unchanged.
• trans regulation: recombination between the candidate locus and trans-acting
elements (i.e. a possible cause of epistasis) should eliminate or reduce overexpression in heterozygotes.
The likely importance of trans-acting elements in regulating many non-additive
patterns of gene expression would suggest that growth heterosis may largely result
from epistatic gene interactions. Besides the importance of this study in identifying
the main causes of hybrid vigour, further analysis suggested ≈350 candidate genes
were involved in growth heterosis and exhibited concordant non-additive expression in reciprocal hybrids. This represented only ≈1.5% of the total transcripts and
approximately matched the number of genes that regulate the physiology of life span
and lipid accumulation in C. elegans (Ashrafi et al. 2003). This is clearly only one
example of the investigation of heterosis, but given the success using new technologies, additional studies, in different organisms, are certain to follow, particularly
driven by the commercial interests of the aquaculture industry.

3.3.4 Gene Polymorphism and Population Adaptation
Sequencing the same gene many times in different individuals of the same species
does not correspond to the traditional view of population genetics (Ellegren and
Sheldon (2008) and Stinchcombe and Hoekstra (2008)). Indeed it would more generally be viewed as phylogeny or as a sort of bar-coding. However, nucleotide
changes in a particular gene (polymorphisms) can explain within- and amongpopulation differences related to the observed phenotypic scope (or within and
among species differences) (reviewed in Yang and Bielawski 2002).
For example, Streelman and Kocher (2002) reported a microsatellite polymorphism in the proximal promoter of the prolactin (prl) gene in the Nile tilapia
(Oreochromis niloticus). They demonstrated that distinct microsatellite genotypes
were associated with differences in PRL expression and that the growth performance of tilapia challenged by various salinities was, at least partly, reflected by
changes in growth patterns (assessed by body mass) across a salinity gradient. Also
in the sea bass, prolactin gene expression was demonstrated to differ among habitats
(Boutet et al. 2007). This suggests that that other regulatory mechanisms (potentially due to polymorphisms) at this locus could be involved in more generalised
adaptations rather than purely salinity as described in the case of tilapia. Similarly,
Almuly et al. (2008) also reported results that described the role of polymorphisms
and minisatellites in the regulation of the growth hormone gene (GH). GH genotypes of one of these loci in seabream (Sparus aurata) have been shown to correlate
with populations inhabiting distinct environments (open sea vs lagoon) (L. Chaoui
and F. Bonhomme, pers. obs.). Finally, using the basis of a pedigree-based analysis, Tao and Boulding (2003) reported that a SNP marker located in one intron of
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the growth hormone-releasing hormone (GHRH) locus explained a significant fraction (≈10%) of the phenotypic variation in early growth rate in the Arctic charr
(Salvelinus alpinus). They also reported marginally significant results for another
SNP marker located in the promoter of the GH gene. Contrasting nucleotide polymorphisms and species divergence in closely-related species at various gene loci
may also help in delineating the role of selection at a given locus. Recently, Faure
et al. (2007) showed that the second intron of the EF1α gene was under strong purifying selection in the vent mussel Bathymodiolus genus whereas it evolves neutrally
in other bivalve molluscs. Discriminating between selective sweeps, gene hitchhiking or population expansion was only made possible by the combined analysis
of polymorphisms in two distinct species.
The examples highlighted here mainly report polymorphisms in cis-regulatory
regions rather than coding sequences as the genetic basis of an observed phenotype. As more data is generated from marine species, the utility of cross-species
comparisons for identifying non-coding genomic regions potentially involved in
regulation of gene expression and phenotypes increases (cf. Lennard Richard et al.
2007). Whilst the case for sequence variation in non-coding regions as drivers for
phenotypic change is clear (e.g. Kashi et al. 1997, Britten et al. 2003), understanding if coding verses non-coding variation represents the major source supporting
phenotypic variation is a highly debated issue (see Hoekstra and Coyne 2007, Wray
2007). For aquatic organisms data relating ecological issues to polymorphisms in
the coding regions of candidate genes have already been reported. Examples have
been shown in studies as diverse as understanding of the genetic basis of reproductive isolation within- and among-species (Palumbi 1999, Moy et al. 2008) and
adaptation to toxicants (Cohen 2002).

3.4 Expression Studies and Environmental Genomics
Allied to population studies, which concentrate on the analysis of DNA, are the
studies of RNA or expressed sequences. Whilst DNA analyses define a population
(and indeed in some examples have indicated fitness traits), RNA studies specifically analyse the function and fitness of that population. For example how species
adapt to extreme environments and how they cope with change, a particularly critical
point to consider given the predicted changes to our climate over the coming years
(IPCC 2007). The layering of functional information onto populations is termed
“Environmental Genomics”. This “omics” off-shoot is a real mix of laboratory
based experimentation combined with environmental observations and sampling.
The two approaches have to be used in tandem to produce meaningful functional
data.
For example, the initial cloning and production of an assay for heat shock protein
(HSP70) genes in Antarctic molluscs was conducted at the environmentally unrealistic temperatures of 15ºC. Indeed this was the lowest temperature at which these
genes were expressed under laboratory conditions (Clark et al. 2008b). However,
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given the success of the assay in the lab, the relative stress levels of environmentally sampled animals could then be examined. The reason being that if no HSP70
expression was detected in these animals, the logical conclusion would be that these
genes were inactive under that particular set of circumstances, given the fact that the
genes had been characterised and there was a working and accurate assay. In fact
this proved not to be the case and indicated that control of these genes was more
complex depending on whether the stress applied was short-term acute (experimental) or longer term chronic (environmental) (Clark et al. 2008d, Clark and Peck
2009).
Although this is a single gene example and would not be considered as
“genomics” per se, it does demonstrate the complexity of environmental genomics
and the requirement to integrate different disciplines: ecology, through physiology
to gene expression and genomics. It also serves to highlight, that to date, the majority of environmental stress monitoring in invertebrate species has used the HSP70
gene family (to great effect), with relatively few examples of a genomics approach.
Hence this following section will include some single gene examples, where they
serve to demonstrate molecular approaches to an environmental question, which can
then be expanded to a genomics approach.

3.4.1 Defining Habitat Limits: Biogeography
The question of “which animal inhabits which environment and why?” is fundamental to ecology. Population genetics is often seen as at least a partial answer to
this question as this discipline can document DNA differences between populations,
and say that population X is not the same as population Y even though they look
very similar. The markers used in this type of analysis are generally neutral markers (i.e. do not code for genes) and hence not under selection pressure. Identifying
differences in neutral DNA between populations does not answer the fundamental
question of why species “chose” to live where they do and what particular adaptations they need to survive in their chosen environment (also see Section 3.2.1.3).
In the past we have been able to document morphological, physiological and biochemical environmental adaptations, but with molecular biology, this can be taken
to the more detailed scale of the cellular level, the level at which all these phenotypic adaptations are controlled. It is now possible to investigate the transcriptional
and proteomic profiles of different populations living under different environmental
conditions and manipulate these to investigate the nature of the underlying cellular
changes. Such knowledge, apart from providing an answer to the question of habitat “choice”, will also enable us to predict how animals will adapt in the face of
perturbation, in particular climate change.
This type of work is of great relevant to ectotherms, of which those in the marine
environment are prime examples, where one might expect tight linkage between the
environmental temperature and species distribution patterns (Somero 2002). To a
large extent this field of research has concentrated on inter-tidal species, as these

98

M.S. Clark et al.

provide a natural laboratory with species living in clearly defined tidal zones with
different stresses and organism thermal limits (Roberts et al. 1997, Tomanek and
Somero 2000, Tomanek 2002, Halpin et al. 2002, Tomanek 2005). As stated previously, this work has largely concentrated on monitoring the production of heat shock
genes/proteins, particularly the inducible form of HSP70 as these are regulated, not
only by temperature but are also generalised stress proteins.
The general findings of this body of research indicates that a species ability
to colonise the inter-tidal zone is at least partly dictated by its thermal tolerance.
Although a certain amount of temperature acclimation can occur, the most exposed
animals (i.e. those furthest up the shoreline) actually have a relatively lower capacity to further adjust their heat shock response than those closer to the inter-tidal
region and therefore are the most vulnerable to climate change. This initially appears
counter-intuitive, as these are the animals which inhabit the harshest environment
and so might be expected to be the most robust in the face of change. This is almost
certainly due to cellular energy budgets and protein production, so the requirement
for increased HSP production on the high shoreline has to be traded off against
other cellular processes. For example reciprocal transplant experiments in inter-tidal
mussels resulted in those higher up the shoreline growing more slowly (Hofmann
2005).
Relatively local scale experiments are also mirrored on the larger scale (reviewed
in Hofmann 2005), where HSP production is correlated with biogeography. Efforts
have concentrated on studying species along latitudinal gradients (Halpin et al.
2002, Osovitz and Hofmann 2005) and species at their edge ranges (Hofmann 2005).
This work has recently been expanded using microarray profiling. A 2,496 feature cDNA array was produced for the inter tidal mussel Mytilus californianus and
probed with RNA from four different populations across a 17º latitudinal gradient
along the west coast of North America (Place et al. 2008). Analysis concentrated
on genes associated with environmental stress (protein folding, protein degradation
and apoptosis) and several showed particularly high levels of expression including the heat shock cognate HSC71, the beta subunit of the proteasome, elf2-α,
a stress regulated translation initiation factor and an integral membrane protein
involved in the stress response in yeast. These genes potentially provide biomarkers of stress for future work in this organism. Overall, the four location-specific
gene expression profiles revealed the complexity of local habitat environment overriding latitude. The expression of the majority of the genes varied significantly as
a function of the collection site and provided support for the original hypothesis
that the physical response of M. californianus to emersion and abiotic factors is
population-specific.
In such work involving sampling over latitudinal gradients or global regions, it
is important to work either on the same species or closely related congeners, so that
the adaptive effects of genetic variation can be clearly demonstrated as being independent of phylogeny. With more genome data becoming available from non-model
species, this work is now rapidly progressing from the analysis of single genes to
thousands with the use of gene chips. Thus producing a more holistic genome level
analysis of the trade-offs involved in habitat selection.
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3.4.2 Microarrays: Identification of Biochemical Pathways
Involved in Adaptation
This section is concerned with the identification of more complex pathways and
how these change in relation to perturbation or natural environmental cycling. This
specifically refers to gene chips. Work in the field is relatively limited so far, as
considerable specialised molecular input is required: library production, generation
of gene chips, hybridization of the chips and analysis. None of this is trivial and
requires specialist skills only available in relatively few laboratories. It is possible
to use gene chips produced for a model organism to ask questions in a non-model
species, cf. Hogstrand et al. (2002) examining the response to zinc exposure in
rainbow trout (Oncorhynchus mykiss) using high density spotted arrays from the
Japanese pufferfish (Takifugu rupripes). Whilst this technique has been proved to
work effectively (reviewed in Buckley 2007, Kassahn 2008), the detected magnitude of fold difference in gene expression decreases across phylogenetic distance
(Renn et al. 2004) and this has to be considered as part of the experimental design.
Also, another problem of working on non-model species, is a restricted ability to
identify genes (also see Section 3.2.1.1) and more importantly putatively assign
function, as this is all based on sequence similarity with database entries, most of
which are vertebrates, in particular, mammals. As a result, gene chip analyses in
non-model species has been dominated by fish species, in particular those involved
in aquaculture and ecotoxicology (Wenne et al. 2007, Daib et al. 2008).
However, examples of environmentally-biased gene chip experiments are beginning to appear. These include the heat stress response of the inter-tidal porcelain
crab (Petrolisthes cinctipes) (Teranishi and Stillman 2007), cold stress in the common carp (Cyprinus carpio L.) (Gracey et al. 2004), daily fluctuating temperatures
in the annual killifish (Austrofundulus limnaeus) (Podrabsky and Somero 2004)
and the purely environmental sampling example of M. califorianus detailed above
(Place et al. 2008). Whilst these experiments document gene changes associated
with changing conditions and can for example, highlight pathways most readily
affected cf. protein folding, protein degradation and protein synthesis with heat
stress (Teranishi and Stillman 2006), the gene lists are long. Detailed analysis of all
genes is simply not logistically possible and these experiments essentially provide
candidate genes for future studies, e.g. stearoyl-CoA desaturase in cold adaptation
of the carp (Gracey et al. 2004). However without the initial broad brush stroke
approach of screening thousands of genes in the first place, it would not have been
possible to identify such candidates, which ultimately may help us understand the
fundamental nature of environmental adaptation.

3.4.3 Genome Plasticity and Seasonal Variation
One point to remember is that expression of the genome is not static. Unless a longterm study is undertaken, with many different samplings of the population, then
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whatever measure is taken, is a snapshot at that particular point in time and reflects
a particular set of environmental variables. Interpretation of such data does require
an extensive background knowledge of the organism. For example events such as
spawning or the effects of seasonal temperature variations (thermal history) and production of season-specific proteins (cf. antifreezes in winter) (Buckley et al. 2001,
Tomanek 2002, Enevoldsen et al. 2003, Jin and DeVries 2006) can significantly
alter gene expression patterns and will obviously bias any profiling work. This variation in gene expression according to organism history and environmental signals is
termed plasticity and represents a range or expression window in which genes (and
as a consequence species) can operate effectively and adapt.
This is another area where studies are largely confined to the individual gene level
and even so, such data is limited, but it is emerging that this plasticity of response
is highly gene dependant. In a comprehensive molecular study into how thermal
history influences muscle development in fish, two temperature responsive genes
were identified; Myogenin and FoxK1 (Fernandes et al. 2006, 2007), but at least
an equal number of genes studied were unaffected by heat treatment (Mackenzie
2006). Most of the work on plasticity, to date, has concentrated on terrestrial species,
as these generally experience far wider temperature ranges than marine species
(cf. Deere and Chown 2006) or the standard model eukaryote, yeast (Stern et al.
2007). But, given predicted increased seawater temperatures under climate change
senarios, this is clearly an emerging area of importance in the marine domain (Peck
et al. 2009). This understanding of which genes are more “adaptable” will progress
as analyses are scaled up to the genomic level using gene chips and new sequencing
technologies.

3.4.4 Adaptation to Extreme Environments
The section on Population Genomics has presented several examples of where DNA
polymorphisms effect gene expression (Section 3.3.4) and hence imply adaptation and specialisation. However, nowhere is adaptation observed as strongly, as
in extreme environments. These require far more large-scale genomic changes to
adapt to what is often a very hostile environment. This is an area, not just of academic inquiry, but also of potential commercial interest, with investigations ranging
from characterisation of novel proteins to identifying enzyme variants that work
“better” under different circumstances that could be used in, for example, food processing or detergent production (Clark et al. 2004, Peck et al. 2005). Whilst many
types of extreme environments exist, this section will concentrate on adaptations to
two of the most commonly described natural environments: hydrothermal vents and
the Polar regions. The aim is to provide an overview of research into two opposite
extremes: the hot and the cold, followed by the relatively “new” challenge of anthropomorphic change (toxicology/pollution). Adaptations to hydrothermal vents and
the Polar regions have taken place over thousands/millions of years, whilst organisms have had to adjust/adapt to pollutants over periods of only tens to hundreds of
years.
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3.4.4.1 Hydrothermal Vents
Hydrothermal vents are characterized by very specific physical and chemical properties, such as elevated pressure (up to 420 atm), high and abruptly changing
temperature (from 2–4◦ C to 400◦ C) that can occur both spatially (within tens of cm:
Piccino et al. 2004) and temporally (10–50◦ C within a minute: Le Bris et al. 2005),
high levels of sulphide and/or methane that can fuel endosymbioses (Childress and
Fisher 1992) and chemical toxicity (heavy metals and radionuclides: Cherry et al.
1992, Luther et al. 2001) and the complete absence of light. However, numerous living organisms such as shrimps, clams, mussels, giant tubeworms, crabs and fishes
have been discovered in those environments. These organisms have developed different adaptive strategies, which ensure their exploitation of the hydrothermal vent
fluid. The most studied adaptations are:
• Symbiosis as a response to the absence of photosynthesis that has led to a food
chain based on primary production of energy and organic molecules by chimiolithoautotrophic bacteria (Minic and Herve 2004, Stewart and Cavanaugh 2006,
Duperron et al. 2007).
• Adaptation to high temperatures (Gaill et al. 1995, Sicot et al. 2000)
• Adaptation to toxicants (Company et al. 2004)
• Adaptation to hypoxia/anoxia (Hourdez and Weber 2005).
Studies of adaptation to high temperatures have essentially concentrated on bacteria. These show some general features, such as an increase in charged amino
acids, proline residues and replacement of some lysines by arginine, which increases
hydrogen bonds (Kumar et al. 2000, Nishio et al. 2003, Robinson et al. 2006).
Similar patterns are observed in eukaryote species such as A. pompejana, which
lives in a hotter part of this environment than P. grasslei. Analyses of aminoacid composition have revealed a significant increase in positively charged residues
together with an increase in protein hydrophobicity (Jollivet et al. in prep). Some
specific proteins have been carefully studied in terms of their thermostability, for
example collagen (Sicot et al. 2000), mitochondrial (Dahlhoff et al. 1991) and cytoplasmic (Jollivet et al. 1995) respiratory chain proteins and haemoglobins (see for
review Hourdez and Weber 2005). In the specific case of collagen, proline hydroxylation seems to play a crucial role in enhancing molecular thermostability and
therefore it is suggested that post-translational processes are also key factors in
adaptation to high thermal regimes.
Regarding the adaptation processes linked to the presence of toxicants and
hypoxia/anoxia, very few studies have been conducted and most are concerned with
the mussel genus and the effect of heavy metals or oxidative stress on enzymatic
activities (Company et al. 2008) or specific gene expression such as metallothioneins
(Hardivillier et al. 2006). Pruski and Dixon (2003) also showed a positive correlation between the levels of DNA strand breakage and HSP70 protein expression in
response to decompression and to oxidative stress. The molecular analyses of the
giant HBL-Haemoglobin of deep-sea vent annelids are a good example typifying
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how this fauna adapted to the highly poisoning sulphide vent environment. In this
particular case, the respiratory pigment is able to reversibly bind sulphide onto two
distinct cysteine residues of the A2 and B2 globins (Bailly et al. 2002). Bailly et al.
(2003) demonstrated that such an ability was probably lost by positive Darwinian
selection during the course of evolution in modern annelids living in non-reducing
habitats.
There is a distinct lack of sequence data from hydrothermal species. However,
a recent effort has concentrated on the sequencing of the transcriptomes of
Bathymodiolus azoricus, Paralvinella grasslei, Alvinella pompejana and Riftia
pachyptyla) (Sanchez et al. 2007, Tanguy et al. 2008, Alvinella Consortium Project).
The first cDNA microarrays have also been developed for B. azoricus and P. grasslei
and the aim is to use these as models in order to study the response of these organisms to temperature challenges, heavy metal effects and symbiosis. A recent study
has already demonstrated that deep-sea vent mussels can endure a global depression
in gene expression associated with short-term exposures (30–120 min) to temperatures higher than 20◦ C, suggesting that these animals are more likely adapted to
cold temperatures (Boutet et al. 2008).
3.4.4.2 Polar Environments
Living in the cold obviously has resulted in specialist genetic adaptations, of which
there are some classic single gene investigations:
• Plasma antifreeze: this was first discovered in Antarctic fish (DeVries 1970), but
now recognised as a standard adaptation to the cold marine environment (DeVries
1982).
• Specific protein modifications resulting in increases in molecule flexibility, essential for efficient functioning in the cold (Fields and Somero 1998, Detrich et al.
1989, 1992, Fields et al. 2002,Römisch et al. 2003).
• Deletion of haemoglobin genes and the ability to produce functional erythrocytes
in the Channichthyidae (icefish) (Moylan and Sidell 2000, di Prisco et al. 2002).
• Lack of the classical heat shock response (upregulation of the inducible form of
HSP70) in a number of fish and invertebrate species (Hofmann et al. 2000, Clark
et al. 2008a, c).
This latter “adaptation” has been recently investigated via a pilot microarray analysis hybridizing RNA from the Antarctic fish Trematomus bernacchii onto an array
produced for the eurythermal goby fish Gillichthys mirabilis (Buckley and Somero
2009). In this study they showed that the Antarctic fish, although not displaying
the classical heat shock response, did indeed show enhanced expression of many
genes associated with central aspects of the evolutionary conserved cellular stress
response. Whilst this experiment used a heterologous array approach, organismspecific arrays are now becoming available for some polar terrestrial insects
(cf. Purac et al. 2008) and it is expected that this will soon also be the case with
polar marine species.
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In general, with the exception of antifreezes, most work on cold adaptation of
fish and invertebrates has been carried out on Antarctic species as these have been
effectively geographically isolated in a constantly cold environment for around
25–15 Ma BP and comprise a high percentage of endemic species (reviewed in
Clarke and Johnston 1996). In contrast the Arctic marine benthic fauna comprises
a relatively young assemblage characterised by species from either the Pacific
or Atlantic with notably few endemics (Dunton 1992). Hence comparisons of
Polar species can provide important information to separate phylogeny from cold
adaptation (cf. Verde et al. 2007).
Intimately linked to the subject of Polar environments is that of climate change.
Scientific opinion now largely supports the view of man-induced climate change
with a number of predicted scenarios for our environment in the future (IPCC 2007)
and the Polar regions are where warming is happening more rapidly than most other
places on the planet. Oceanic temperatures are predicted to rise by 2◦ C over the next
100 years (Murphy and Mitchell 1995) faster than in any period over the past million years or on record over the last Pleistocene glacial cycle (Zachos et al. 2001).
But along the Antarctic Peninsula regional climate change has been rapid with temperature rises in the Bellingshausen surface ocean sea of 1◦ C in 50 years (Meredith
and King 2005). But the situation is more complex and the effect of CO2 emissions
is not only linked to temperature, but also ocean acidification and pH changes. In
the 250 years since the onset of the industrial revolution, atmospheric CO2 levels
have risen from 280 to 381 ppm (Canadell et al. 2007) and are still rising rapidly.
CO2 is taken up by the ocean and forms carbonic acid, thus reducing ocean pH, and
decreasing the saturation state (= increasing solubility) of calcium carbonate. Ocean
pH has fallen from an average 8.16–8.05 (Caldeira and Wicket 2003) and models
predict that pH at the ocean surface will continue to fall by an estimated 0.2–0.4
units by the year 2100 (Caldeira and Wicket 2003, 2005, Royal Society 2005, Cao
et al. 2007). These predicted changes in ocean pH are greater, and far more rapid,
than any experienced in the past 300 million years. Again, the Polar Regions will
be particularly affected as the Southern Ocean has among the lowest present-day
CaCO3 saturation rate of any ocean region, and will therefore be among the first to
become undersaturated (Orr et al. 2005).
So clearly there is an urgent requirement to determine the effect of increased seawater temperatures and acidification on marine life. Not all organisms are affected
equally and while all those studied to date have been shown to be affected, it is
clear that some will adapt and survive (Dupont et al. 2008). We currently know
almost nothing about the genetic mechanisms and genomic basis of this phenoptypic plasticity. It is with this requirement that Polar species, in particular those in
the Antarctic are of great use, for example in the development of biomarkers for
climate change. The advantage of working on Antarctic species is that they are very
thermally sensitive (Peck et al. 2004) and their response is not confounded by pollution, which affects the rest of the planet. Therefore Antarctic organisms offer us
the cleanest signals for the effects of climate change and should be regarded as environmental sentinels. Integrated genomic and functional studies on Polar organisms
are in their infancy (Clark et al. 2004, Peck et al. 2005), but such studies are now
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being specifically targeted to the problems associated with climate change and their
effects on functional biodiversity.

3.4.4.3 Ecotoxicology Monitoring
Marine ecosystems, particularly coasts, estuaries and coral reefs, are currently
experiencing major crises worldwide as environmental change places significant
physiological stress (metals, pesticides, chemicals but also parasites) on organisms.
Understanding ecosystem resilience and predicting the impact of such environmental stresses on marine organisms depends on knowing the physiological status
and plasticity of these organisms in these ecosystems. Traditional ecotoxicology
in marine species involves the study of “biological biomarkers” such as enzyme
activities and stress protein quantification, immunological parameters evaluation
and life trait (growth, reproductive stage) evaluation. Recent progresses in genomic
and proteomic techniques have lead to the emergence of new approaches in ecotoxicology called “ecotoxicogenomics”. This is defined as the study of gene and protein
expression in non-model organisms that is important in understanding responses to
environmental toxicant exposures. Ecotoxicogenomics is a technology that has been
made possible mainly by the advent of DNA microarray analyses. Microarrays have
aided our understanding of relationships between global gene expression profiles,
physiological states of an organism, and traditional toxic endpoints (Irwin et al.
2004, Lee et al. 2003).
Genomics provides a detailed view of physiological diversity and function, and
thus a mechanistic insight into how organisms respond to environmental stress.
Genomic approaches in ecotoxicology will:
• Improve our understanding of toxicant/stress/infection mechanisms.
• Develop a physiological perspective on the environmental facilitation of toxicant/stress/infection within organisms
• Produce tools to predict the spread of toxicant/stress/infection, leading to better
assessment and prediction of environmental health.
In particular, the application of ecotoxicogenomics will extrapolate from experimental in vitro to in vivo systems and across the species barrier. It will aid in the
understanding of specific molecular events underlying the mode of action of toxicants, and therefore these can be developed as biomarkers to identify exposure to
environmental stressors.
Gene expression profiling can be used to show that the specific genes repressed
or induced upon exposure to a toxic stress vary depending on the cell type and the
type of toxicants to which the cells were exposed (Troester et al. 2004). The major
challenge of ecotoxicogenomic approaches will be to take into account intrinsic
sources of variability in gene expression levels due to different physiological states,
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age, sex, and genetic polymorphisms in natural populations. Several specific aspects
could be then considered with more attention:
• Identification of conserved genes that are up-regulated in response to toxicant
exposure (according to exposure time and toxicant concentration).
• Determination of how these gene expression profiles can be used to diagnose
stressors.
• Identification of genes that are most informative to incorporate into more specific
stress gene arrays for monitoring purposes.
In marine species, a particular effort has been focused on fishes (Sheader et al.
2006) and is underway in marine mollusc species. The toxicogenomic approach
will certainly present new opportunities to improve understanding of the molecular
mechanisms underlying toxic responses to environmental contaminants (Bradley
and Theodorakis 2002, Moore 2001).

3.5 Summary and Future Issues
This chapter summarises the current molecular tools available to the marine biologist for studying ecological questions. What is clear is that whilst new techniques are
continually being brought in (e.g. MPSS and 454 sequencing), their utility is reliant
upon a robust understanding of the underlying ecology and physiology of the species
under study. This often means identifying populations of the same species with
clear phenotypic contrasts, such that the contrast between phenotype and genotype
reveals a set of candidate genes for the further functional and genetic analyses of
a biological process. Equally adopting a rigorous experimental design using known
physiological knowledge will obviate many data interpretation problems. Hence a
holistic overview of ecological adaptation can only be obtained by a combination of
approaches. These are not restricted to genomics and must incorporate ecology and
physiology; indeed these are the disciplines that dictate the questions, populations
and experimental approaches used, with the molecular biology as an additional tool
in the armoury.
As regards future perspectives, undoubtedly the use of MPSS and 454 will
increase, as these techniques rapidly generate large amounts of genome data on
non-model species. Thus the traditional view of a non-model species, as a gene-poor
resource will change dramatically over the next few years. Each community should
concentrate on generating a number of “new model species” that are particularly
useful for answering ecological questions in their specific domain, be it aquaculture, hydrothermal vents or climate change and polar species. These species should
originate from a range of taxa across different feeding guilds, so that understanding
adaptation to a particular set of conditions is not limited to a single species. Indeed
this should ideally stretch from microbes through to higher predators, producing a
real gene to ecosystem understanding of our marine environment.
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Chapter 4

Phylogeny of Animals: Genomes Have
a Lot to Say
Ferdinand Marlétaz and Yannick Le Parco

Abstract Multiple lines of evidence have been proposed to resolve the tree of metazoans. Views based on morphology and development were often questioned because
they relied on characters whose evolutionary orientation is difficult. Molecules offer
an independent perspective and the employment of some genes, such as ribosomal RNA subunits (SSU/LSU) or Hox genes, have led to a profound reshaping
of the metazoan tree, leading to the “New View” of animal phylogeny. However,
classical molecular approaches have not succeeded in settling some long-standing
issues in animal relationships. Recently, extensive genome data have been collected for a large set of organisms including several evolutionarily relevant marine
species. This has allowed the development of phylogenomic approaches, which
have the potential to overcome the limitations of single-gene phylogenies by inferring trees on the base of whole genome evidence. This new approach has triggered
several advances regarding metazoan relationships such as the reevaluation of chordate relationships and the re-positioning of some problematic minor phyla with
improved accuracy. These studies have also raised new questions about the processes that underlie morphological evolution, as well as the future of molecular
phylogenetics.

4.1 Introduction
The first attempt to establish a classification of animals was made by Aristotle in
De generatione animalium, which defined five main groups according to the degree
of perfection of their generation and the relative warmness of their blood: mammals, ovoviviparous sharks, birds and reptiles, marine animals (fishes, cephalopods
& crustaceans) and finally insects (Aristotle 1965). Just one of these categories,
the marine animals, contains representatives of the whole tree of animals, if defined
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from a modern phylogenetic perspective (Fig. 4.2). This anecdote illustrates the lack
of attention that we – as narrow-minded terrestrial animals – have paid to our marine
relatives but it also strengthens the major importance of studying the astounding
diversity of marine animal forms in order to understand our own ancestry.
The major difficulty with the classification of metazoans is the broad diversity
of animal forms and body organizations in the 36 commonly admitted phyla. This
diversity attains a maximum in marine organisms where, for example, the closest relatives of vertebrates have recently been demonstrated to be the urochordates
whose adult form looks markedly different from the classical chordate body organization (Fig. 4.1) (Delsuc et al. 2006). Numerous strategies, such as the recapitulation
theory or the cladistic method, have been promoted to establish hierarchies of morphological characters, but none of them have completely succeeded in dealing with
convergent or parallel evolution (Jenner 2004). Recent discoveries coming from the
evolutionary developmental biology field (the so-called Evodevo field) have stressed
this problem by demonstrating that homologous genetic pathways are often involved

Fig. 4.1 Illustration of the diversity of metazoan body plans. (left) The chaetognath Spadella
cephaloptera is representative of one of the most unique bilaterian phyla. (middle top) The massive barrel sponges Xestospongia testudinaria. (c) Several individuals of the colonial ascidian
Botrylloides leachi, which belongs to urochordates, the closest relatives of the chordates (top left).
(d) Another member of the deuterostomes, the crinoid Antedon (bottom middle). (e) The bobtail
squid Sepiola atlantica, a cephalopod that displays numerous innovative features with respect to
its body plan (bottom left)
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in the development of unambiguously convergent organs such as limbs of arthropods and vertebrates (Shubin et al. 1997). Conversely, dissimilar body plans such as
those of cnidarians and vertebrates share the extensive genetic networks that underlie anteroposterior and dorsoventral patterning (Martindale 2005). As a whole, this
rephrases in molecular terms the problem of homology assignment that caused considerable problems in many morphological studies (Gould 2002, Wagner 2007). The
accurate interpretation of developmental and morphological characters thus requires
the use of an independent reference, which would help to determine the steps of animal evolution. The search for this reference has been pursued by the development
of molecular inference methods and the study of signatures within some specific
genes. This has led to a reevaluation of animal classification with the rise of the
“new view” of animal phylogeny (Halanych 2004), which is based extensively on
the use of 18S ribosomal RNA as a universal molecular marker. However, despite
its indisputable success, this approach failed to solve some long-standing issues of
animal phylogeny such as, for example, the resolution of relationships at the base
of the metazoan tree or the branching of some incertae sedis (e.g. chaetognaths or
acoel flatworms, Fig. 4.1). These limitations could be explained by two possible
problems: (a) stochastic error related to the insufficient amount of information in
the sampled marker genes and (b) systematic errors related to the impossibility for
the molecular evolution model to fully account for the data.
The availability of a growing amount of genomic data for a broad range of organisms is now opening up a new field of investigation and providing new clues about
animal relationships. These genomic data enable the assembly of datasets composed of a large number of protein coding genes. This can eliminate the problem
of stochastic error, but can also help to identify more qualitative molecular characters, sometimes called “rare genomic changes” (Rokas and Holland 2000a). In this
chapter, we will show how these genomic approaches have reshaped our view of
animal relationships by attempting to describe both the successes and the pitfalls
of these approaches. The development of improved inference methods but also the
sequencing effort undertaken have led to some deep rearrangements of metazoan
trees that will certainly change our view of animal evolution.

4.2 The Roots of Animal Phylogeny
Before the molecular biology era, the science of systematics had attempted to
deal with the morphological complexity by proposing various methods to handle
character interpretation.

4.2.1 Historical Schemes Are Based on the Coelom Evolution
Hypotheses
The “theory of recapitulation” formulated by Haeckel in 1866 postulated that
the successive steps of evolution had been accomplished through the addition of
supplementary embryological stages (Gould 1977). Thus, the deepest levels of
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evolutionary relationships between organisms could be inferred from the similarity
of their earliest developmental stages. As a result, embryological characters were
given prominent importance (Valentine 1997). Most historical hypotheses about
animal relationships have thus been based on assumptions about the structure and
formation of the coelomic cavities.
The so-called “traditional textbook” phylogeny, which is based to a large
degree on the work of Libbie Hyman, mainly relied on the proposition that a
coelom arose independently in protostomes and deuterostomes (Hyman 1940–
1967). Accordingly, distinct mechanisms of coelom formation, schizocoely and
enterocoely, would have respectively arisen from a triproblastic acoelomate ancestor of bilaterians (see Willmer 1990). This led some to consider that the acoelomate
(platyhelminthes and nemertes) and pseudocoelomate (e.g. nematodes and rotifers)
lineages constituted early offshoots during metazoans evolution (Fig. 4.2) (Barnes
1974). But such schemes should be distinguished from the original thinking of
Libbie Hyman whose gradist approach was focused exclusively on the level of
complexity in body plans and was not necessarily aimed at precisely deciphering
evolutionary radiations (Jenner 2004).
However, a divergent interpretation of coelom evolution could lead to radically opposite views about metazoan relationships. For instance, the archecoelomate
hypothesis, commonly adopted by German workers, was built upon the assumption
that the bilaterian ancestor possessed a trimeric coelom developed by enterocoely.
These multiple coelomic cavities would have been derived from the gastric pouches
of an anthozoan-like ancestor (Remane 1963). The lineages that develop their
coeloms through outpocketing of the archenteron such as hemichordates, chordates,
lophophorates and chaetognaths were thus regarded as having diverged early among
bilaterians (Siewing 1976) (Fig. 4.2). The segmented bodyplans encountered in
annelids and arthropods would have subsequently originated through the segmentation of the posterior coelomic cavity after the loss of the anterior cavities (Tautz
2004). The body plans of acoelomates and pseudocoelomates were considered to
represent various stages of coelomic degeneration from the ancestral type (Siewing
1976).
Alternative schemes have been proposed with respect to these examples and
numerous refinements of each of these schemes have been formulated (Willmer
1990) but those cases perfectly illustrate the problem of character orientation that
underlies the historical discussion of animal phylogeny.

4.2.2 Sorting More Characters Through a Cladistic Approach
Numerous developmental and morphological characters have been considered in
the attempt to reconstruct metazoan relationships but they only contribute information about specific nodes of the tree (for an extensive review, see Willmer 1990).
It has been argued, for example, that Bilaterians acquired a third germ layer (the
mesoderm) and bilateral symmetry based on the two germ layers and radial symmetry described in basal metazoans: cnidarians, poriferans and ctenophores. But
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some characters are more difficult to interpret because they could lead to contradictory associations: common segmented bodies have historically been used to cluster
annelids and arthropods into the “Articulés” group (Cuvier 1817) whereas other
prominent characters such as a spiral cleavage pattern and trochophore-type larvae
are shared between annelids and platyhelminthes, whose morphology is far simpler,
but not arthropods (Nielsen 2001).
The cladistic method founded by Willi Hennig in 1950 provided an opportunity
to deal more accurately with character evolution and to improve morphology-based
classification (Hennig 1966). The cladistic method rejects groupings supported by
the lack of a given character and conversely proposes that bona fide groupings (i.e.
clades) should be supported by unambiguous shared derived characters (i.e. synapomorphies). This framework prompted extensive studies of morphological characters
in animal phylogeny, in particular through the development of parsimony algorithms
aimed at inferring a tree from a character matrix (Swofford 1990). For instance, the
previous example of Spiralia versus Articulata was addressed in a landmark study,
which rejected the Articulata hypothesis using a character matrix relying on careful
definition of characters (Eernisse et al. 1992). This study thus led to the proposition
that segmentation was established convergently in both annelids and arthropods, and
uncovered novel new clades reminiscent of the “new view” of animal phylogeny
(cf. infra).
Despite their successes, the studies based on morphological matrices were extensively criticized. Some authors simply proposed that morphology does not provide
a sufficiently large set of unambiguous characters, in particular because of problems
related to homology assessment (Scotland et al. 2003).
One may consider that such opinions are overstated. Methodological advances
can bring generate new lines of morphological evidence and thereby increase the
repertory of available characters. Ultrastructural studies performed using confocal
laser scanning microscopy have recently shed new light on some debates, for example by providing evidence for a close relationship between sipunculids and annelids
despite the apparent lack of segmentation in sipunculids (Wanninger et al. 2005).
Similarly, 4D microscopy technique has offered opportunities to investigate cell lineages and fate maps with greater flexibility, and this has lead to some unexpected
conclusions such as the potentially derived state of the appendicularian Oikopleura
dioica with regard to tunicates (Stach et al. 2008).
However, numerous problems have been detected in the character matrices generally employed (Jenner 2001). In particular, the discrete coding of characters is
rarely compatible with the subtle discussion of homology advocated by original
cladistic thought (Hennig 1966, Jenner 2001). These issues could be especially misleading in the context of so-called total evidence studies that performed inference
using a composite molecular and morphological dataset analyzed in a parcimony
framework (Giribet et al. 2000, Jenner 2001). Nevertheless, this has debate stressed
the importance of dealing with an alternative class of evidence – molecular data – in
order to evaluate the phylogenetic accuracy of commonly discussed morphological
characters.
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4.2.3 Small Ribosomal RNA Gene and the “New View”
of Animal Phylogeny
The inclusion of molecular data has led to a deep reorganization of the metazoan
tree. The first step was the publication, twenty years ago, by Fields et al. (1988)
of a 22 taxa dataset of SSU ribosomal RNA (also called 18S rRNA), which strikingly proposed the polyphyly of metazoans, with independent origins of bilaterians
and cnidarians among eukaryotes. An early divergence of platyhelminthes within
the bilaterians was also stressed (Field et al. 1988). However, despite the pioneering
aspect of this work, these hypotheses were later rejected when the reinterpretation
of the data demonstrated that the distance method employed had likely caused a
long branch attraction artefact, a common systematic error related to the unequal
rates of evolution among taxa (Felsenstein 1978). The use of alternative methods,
such as evolutionary parsimony, applied to the same dataset, recovered the metazoans and deuterostomes as monophyletic clades and identified a close relationship
between annelids and molluscs (Lake 1990). This setting up of new criteria for critical assessment of molecular phylogenies thus opened a new field of investigation
that was going to strongly reshape our view of metazoan phylogeny.
The first major challenge to the historical views was the inclusion of the
three lophophorate phyla within the protostomes. This reassignment was based
on sequencing and analysis of SSU rRNA genes from phoronids and brachiopods
by Halanych et al. (1995). The switch of the lophophorates phyla from deuterostomes to protostomes was not in the agreement with some of their characters,
particularly the structure and development of their coelomic cavities (Eernisse
et al. 1992, Emig 1982). This finding prompted the authors to coin the term
Lophotrochozoa to describe this new clade uniting lophophorates and trochophorebearing animals such as molluscs and annelids. However, the exact status of
both pseudocoelomates (former aschelminthes) and arthropods with respect to
this lophotrochozoan clade remained uncertain, especially because these lineages
exhibit very fast evolutionary rates that still cause long branch attraction (see
Bergsten 2005). In order to overcome this problem, Aguinaldo et al. (1997)
selected the least diverged sequences of SSU genes for representative protostome animals and particularly for the very rapidly evolving nematodes. This
approach allowed them to recover a clade of moulting animals, that they named
Ecdysozoa, which included the arthropods and several former aschelminthes: the
priapulids and the nematodes. Similarly, their analyses argued for the inclusion
of the platyhelminthes within lophotrochozoans, which would indicate a split of
the protostomes into two main clades: the ecdysozoans and the lophotrochozoans.
This topology was later established as the “new view” of animal phylogeny
because such a tree contrasts with former morphology-based schemes, particularly
in the way it splits the former aschelminthes. This result unexpectedly indicated
that organisms with very dissimilar body plans (e.g. nematodes and arthopods or
platyhelminthes and annelids) could have close evolutionary relationships (Adoutte
et al. 2000).
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The “new view” of animal relationships was further reinforced by the discovery
of molecular signatures derived from the homeodomain of Hox genes (de Rosa et al.
1999). The Hox transcription-factors constitute a multigenic family of about ten paralogous members present in all bilaterians. Those genes are generally tightly clustered in the genome and are expressed in the same order along the body plan of animals as the order of the genes along the chromosome following the so-called colinearity rule (Lemons and McGinnis 2006). The isolation of hox genes from priapulids
and brachiopods by de Rosa et al. (1999) indicated that the posterior hox genes of
ecdysozoans and lophotrochozans are likely to have independent origins, resulting
in the respective Abd-B and Post1/2 classes that may be distinguished by some specific residues (de Rosa et al. 1999). Subsequent data have confirmed the interest of
hox genes as molecular signatures of bilaterian evolution (Balavoine et al. 2002).

4.2.4 The Limits of the “New View”
The “new view” of animal phylogeny durably reshaped our understanding of animal evolution, especially through the reevaluation of the notion of body complexity
(Adoutte et al. 2000). However, these early molecular data failed to convincingly
resolve numerous nodes of the tree: (a) the relationships within the new protostome
clades (Lophotrochozoa and Ecdysozoa) remained extremely elusive, (b) a set of
phyla including chaetognaths, gastrotriches, rotifers, xenoturbellids and acoels were
very difficult to position, often because of their fast evolutionary rates, and (c) the
relationships at the base of the metazoan tree remained virtually unresolved. An
attempt to deal with these issues was made by incorporating data derived from morphological matrices, in addition to the molecular data (Giribet et al. 2000, Peterson
and Eernisse 2001). These “total evidence” studies succeeded in resolving problematic nodes and produced a convincing scheme of animal relationships but they
were extensively criticized for having carelessly recycled previously published data
matrices and thus reproducing their biases and errors (Jenner 2001).
Another approach taken to resolve this problem was the initiation of large-scale
sequencing efforts to identify the least divergent species, but this approach did
not always succeed. For instance, the chaetognaths exhibit very fast evolving SSU
genes, which originally led to them being assigned a basal position among the metazoans (Telford and Holland 1993). However, further characterization of SSU genes
from a large set of species did not lead to the identification of a slower evolving
one (Papillon et al. 2006). Similarly, results suggesting that acoel flatworms had a
basal position among bilaterians were sometimes criticized for possibly being biased
by long-branch attraction (Deutsch 2008, Ruiz-Trillo et al. 1999). Increased taxon
sampling at the base of the metazoan tree, with the addition of cnidarians, poriferans, ctenophores and also the enigmatic placozoans, led to interesting hypotheses
such as sponge paraphyly but no consensus was drawn concerning the respective
relationships of these lineages (Borchiellini et al. 2001, Collins 1998).
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Another approach used was to to employ alternative marker genes such as the
large subunit of ribosomal RNA (LSU or 28S), often in combination with other
genes such as SSU (Mallatt and Winchell 2002, Winchell et al. 2002), elongation factor I alpha (EFIa) (Littlewood et al. 2001), heat-shock proteins (Borchiellini
et al. 1998) or sodium-potassium ATPase beta-subunit (Anderson et al. 2004). This
approach has provided valuable insights into the phylogeny of metazoans, but as
a whole the trees based on each of the individual genes exhibited very incongruent
topologies. The inference of an improved metazoan tree based on nuclear genes thus
requires that this problem of incongruence be settled.

4.3 The Power and Pitfalls of Phylogenomics
Genome is the far side of all known organisms and represent inestimable source of
phylogenetic information. Indeed, one can consider that morphological features are
often shaped by strong evolutionary pressure whereas reliable arguments indicate
that genome evolution is an essentially neutralistic process (see Kimura 1983, Lynch
2007). Two main classes of phylogenetic evidence could be drawn from genomic
data: the first and most quantitative consists of inferring trees from the sequences of
large sets of nuclear genes sampled in the genomic data. A second, more qualitative,
type of evidence consists of detecting discrete molecular signatures by surveying
whole genome features (Philippe et al. 2005a).
The first approach is based on the analysis of primary sequences from a large set
of genes. This approach attempts to overcome the incongruence problem observed
when the topologies obtained from independent marker genes are compared (cf.
supra). It has been proposed that the concatenation of a large number of nuclear
genes enables the detection of the bona fide species tree among the alternative
topologies that are retrieved for different genes (Rokas et al. 2003). However, the
large number of positions considered tends to increase systematic biases, which
could lead to well-supported but inaccurate phylogenies (Jeffroy et al. 2006). Such
systematic biases are mainly related to the heterogeneity of evolutionary rates
and sequence composition, resulting in differences between taxa and sites of the
alignment (Philippe et al. 2005a). It has been proposed that such biases could
be limited by using improved models of substitution and by increasing the taxon
sampling (Delsuc et al. 2005). For instance, the long-branch attraction problems
could be reduced by using the CAT model that has recently been developed to
account for the heterogeneity of sites along the alignment (Lartillot and Philippe
2004).
Two strategies can be employed to analyze such gene-rich datasets: the supertree
or the supermatrix (Delsuc et al. 2005). The supertree approach infers an independent tree for each marker gene, with the subsequent computation of a supertree
that summarizes all the independent topologies recovered. This approach limits
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the systematic error because evolutionary models generally fit short and homogeneous one-gene alignments better. However, tree combination methods generally
cause loss of information compared to full data phylogenetic estimates (de Queiroz
and Gatesy 2007). The second approach, the supermatrix strategy, involves the
concatenation of all marker genes in a single alignment. The analysis of such a
large number of positions can be difficult in terms of models and computation
but this approach has benefited considerably from recent improvements of inference methods. For instance, efficient maximum-likelihood heuristics (Guindon and
Gascuel 2003, Stamatakis 2006) as well as accurate Bayesian reconstruction algorithms (Huelsenbeck et al. 2001) have recently been developed, advances which
have enabled the implementation of realistic model of evolution. The supermatrix
is thus currently considered as the method of choice for most studies focusing on
animal relationships.
The second, more qualitative, phylogenomic approach mentioned at the start
of this section relies on identification of genome-level features that could constitute molecular signatures valuable as informative characters. Some authors have
coined the term “Rare Genomic Changes” to describe this new class of characters
and they have emphasized their interest as a means of overcoming problems with
large-scale sequence-based phylogenetic inference or at least as a mean of completing such studies (Rokas and Holland 2000a). Several kinds of genome features
can provide valuable phylogenetic information, as depicted by the following examples. The structure of multigenic families and especially the loss and gain of genes
have provided some very interesting clues for the resolution of some problematic
nodes (Copley et al. 2004, Marlétaz et al. 2006). Alternatively, intron positions
within homologous genes are broadly conserved in metazoans, as testified by the
identification of conserved introns in the cnidarian Nematostella vectensis or the
annelid Platynereis dumerii (Putnam et al. 2007, Raible et al. 2005). The pattern
of intron conservation has thus been proposed to be suitable for phylogenetic inference (Roy and Gilbert 2005). Also, gene order and genome rearrangements have
been extensively studied and have yielded very interesting findings, especially as
far as mitochondrial gene arrangements are concerned (Boore 2006).
The growing amount of genomic data available for a large set of metazoans has
made it possible to address the question of metazoan relationships using these different approaches and the contrasting results collected so far have made an important
contribution towards renewing the debate about metazoan phylogeny.

4.4 Phylogenomics Resolves Animal Relationships
Early attempts to improve metazoan relationships using phylogenomic approaches
often generated contrasting evidence and sometimes challenged the results of the
“new view” of animal phylogeny. The settlement of these questions stressed the
importance that should be given to taxonomic sampling.
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4.4.1 Battle over the Coelomata and the Importance
of Taxonomic Sampling
4.4.1.1 Early Phylogenomic Attempts Challenged the “New View”
The Ecdysozoa clade is the most controversial hypothesis of the “New View” of
animal phylogeny and early multigene analyses of bilaterians therefore attempted
to verify this hypothesis (Blair et al. 2002, Philip et al. 2005, Wolf et al. 2004).
These studies employed from 100 to 780 nuclear genes which were analyzed following concatenation or independent approaches and they were based on species
for which whole genome sequences were available (Blair et al. 2002, Philip et al.
2005, Wolf et al. 2004). Surprisingly, none of these studies recovered the ecdysozoan clade, indeed they all found that nematodes diverged prior to the radiation
of coelomate animals. However, these results are thought to have been influenced
by long-branch artefact because the genome of the nematode C. elegans exhibits
very fast evolutionary rates (Aboobaker and Blaxter 2003). Indeed, these findings were challenged by the publication of the work of Philippe et al. (2005a, b),
which successfully recovered the “new view” of animal phylogeny (Philippe et al.
2005a). By exploiting newly released EST data, these authors incorporated numerous new species belonging to groups such as the choanoflagellates, closest relatives
of metazoans, the cnidarians, sister-group of the bilaterians, and a broad range of
nematodes and platyhelminthes, some of which exhibit slower evolutionary rates
(e.g. Trichinella for nematodes). The inclusion of those taxa made it possible to
limit the phenomenon of long branch attraction – in phylogenetic jargon, to “break
the long branches” – and thus produced support for the Ecdysozoa clade (Fig. 4.3).
Notably, the platyhelminthes and the nematodes sometimes clustered together in
this study, but the authors showed that the removal of fastest evolving genes enabled
the recovery of the “new view” topology, with platyhelminthes being grouped with
annelids and molluscs. This contradicts previous results, which estimated that gene
sampling alone, and not taxon sampling, had the ability to increase the phylogenetic
accuracy (Rokas and Carroll 2005).

4.4.1.2 Coelomata and the Interpretation of Rare Genomic Changes
The importance of dealing with accurate taxon sampling was also stressed in a
recent debate about a possible revival of the Coelomata hypothesis. The origin of
this debate was two studies that investigated two different qualitative genomic characters: “rare amino acid replacements” and patterns of intron conservation. Rare
amino acid changes have been defined as amino acid substitutions that take place
in a limited subset of taxa and that are caused by several nucleotide changes. Those
substitutions are thus associated with a low probability of homoplasy, and 34 such
positions were initially found to be in agreement with the Coelomata topology
(Rogozin et al. 2007). However, subsequent addition of the cnidarian N. vectensis as
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A
Saccharomyces | Fungi
Caenorhadbitis | Nematode
Schistosoma | Platyhelminthe
Homo | Vertebrate
Drosophila | Insect

B
Saccharomyces
Fungi
Schizosaccharomyces
Monosiga | Choanoflagellata
Hydra | Cnidarian
Homo | Vertebrate
Drosophila | Insect
Caenorhadbitis | Nematode
Schistosoma | Platyhelminthe

C
Saccharomyces
Fungi
Schizosaccharomyces
Monosiga | Choanoflagellata
Hydra | Cnidarian
Homo | Vertebrate
Drosophila | Insect
Caenorhadbitis | Nematode
Schistosoma | Platyhelminthe
Annelida
Mollusca

Fig. 4.3 The impact of taxonomic sampling and the demise of the coelomata hypothesis. These
trees were inferred from 146 nuclear genes using Maximum likelihood inference. One branch
length unit represents 0.1 substitutions per site. Progressive inclusion of intermediate taxa shows
how long-branch attraction can be overcome. (a) The tree with limited taxon sampling supports
the coelomata hypothesis with early divergence of nematodes and platyhelminthes. (b) The inclusion of intermediate bilaterian outgroups – Hydra and chaonoflagellates – results in nematodes and
platyhelminthes being relocated back within the bilaterians but they still cluster together, in contradiction with the ecdysozoan hypothesis. (c) The selection of the least divergent marker genes (70
out of 146) and the addition of annelids and molluscs definitely recovers the “new view” of animal
phylogeny (redrawn from Philippe et al. 2005b)

a metazoan outgroup in this dataset indicated that many of the signatures supporting the coelomata had been defined by using only non-metazoan outgroups such as
plants and fungi. These signatures were thus likely to be ancestral among metazoans,
since they were found to be shared between Homo, Drosophila and Nematostella
(Irimia et al. 2007). In contrast, 13 rare amino acid changes support the Ecdysozoa
clade when an accurate root is used.
Similarly, the pattern of intron conservation was employed as phylogenetic evidence and subtle methodological developments were carried out to account for the
severe trend toward homoplasy in intron losses: an intron that is lost in a given
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lineage has a high chance to be lost in another one (Zheng et al. 2007). Initially,
support was recovered for Ecdysozoa (Roy and Gilbert 2005) but this result was subsequently criticized for not having sufficiently accounted for parallel intron losses,
and contradictory analyses recovered support for Coelomata (Zheng et al. 2007).
However, it has been suggested that this latter result was prone to the same rooting problems as the analyses of rare amino acid changes. Subsequent incorporation
of the intron-rich cnidarian N. vectensis provided support for the Ecdysozoa again
(Roy and Irimia 2008). Thus, although the importance of taxonomic sampling has
been extensively discussed for conventional, sequence-based molecular phylogenies, there is clearly a need for similar attention to be paid to this problem for new
types of phylogenetic evidence such as rare genomic changes (Rokas and Holland
2000b).

4.4.2 Is It Actually Possible to Decipher Animal Relationships?
A more general concern about the efficiency of phylogenomics has been raised
by Rokas et al. (2003), who question its ability to fully resolve metazoan relationships (Rokas et al. 2005). To explain their failure to recover several classical
metazoan clades using a 17 taxa and 50 gene dataset, the authors proposed that
metazoan radiation was “compressed in time”, which means that the time of divergence between animals lineages would have been too short for the deployment of
an accurate phylogenetic signal. Despite its stimulating ideas, this work was contradicted by numerous other phylogenomic studies (Marlétaz et al. 2006, Matus et al.
2006, Philippe et al. 2005b). The problem of the lack of resolution observed by
Rokas et al. (2005) was specifically addressed in subsequent work (Baurain et al.
2007) and two primary causes were identified: inappropriate taxon sampling and
misleading evolutionary models. First, no effort was made to select slow evolving
species within the diverging groups such as nematodes, although ecdysozoans were
for example easily recovered when the nematode Xiphinema was employed instead
of Caenorhabditis (Baurain et al. 2007). Also, it has been shown that the resolution
of the tree may be improved by the use of better amino acid substitution models
such as the CAT model or of better tree search algorithms such as SPR (subtree
pruning and rebranching) (Hordijk and Gascuel 2005, Lartillot et al. 2007). Finally,
the poor quality of raw sequence data could also hinder node resolution. Rokas et al.
(2005) retrieved most of their sequences through PCR amplifications performed on
conserved domains, thereby excluding the most variable and phylogenetically informative regions of the genes they analysed. Other phylogenomic studies of animal
relationships have been mainly based on EST data that yield larger gene fragments.
The accuracy of phylogenomic reconstruction could be greatly enhanced by the
selection of slowly diverging species, a strategy closely related to that proposed by
Aguinaldo et al. for SSU-based phylogeny (Aguinaldo et al. 1997). However, in
the multigene approach, it is not clear whether a single species possesses the least
diverging copies of all marker genes. To overcome this problem, Marlétaz et al.
(2006) have proposed the use of a new composite taxon strategy that selects the
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least diverging copy of each selected gene from a pool of species representative of
a monophyletic taxon (Marlétaz et al. 2006). This strategy allowed, for example,
the building of a composite nematode taxon, whose branch is shorter than that of
Trichinella, one of the slowest evolving nematodes.
The strength of the phylogenomic approach has been generally underlined by
its ability to corroborate previous results based on multiple evidences. This suggests
that the phylogenomic approach is a promising tool to address unsolved questions of
animal relationships. However, the phylogenomic approach has also showed itself to
be very sensitive to systematic errors. To set up an accurate analysis, it is thus necessary to carry out a careful examination of the taxonomic sampling, the inference
methods used and the quality of the primary data.

4.5 Toward a Broad Phylogenomic Picture of Metazoan
Relationships
The main limitation of single-gene phylogenies is that they are unable to handle
some diverging taxa in terms of evolutionary rate or sequence composition. Such
taxa are generally considered as problematica when morphological features do not
allow this problem of phylogenetic affinity to be resolved. Among those taxa one
can find what Libbie Hyman called “smaller coelomate groups”, such as chaetognaths (Hyman 1959), and also the huge diversity of aschelminthes, from rotifers
to kinorhynches, whose interpretation is one of the key questions of animal evolution (Jenner 2000). The possibility offered by phylogenomics to more accurately
place these taxa in the metazoan tree has recently prompted a major sequencing
effort, especially using EST methodology. The EST approach involves the sequencing of the extremity of a large set of clones from a cDNA library. The clustering
of these transcript sequences can yield high quality partial transcriptome data. The
lack of one or more markers in a given taxon was demonstrated not to prevent accurate reconstruction of the overall tree (Philippe et al. 2004) and EST collections of
between 3,000 and 10,000 provide a sufficient set of markers to include a new taxon
in a phylogenomic analysis (Marlétaz et al. 2008, Philippe and Telford 2006).

4.5.1 Challenging Well-Established Clades: The Case
of Deuterostomes
Phylogenomics studies have lead to some longstanding phylogenetic hypotheses
being reconsidered. The relationships between deuterostomes were the first to be
challenged when urochordates were proposed to be the sister-group of vertebrates
instead of cephalochordates (Delsuc et al. 2006). This grouping had strong statistical support obtained from the analysis of 146 nuclear genes and several key
new taxa such as lampreys, hagfishes and the appendicularian Oikopleura dioica.
This finding contradicts some well-established synapomorphies joining vertebrates
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and the cephalochordate amphioxus, such as segmented myomeres (Schubert et al.
2006), but it is supported by some other features such as the discovery of migratory neural crest-like cells in tunicates (Jeffery et al. 2004). The close relationship
between echinoderms and cephalochordates reported in this study was nevertheless
surprising and required further confirmation. This confirmation was obtained by
including the hemichordate taxon in the analysis: as a result, cephalochordates were
branched back within the chordates and hemichordates were included with echinoderms in a new clade (called Ambulacraria) (Bourlat et al. 2006, Marlétaz et al.
2006) (Fig. 4.4). The new deuterostome status was completed by the addition of a
new phylum: the xenoturbellids, which branches as sister-group of echinoderms and
hemichordates (Bourlat et al. 2006).
Kynorhyncha
Priapulida
Nematoda
Tardigrada
Onychophora
Insecta
Crustacea
Myriapoda
Chelicerata
Myzostomida
Bryozoa
Entoprocta
Gastrotricha
Rotifera
Gnathostomulida
Platyhelminthes
Nemertea
Brachiopoda
Phoronida
Annelida
Mollusca
Chaetognatha
Acoela
Hemichordata
Echinodermata
Xenoturbellida
Urochordata
Cephalochordata
Craniata
Cnidaria
Porifera
Ctenophora
Choanoflagellata

Ecdyozoa

Lophotrochozoa

Deuterostomia

Fig. 4.4 Phylogenomic view of metazoan relationships. This tree summarizes the results of the
most recent phylogenomic analyses focused on metazoans. All the nodes presented here are based
on firm support values at least with the site-heterogenous CAT model. The overall “New View” of
animal phylogeny is recovered with firm support for the deuterostomes, ecdysozoans and lophotrochozoans but a few clades such as chaetognaths, rotifers or acoel flatworms do not fit into this
scheme. Dashed branches correspond to the most instable taxa whose position remains ambiguous
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4.5.2 Chaetognaths Fit into the Bilaterian Tree
The phylogenomic approach has made it possible to more accurately determine
the phylogenetic position of some groups that have represented longstanding problems. Chaetognaths have been puzzling for many years because their body plan
exhibits several protostome features whereas their early development is typically
deuterostomian, with enterocoelic formation of the coelom (Ball and Miller 2006).
EST sequencing enabled phylogenomic analyses, which revealed that chaetognaths
neither cluster within the ecdysozoans nor the lophotrochozoans and that they are
probably a sister group of all the other protostomes (Marlétaz et al. 2008, Marlétaz
et al. 2006). Their inclusion in protostomes had previously been supported by the
analysis of their mitochondrial genome (Papillon et al. 2004). Alternative studies
based on another chaetognath species also supported protostome affinities but rather
argued for a basal position in lophotrochozoans (Matus et al. 2006) or alternatively,
an unresolved position among protostomes (Dunn et al. 2008). Nevertheless, the
basal branching of chaetognaths among protostomes was further supported by the
recovery of an unusual molecular signature in chaetognath ESTs: the guanidinoacetate N-methyltransferase (GMT) gene was retrieved in all lineages predating the
radiation of protostomes but in no current protostome group, which suggests that this
gene was probably lost after the split of chaetognaths from protostomes (Marlétaz
et al. 2008, Marlétaz et al. 2006). Despite alternative claims that chaetognaths should
branch closer to lophotrochozoans, several studies independently support their position as a branching sister-group to the protostomes (Lartillot and Philippe 2008,
Philippe et al. 2007). This peculiar phylogenetic position has two major implications. On one hand, this indicates that deuterostome-like embryology and especially
enterocoelous formation of the coelom may be ancestral among bilaterians, a view
which is reminiscent of the archecoelomate theory (Remane 1963) (Fig. 4.2). On the
other hand, this constitutes the first clear contradiction of the “new view” of animal
phylogeny since this phylum escapes the lophotrochozoan/ecdysozoan dichotomy
(Adoutte et al. 2000).

4.5.3 Acoel Flatworms, Basal or Not?
Phylogenomics has also shed some light on the phylogenetic position of acoel flatworms, another highly debated topic since they were originally proposed to be the
most basal bilaterian on the base of SSU analysis (Ruiz-Trillo et al. 1999). This
phylogenetic position would suggest that the body organization of these triploblastic acoelomate flatworms could be reminiscent of those of bilaterian ancestor.
Meanwhile, the status of acoels as an intermediate taxon has been extensively
debated because their very fast evolutionary rates make long branch attraction artifacts possible (Deutsch 2008). Recently, a phylogenomic assessment of the position
of acoels reached the conclusion that they are not platyhelminthes (Philippe et al.
2007). Their exclusion from protostomes is also supported by the occurrence of a
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signature gene, the GMT enzyme, in this phylum. However, their position among
bilaterians remained ambiguous since no clear phylogenetic signal was recovered
for a precise branching of acoels among bilaterians (Fig. 4.4). The peculiar status of
acoel flatworms and their exclusion from platyhelminths was then confirmed by the
mean of phylogenomics.

4.5.4 Deeper into Protostome Relationships
The protostome clade presents the broadest diversity of phyla and body organizations and notably includes the most diverse kind of body organization (Adoutte
et al. 2000). In particular, many minor protostome groups that were formerly
placed within the aschelminthes display morphological features that are very hard
to interpret. Moreover, they have been very difficult to position using classical
molecular phylogenetics because of their fast evolutionary rates (e.g. Syndermates)
(Passamaneck and Halanych 2006). Recently, an impressive sequencing effort was
undertaken with the aim of solving this question of protostome relationships using
the power of phylogenomics. It was expected that the resolution of lophotrochozoan
phylogeny would be improved by the collection of EST data from several new phyla
and from the most slowly diverging species of known phyla (e.g. platyhelminthes,
molluscs) (Dunn et al. 2008, Hausdorf et al. 2007, Struck and Fisse 2008). The
analysis of these new data allowed new relationships to be proposed within the
lophotrochozoans: trochophore bearing animals, molluscs and an extended annelid
clade that includes echiurans and sipunculids were found to be closely allied to
nemerteans and lophophorates (Fig. 4.4) (Dunn et al. 2008). The nemerteans were
surprisingly positioned as lophophorate sister-group. This last result corroborates
the recent finding that the pilidium larva of palaeonemertean Carinoma mutabilis
displays strong similarities with trochophore larvae (Maslakova et al. 2004). This
clade of molluscs, annelids, lophophorates and nemerteans is supported by the
presence of chitinous chaetae and may be corroborated by a palaetonlogical scenario that proposes a common origin for those chitinous chaetae and the calcareous
spicules from which mollusc shell could have derived (Conway Morris and Peel
1995). Platyhelminthes are placed as sister-group of this lophotrochozoan assemblage, but the other phyla that were generally also associated with lophotrochozoans
are more difficult to position accurately (Dunn et al. 2008). The bryozoa phylum (also called ectoprocta) and the entoprocts were proposed to cluster together,
resurrecting an ancient hypothesis (Hausdorf et al. 2007), but this grouping was
not recovered with different marker genes and taxonomic sampling. The position
of these phyla remained thus very ambiguous, just as those of numerous other
groups such as gastrotriches, rotifers or the enigmatic myzostomids, which exhibit
strong “leaf instability”, a tendency to exhibit alternative branchings in the most
likely trees and different bootstrap replicates (Dunn et al. 2008). The assembly
of the protostome tree of life is thus far from achieved but these recent advances
have demonstrated that increased taxon sampling leads to a strong improvement in
phylogenetic resolution.
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4.6 Conclusion: The Future of Animal Phylogeny
This chapter has described the impact of the most recent genome-based studies on
the current view of metazoan relationships with respect to classical schemes based
on morphology and single gene molecular phylogenies (mainly SSU rRNA). The
new field of phylogenomics has been founded in the context of a strong debate
about the status of the Coelomata clade, which finally ended up with the reassessment of the “New View” of animal phylogeny (Adoutte et al. 2000, Dunn et al.
2008). This debate mainly stressed the importance of dealing with extensive taxonomic sampling, even when examining qualitative molecular signatures or genome
level characters. The extension of the phylogenomic approach has rephrased some
longstanding questions in animal phylogeny such as the position of acoel flatworms,
chaetognaths or relationships within the lophotrochozoan clade. It has also brought
some surprising rearrangements, such as the positioning of the tunicates as vertebrate sister group (Delsuc et al. 2005). More surprisingly, the “new view” scheme
was challenged by the branching of some phyla such as acoels or chaetognaths that
do not fit within the ecdysozoan and lophotrochozoan clades. Recently the collection and analysis of a large amount of data from minor groups, described in a
paper by Dunn et al. (2008), showed that that some phyla remain refractory to accurate positioning (Dunn et al. 2008). Several questions concerning metazoan tree
of life thus remain open. For example, the exact relationships at the base of the
metazoan tree remain elusive because of the difficulty of determining the branching order of bilaterians, poriferans, cnidarians and also ctenophores, all of which
are groups that possibly diverge at the base of the metazoan radiation (Dunn et al.
2008). Answering this question would provide important insights into the nature
of the metazoan ancestor: a complex organism that already possessed a mesoderm
and bilateral symmetry, such as a ctenophore, or an organism of lesser complexity such as a sponge larva (Martindale and Henry 1999, Nielsen 2008)? Increased
gene and taxonomic sampling as well as improvements to inference models are
likely to be valuable tools for resolving these issues. Moreover, when the whole
set of employable marker genes will have been exploited by molecular phylogeny,
numerous other features such as gene order and synteny relationships might deserve
further investigation (Philippe et al. 2005a).
The latter example of relationships at the base of metazoans emphasized the
importance of phylogenetics as a means to understand the major evolutionary
transitions of morphological characters. In particular, the power of molecular phylogenetics to ensure the orientation of characters has demonstrated that no general
trends exist in the establishment of morphological complexity. The close association
of nemerteans and annelids as well as that of vertebrates and tunicates has clearly
shown that morphological simplifications have occurred repeatedly during the evolution of metazoans (Delsuc et al. 2005, Dunn et al. 2008). At a deeper evolutionary
scale, the early divergence of ctenophores proposed by Dunn et al. (2008) suggested
that the ancestor of all metazoans was far more complex than expected and that the
morphological simplicity of poriferans could be secondarily derived.
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However, the genomic processes that underlie such morphological switches
remain to be uncovered. The relationship between the evolution of genomes and
morphology constitutes one of the main current questions in evolutionary biology,
especially because these two aspects of organisms are reputed to have undergone radically divergent modalities of evolution: strong selection for bodies versus
neutralistic drift for genomes. The Evodevo field has recently uncovered the developmental genetics sources of macroevolutionary changes but these insightful studies
remain limited to the molecular actors involved in specific genetic pathways (Muller
2007). On the other hand, the extensive study of both multigenic families and
genome rearrangements that is underpinning phylogenomics could shed new light
on developmental regulation at the genome scale, especially when it is associated with molecular genetics data acquired using model organisms. For instance,
Domazet-Los et al. recently introduced the so-called “phylostratigraphic” approach
involving comparison of the expression patterns and structures of multigenic families for a large number of genes involved in the development of germ layers
(Domazet-Loso et al. 2007). They observed differences between the phylogenetic
origins of all these genes and showed that those associated with the ectoderm,
for example, are most likely more ancient. These promising findings plead for a
renewed interest in neglected animal groups whose importance for comparative
approaches and character orientation is undisputable. The extension of genome
sequencing to some key organisms with key phylogenetic positions, paleontology
and development, such as ctenophores and chaetognaths, constitutes the next step
toward a better understanding of metazoan evolution.
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Chapter 5

Metazoan Complexity
Florian Raible and Patrick R.H. Steinmetz

Abstract Evolution is often regarded as a process leading from simple ancestors to
more complex descendants, a generalized view that has also impacted on different
concepts of evolution. However, the study of new marine model systems, and the
inclusion of new levels of analysis, challenge this paradigm, as they reveal that levels
of complexity can diverge from the apparent organizational complexity of individual
species. In this chapter, we analyze molecular genetic progress from different animal
taxa, and how they help to determine the molecular changes associated with major
evolutionary transitions, such as the transition to multicellularity or the origin of
germ layers.

5.1 Approaches to Complexity
Haeckel’s lithograph “Stammbaum des Menschen” (“Pedigree of Man”) is a beautiful illustration of the concept of common evolutionary descent, and has widely been
adapted for the representation of animal phylogeny. In this tree, animal evolution
appears to progress steadily from “simple” life forms, such as “worms” (“vermes”),
at the bottom, to more “elaborate” forms, with mammals forming the crown of the
tree (Fig. 5.1). A similar trend can be found within the branches representing distinct animal phyla. For instance, “mud fish” are located close to the stem, whereas
teleosts are found at the tips, consistent with the intuitive notion that teleosts are
more “highly” evolved.
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Fig. 5.1 Increasing complexity as a topological principle in Haeckel’s “Stammbaum des
Menschen” (“Pedigree of Man”). Animals with presumed simple organization are placed close
to the bottom and stem of the tree, whereas more “elaborate” forms are found in the tips of the
branches. Reproduced from (Haeckel 1903)
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This notion of a steady gain of “complexity” in evolution has remained an influential template for the interpretation and evaluation of biological data on many
different levels, ranging from genome characteristics to the number and characteristics of tissue types in an organism. The expectation that complexity steadily
increases over time (and the often implicit assumption that primates represent the
epitome of animal complexity) lets exceptions of this principle appear odd and
counterintuitive. For instance, prior to the discovery of non-coding DNA, the term
“c-value paradox” was used to describe the apparent lack of correlation between
genome sizes and perceived complexity of animals (reviewed in Gregory 2005). The
“primitive” lungfish Protopterus aethiopicus (Pedersen 1971) has a genome that is
about 400 times larger than that of the “highly evolved” teleost genome of the puffer
fish, Tetraodon nigroviridis (Jaillon et al. 2004), and about 40 times larger than the
human genome.
After the c-value paradox was resolved by the discovery that these changes result
mainly from the different amounts of non-coding DNA, the expectation was, in
keeping with the notion of increasing complexity, that the amount of coding DNA
(or the number of genes) would be higher in “complex” animals than in “simpler”
ones. Cases like the duplication of the Hox cluster during chordate evolution, and
the notion that this duplication was part of two rounds of whole-genome duplications (the “2R-hypothesis”) lent support to the general notion that gene duplications
were a major source of developmental innovation (reviewed in Taylor and Raes
2004). As we now know, however, the total excess of coding genes in the currently sequenced vertebrate genomes over those of the classical invertebrate models,
Caenorhabditis and Drosophila, is surprisingly slim (Claverie 2001), and different vertebrates have roughly similar gene numbers. Moreover, important aspects of
developmental patterning, such as the impact of the transcriptional regulator pax6
on photosensitive structures (Halder et al. 1995), or the role of Hox genes in anteroposterior patterning (McGinnis et al. 1984), date back to early evolutionary times,
providing evidence for an ancient core “developmental genetic toolkit” acting in
animal development (see Cañestro et al. 2007). Considering that the connections
between different components of this toolkit are of crucial importance for animal
development, it is clear that a thorough analysis of animal complexity requires more
than a simple quantification of genes or genetic functions.
On a more morphological level, animal complexity has been assessed by counting the number of morphologically distinct adult cell types (Bell 1997, Sempere
et al. 2006, Valentine et al. 1994), sometimes complemented by the presence or
absence of other morphological and embryonic characters (Aburomia et al. 2003,
Heimberg et al. 2008). This method, however, has several pitfalls: as for some
animals, more morphological data is available than for others, the complexity of
well-analysed animals tends to be overestimated (Bonner 1988). In addition, morphological features fall short of describing other dimensions of complexity, such as
the developmental and behavioural complexity of an animal, including life history
strategies (larval or direct development) or the ontogeny of cell types (Bonner 1988,
Valentine 2000, Valentine et al. 1994). Finally, morphological features are also difficult to quantify and weigh against each other, generating a need for more simple
and quantitative measures of complexity.
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Over the past few decades, molecular biology has provided many additional
ways of assessing complexity. Beyond the global comparison of gene repertoires
(counts of genes or gene families), the diversity of conserved gene families provides
entry points into molecular features of different species. In an increasing number
of species, such analyses can now be complemented by molecular techniques that
address the expression dynamics and site of activity of individual genes, allowing
researchers to characterise individual cell populations and tissues on the molecular
level. Likewise, gene knockdown techniques are becoming available for more and
more species, allowing more detailed analyses of the regulatory networks governing
animal systems.
The fastest progress, however, has been made on the level of sequencing, and several whole-genome or transcriptome sequencing projects now provide a much better
view of molecular evolution during animal diversification. In this chapter, we review
recent progress in molecular analysis of different animal taxa and discuss what they
reveal about the origin of complex features during animal evolution. A particular
focus will be on the evolutionary changes that accompanied the origin and diversification of multicellular animals (Metazoa) from unicellular eukaryotic ancestors, as
well as the differences in complexity found in different bilaterian groups.

5.2 Choanoflagellates: The Evolution of Multicellularity
in Metazoa
Choanoflagellates form a phylum of flagellated, mostly unicellular organisms. They
possess an apical flagellum surrounded by a bacteria- and detritus-catching collar
of actin-rich microvilli. Their cell morphology and ability to form extracellular silicate spicules are very reminiscent of sponge choanocytes (Clark 1866, 1868), and
recent molecular phylogeny studies have confirmed the phylogenetic position of
choanoflagellates as a monophyletic sister group to all Metazoa (Carr et al. 2008,
Clark 1868, Haeckel 1874, King et al. 2008, Shalchian-Tabrizi et al. 2008). Some
extant choanoflagellate species can form colonies (e.g. Proterospongia) or differentiate into amoeboid cells and reproductive cysts (Bütschli 1883–1887, Leadbeater
1983, Siewing 1985). Hence, it is conceivable that the unicellular common ancestor of choanoflagellates and metazoans had the capacity of cell differentiation
or colony formation and therefore exhibited primitive features of multicellularity
(King et al. 2008, Lang et al. 2002). If true, extant colony-forming choanoflagellates might still resemble ancient, primitive multicellular life forms informative
for the evolution of all animals on the metazoan line of evolution. Alternatively,
colony formation and cell differentiation may have evolved independently in animals after the choanoflagellate-metazoan split. To distinguish between these two
scenarios, searches were carried out for metazoan genes important in multicellular
processes such as cell adhesion, cell–cell-communication and the division of labour
in differentiated cell types in the genomes of the strictly unicellular choanoflagellate Monosiga brevicollis (using EST and genome data) and the colony-forming
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Proterospongia-like species (using EST data) (Abedin and King 2008, King et al.
2003, 2008).
The most recent Monosiga brevicollis genome annotation (April 2008) listed 78
protein domains that are shared exclusively with metazoans but are absent from
plants, fungi or slime molds (although some resemble bacterial protein domains)
underscoring the close relatedness of choanoflagellates and metazoans (King et al.
2008). These domains are found in metazoan cell adhesion proteins (e.g. extracellular cadherin, sugar-binding C-type lectins, immunoglobulin, and integrin α domains)
and extra-cellular matrix (ECM) components (fibronectins) including basement
membrane elements (several collagen types and laminins). The respective functional
domains therefore originated before the choanoflagellate-metazoan split, although
many occur in choanoflagellate-specific combinations, as found for extracellular
cadherin domains (ECDs)-containing proteins. However, some ECDs are conserved
in Fat-type cadherins (conserved in sponges, cnidarians and bilaterians) and in a
Hedgehog-related protein so far restricted to sponges and cnidarians (hedgling, see
also below and Fig. 5.2) (Abedin and King 2008, King et al. 2008). Notably, “classical” metazoan-type cadherins with a highly conserved cadherin cytoplasmic domain
have not been found in M. brevicollis (Abedin and King 2008). Also integrin β, a
metazoan-specific cell adhesion receptor domain, and the ECM component laminin
B(IV) are absent (King et al. 2008).
Whereas M. brevicollis possesses a surprisingly rich repertoire of metazoan
cell adhesion and ECM domains, most of the intracellular signalling cascades
associated with metazoan cell–cell communication are missing or highly divergent in choanoflagellates. Clear Wnt, TGF-β ligands or nuclear hormone receptor orthologues, present as large families in metazoans, are missing from the
M. brevicollis genome, while other animal signalling pathways (JAK/STAT,
Hedgehog, Delta/Notch) are incomplete. For some multidomain signalling pathway
components (e.g. Notch or Hedgehog proteins), single domains are encoded in the
M. brevicollis genome, but as for cell adhesion proteins, mostly not in metazoancharacteristic combinations. As for tyrosine kinase signal transduction pathways,
M. brevicollis exhibits the largest number of tyrosine kinases and receptors, regulatory phosphatases and phospho-tyrosine-binding SH2 domain proteins (signal
transducers) so far discovered in a single species. However, they appear to be largely
divergent from metazoan members of the tyrosine kinase pathway (King et al. 2003,
2008, Manning et al. 2008). This is evident by the lack of clear orthologues, differences in regulation of tyrosine-kinase signalling and a large set of choanoflagellate
tyrosine-kinase domain combinations not found in metazoan proteins (King et al.
2008, Manning et al. 2008, Pincus et al. 2008, Segawa et al. 2006). An exception is
the conserved combination of intracellular tyrosine kinase domains and cytoplasmic
SH2 domains with extracellular cadherin and EGF domains (in e.g. hedgling) suggesting that tyrosine-kinase signaling can relay extracellular signals (Abedin and
King 2008, King et al. 2003). Functional assays have linked tyrosine kinase signalling to the regulation of the cell cycle by monitoring external food availability
(King et al. 2003).

Fig. 5.2 Domain evolution. Scenario of Hedgehog domain evolution by domain shuffling, duplication and loss during the evolution of metazoans (based on
Adamska et al. 2007b, King et al. 2008, Matus et al. 2008, Snell et al. 2006). Schematics at roots depict protein and domain arrangements present in the
common ancestor. Schematics within terminal branches depict putative rearrangements not present in the ancestor (derived). Grey boxes highlight protein
orthologues present in extant organisms
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The importance of domain rearrangements during the evolution of metazoan proteins is well illustrated by the evolution of Hedgehog ligands (Fig. 5.2). Bilaterian
Hedgehog proteins consist of two functional domains: An N-terminal diffusible
receptor ligand domain, and a C-terminal autocatalytic domain (Bijlsma et al. 2004).
Both domains occur in M. brevicollis, but are encoded by separate genes (King et al.
2008, Snell et al. 2006). Whereas the N-terminal Hedge domain forms part of a
multidomain protein conserved only in sponges and cnidarians (named Hedgling),
the C-terminal Hog/Intein domain occurs in a single domain protein in M. brevicollis (Adamska et al. 2007b, King et al. 2008, Matus et al. 2008). In M. ovata,
not directly related to M. brevicollis, the C-terminal domain occurs on one protein
(Hoglet) together with putative cellulose-binding domains (Carr et al. 2008, Snell
et al. 2006). If separate Hedgehog domains represent an ancestral state, bilaterian
Hedgehog proteins are the result of specific domain duplications and shuffling prior
to the sponge/eumetazoan and the cnidarian/bilaterian split (Fig. 5.2). Accordingly,
Hedgling, the older of the two Hedge-containing proteins in the cnidarian/bilaterian
ancestor, was lost in early bilaterians while only the bona fide Hedgehog was
maintained.
Whereas extracellular and signalling domains are indicative of a considerable
interactive capacity of choanoflagellates, the repertoire of transcription factors
reflects the complexity of regulatory networks and cell type differentiation. The
Monosiga genome contains all major, ubiquitous classes of transcription factor
motifs (e.g. zinc-finger, homeobox or helix-loop-helix proteins) (King et al. 2008).
The few, previously metazoan-specific transcription factors found in Monosiga (e.g.
p53, Myc) have rather general roles in cell cycle or transcriptional control (Nedelcu
and Tan 2007). The existence of only two homeobox genes clustering specifically
with Meis/Prep/TGIF genes (TALE superclass), but not with other TALE class
genes (e.g. Iroqois) (King et al. 2008) indicates the loss of at least the Iroqoisrelated genes and non-TALE homeobox factors as these predate the emergence of
choanoflagellates (Derelle et al. 2007, Mukherjee and Bürglin 2007). Also, M. brevicollis lacks metazoan-specific Ets, Hox, POU or T-box families (King et al. 2008).
In conclusion, the conservation of many metazoan-specific protein domains
associated with cell adhesion and ECM-interacting proteins are indicative of a
surprisingly high capacity of choanoflagellates to interact among themselves and
with the environment, reflected in some choanoflagellate species by colony formation or settlement (Leadbeater 1983, Siewing 1985). However, the absence or
fragmentary presence of metazoan signalling cascade proteins suggests a rather
restricted ability to communicate between cells in a manner similar to metazoans. As
shown for tyrosine-kinase proteins, the present signalling domains appear to function in adapting intracellular processes to changing environmental conditions rather
than in cell–cell interactions. Although the majority of conserved cell adhesion
and signalling domains are present, their unique combinations within multidomain
proteins makes it difficult to deduce their ancestral functions in the choanoflagellatemetazoan ancestor. Extensive rearrangements of protein domains might have led
to novel functions on the evolutionary lines towards metazoans and choanoflagellates. In the few cases where clear orthology between proteins of M. brevicollis or
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the colony-forming Proterospongia-like species and metazoans (e.g. Fat-type cadherin proteins) could be established, functional analysis has helped to discriminate
between a “primitive metazoan”-type function in cell–cell recognition and/or adhesion during colony formation, or a “unicellular”-type function prior to the evolution
of multicellularity (e.g. predation and phagocytosis of bacteria, detection of environmental influences). In the former case, those domains evolved divergent functions in
Monosiga after the loss of colony formation. In the latter case, the evolution of protein domains absent in choanoflagellates (e.g. integrin β) and the evolution of novel
proteins by rearranging pre-existing domains (into e.g. “classical”-type cadherins)
were crucial steps on the way to multicellularity.
As far as cell type diversity is concerned, the major absence of metazoan-specific
transcription factor families correlates with the low potential for cell differentiation in choanoflagellates. However, the secondary loss of homeobox genes shows
that in the course of choanoflagellate evolution, transcription factor complexity and
cell type diversity could have undergone secondary reduction. Extending molecular analyses to a larger number of choanoflagellate species, and also to filasterean
and ichtyosporean choanozoans (e.g. Ministeria, Capsaspora or Sphaeroforma) that
form outgroups to the Choanoflagellate + Metazoa group, will clarify the pattern of
gene gains and losses during the evolution of choanoflagellates and metazoans.

5.3 Sponges: The Evolution of Animal Development, Body Axis,
Cell Types and Epithelia
Sponges are mostly marine, sessile and filter-feeding animals that are widely
regarded as the most “simple” animal phylum. Their body plan consists only of two
main epithelial layers: the single- or double-layered pinacoderm forming a protective outer and partially inner layer, and the choanoderm, built of ciliated collar cells
(choanocytes), that produce a water flow entering through pores (ostia) and exiting
via an larger opening (osculum). In between the pinaco- and the choanoderm lies
the mesohyl, connective tissue filled with amoeboid cells and extracellular matrix.
The choanocytes either cover most of the inner body layer or lie within a system
of internal chambers. The apparent simplicity of sponges is also reflected on the
level of cell types: demosponges are thought to have only a dozen histologically
distinguishable adult cell types among which are skeleton-forming sclerocytes or
contractile myocytes (Siewing 1985). Additional cell types may be larval-specific
(e.g. primitive photoreceptor cells, see below) or further distinguishable by specific
vesicle forms and contents. Sponges lack true muscle cells and neurons.
Traditionally, the phylum Porifera is subdivided into glass sponges
(Hexactinellida), demosponges (Demospongiae) and calcareous sponges (Calcarea)
all having evolved from a common ancestor (monophyly) (Philippe et al. 2009).
Alternative models suggest that homoscleromorphs (traditionally demosponges),
Calcaraea and/or Hexaxtinellida might be paraphyletic sponge groups more closely
related to other metazoans than to the other sponges (Borchiellini et al. 2004, 2001,
Haen et al. 2007, Sperling and Peterson 2007) (for a more extensive discussion, see
Chapter 4). In any case, sponges are regarded as the oldest extant metazoan group
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(see Chapter 4 and below for a discussion on the position of Trichoplax) and the
first animals with embryonic and larval development. Comparison of cell adhesion
and ECM-interacting proteins of different sponge groups with choanoflagellates
and eumetazoans has helped to identify crucial events during the evolution of
animal multicellularity. In addition, comparative study of developmentally relevant
transcription factors and signalling molecules has provided a deeper understanding
of the early evolution of embryonic and larval development including germ layer
separation, axis specification and embryonic differentiation.
As described in the introduction, animal complexity is often correlated with
cell type diversity. As cell types are specified by characteristic combinations of
transcription factors (the “molecular fingerprint”) (Arendt 2005), the expansion of
transcription factor families might be a proxy for cell type diversification (Vogel and
Chothia 2006). This hypothesis is being tested by determining the repertoire of transcription factor subclasses in extant sponges cnidarians and bilaterians to reconstruct
their emergence during animal evolution. Already in the demosponge reference
species Amphimedon all major metazoan transcription factor classes are present.
Phylogenetic analyses have explored in detail the relationship of the Amphimedon
bHLH, Fox, Sox, T-box, Paired-like, Antennapedia, NK, TALE, Six, POU and
LIM homeodomain proteins with their correlates in other animals (Adell et al.
2003, Adell and Müller 2004, 2005, Jager et al. 2005, Larroux et al. 2007, 2006,
2008, Manuel and Le Parco 2000, Manuel et al. 2004, Simionato et al. 2007).
This approach has proved useful to date the extent of gene families at the base of
metazoan evolution. Some Amphimedon genes are equally related to several different bilaterian families (Fig. 5.3a, e.g. ARNT/bmal orthologs or NK2/4 orthologs)
(Larroux et al. 2007, Peterson and Sperling 2007, Simionato et al. 2007), meaning that the sponge gene represents an ancestral gene that duplicated and founded
novel families during eumetazoan evolution. Other Amphimedon genes clearly
group with eumetazoan members of single gene families (Fig. 5.3b; e.g. Amq3/Myc,

Fig. 5.3 Evolution of gene families. Evolution of gene families by gene duplication and speciation events (based on Simionato et al. 2007). (a) Evolution of the eumetazoan bHLH genes ARNT
and bmal by gene duplication from a single ancestor present in the last sponge-eumetazoan ancestor. (b) Evolution of the bHLH genes myc, max and mnt/mad by gene duplication prior to the
eumetazoan/sponge split implies that the absence of mnt/mad in Amphimedon is due to secondary
loss. This is confirmed by the presence of a mnt/mad ortholog in the homoscleromorph sponge
Oscarella. See text for further details. Blue: eumetazoan orthologs; red: Amphimedon orthologs
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Amq11/max or the Suberites brachyury) (Larroux et al. 2008, Simionato et al. 2007),
indicating that the respective gene families had already diversified in the poriferaneumetazoan ancestor. In cases where these families group monophyletically with
families that lack a clear Amphimedon orthologue, gene loss in the sponge can be
assumed. Similarly, analysis of the NK homebox genes indicated loss of several
NK gene families in demosponges (Peterson and Sperling 2007). Direct evidence
for these gene losses comes from comparisons with other sponge species where the
respective genes are present, examples including brachyury (present in Suberites,
missing in Amphimedon) (Larroux et al. 2008) and mnt/mad (present in Oscarella,
missing in Amphimedon; Fig. 5.3b) (Simionato et al. 2007). As sequence data is so
far scarce for other sponge genomes, the real number of transcription factors in the
poriferan-eumetazoan ancestor is probably higher than currently assumed.
The presence of representatives from almost all major eumetazoan transcription
factor families is surprising, considering the relatively low number of adult cell
types and the simplicity of the sponge body plan. This paradox might be resolved
by considering that the life cycle of most sponges includes a ciliated larval stage
followed by a complex metamorphosis (Leys and Ereskovsky 2006). The high variability of early embryonic development has led to currently opposing views on the
presence and definition of germ layers and gastrulation in sponges (Ereskovsky and
Dondua 2006, Leys 2004). However, in contrast to adults, many larvae are clearly
bilayered and exhibit a single body axis (Ereskovsky and Dondua 2006, Leys and
Ereskovsky 2006). Expression analysis suggests that molecular patterning along the
axis in the Amphimedon larva is mediated by Wnt and TGF-β members (Adamska
et al. 2007a). The axis is directly related to swimming direction and can be influenced by phototactic cues (Leys and Degnan 2001). Although lacking neurons and
ciliary or rhabdomeric photoreceptors, some photoresponsive larvae possess pigmented cells with a long cilium that can simultaneously act as receptor and effector
and could therefore represent the proto-photoreceptor cell before the specialisation into distinct pigment shading and photoreceptor cells (Arendt 2008, Leys and
Degnan 2001). An almost complete set of bilaterian post-synaptic proteins in the
Amphimedon genome also indicates that despite the lack of neurons, synapses or
post-synaptic densities, a simple system of sensory stimuli transduction might be
in place (Sakaraya 2007). Further functional, physiological and expression analysis
will elucidate if the number of sponge cell types is higher than currently assumed. In
fact, what is classified as one single cell type by morphological criteria might consist
of several, functionally different cell types distinguishable only by their differential
molecular composition.

5.4 The Placozoan Trichoplax: A Primitively Simple or Highly
Reduced Metazoan?
Until recently, the phylum Placozoa consisted only of Trichoplax adhaerens and
Treptoplax reptans (only described once) but molecular analysis have discovered
additional cryptic (morphologically indistinguishable) species (Grell 1971b, Voigt

5

Metazoan Complexity

153

et al. 2004). So far, only asexual reproduction by fission or budding of spherical
“swarmers” has been observed (Siewing 1985). The discovery of putative oocytes,
cleaving stages up to the 64-cell stage (Grell 1971a, 1972, Grell and Ruthman 1991)
and molecular signatures for recombination and sex (Signorovitch et al. 2005) are
indications for the existence of sexual reproduction. Hence, the description of the
Trichoplax life cycle is most likely incomplete and an intermediate parasitic stage in
a so far unidentified host or a larval stage cannot be excluded (Miller and Ball 2005).
Trichoplax exhibits a unique mode of algal feeding (“transepithelial cytophagy”)
through gaps of the upper, monocliliated epithelium and subsequent phagocytosis by
inner fiber cells (Wenderoth 1986). In addition, the ventral, non-ciliated epithelium
probably secretes digestive enzymes but is not able to perform phagocytosis.
Presenting four somatic cell types within three cell layers, a single, “top-bottom”
axis and lacking a basement membrane, extracellular matrix, mouth, gut, and nervous system, the body plan of Trichoplax is often considered as simplest throughout
metazoans (Syed and Schierwater 2002). The cell layers consist of an upper and
lower epithelium separated by inner, contractile “fibre cells” probably controlling
the amoeboid-like locomotion (Syed and Schierwater 2002). In the context of this
simple axial organization, it is surprising to find a complete set of components
required for functional Wnt or TGF-β signaling (conserved during bilaterian body
axis patterning) in the Trichoplax genome (Srivastava et al. 2008).
Phylogenetic analysis based on a large dataset from the sequenced genomes of
Trichoplax and other metazoans (Srivastava et al. 2008) favours the emergence
of Placozoa after the poriferan split (Borchiellini et al. 2001, Collins 1998, da
Silva et al. 2007) over a scenario based on mitochondrial sequences that groups
Placozoa with sponges and cnidarians as a monophyletic sister phylum to bilaterians (Dellaporta et al. 2006, Haen et al. 2007, Signorovitch et al. 2007). At present,
the position of placozoans as a sister group to all other metazoans is not supported
by any molecular phylogeny. Therefore, the apparent morphological simplicity of
placozoans evolved probably by secondary reduction. As an extracellular matrix
and basement membranes are present in homoscleromorph sponges, these features
were secondarily lost in placozoans.
The ANTP homeobox gene repertoire also indicates secondary losses in placozoans that might underlie morphological simplification. Genome sequencing
(Schierwater et al. 2008, Srivastava et al. 2008) identified some ANTP homeobox genes in addition to the previously described members of the Hox/ParaHox
(Trox-2) (Jakob et al. 2004), NK-like (Dlx, Hmx, Not) (Martinelli and Spring 2004,
Monteiro et al. 2006) and Extended Hox (Mnx) (Monteiro et al. 2006) families.
Altogether, however, the number of ANTP genes remains relatively low. Evidence
for ANTP gene losses includes the absence of some NK genes (msx, barH ), which
are present in sponges (Schierwater et al. 2008), and the assignment of single
members of large ANTP sublasses to distinct bilaterian/cnidarian gene families
(e.g. trox2 as a cnox/gsx ortholog within Hox/ParaHox subclass) (Monteiro et al.
2006, Schierwater et al. 2008). Either the distinct family is a founder family of
the entire subclass (improbable in the case of cnox/gsx), or, as already proposed
for sponges (see previous section), an extensive Hox/ParaHox genes loss occurred
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during the evolution of Placozoa (Jakob et al. 2004, Monteiro et al. 2006, Peterson
and Sperling 2007).
Many Trichoplax transcription factors (e.g. the T-box genes Tbx2/3 and
brachyury, or the paired box gene TriPaxB, a putative precursor gene of the sensory cell marker genes PaxA/B/C (Cnidaria), Pax2/5/8 and Pax4/6 (Bilateria)) are
expressed at the outer border of the animal, similar to the expression of RF-amide,
an abundant cnidarian neuropeptide (Martinelli and Spring 2003, Schuchert 1993).
This region includes many cells with unfamiliar morphologies that may represent ancestral neural or multipotent cell types that have diversified into different
cell types during the evolution of cnidarians and bilaterians (Jakob et al. 2004,
Martinelli and Spring 2003). The existence of putative neuronal precursor cells is
further supported by the presence of basic components for neurotransmitter synthesis, release, and uptake as well as for synapse formation, photoreception and the
electric transmission of stimuli in the Trichoplax genome.
Although placozoans are in some aspects clearly reduced, the structure of the
small Trichoplax genome (98 million base pairs) rather represents an ancestral
state. The high level of conserved linkage (synteny) between large Trichoplax and
vertebrate genomic regions, retention of ancient introns, and a high conservation
of intron-exon-boundaries oppose a secondary genomic reduction as found in the
C. elegans, Drosophila, or Oikopleura genomes. A better understanding of the
Trichoplax life cycle and cell type morphology will help elucidate whether cryptic developmental stages or so far undetected cell type diversity can account for the
relative complexity of the genome in terms of gene content and structure.

5.5 Cnidaria: A Simple Body with a Complex Genome
Cnidaria form a species-rich phylum of mainly marine animals, comprising
the classes Anthozoa (e.g. sea anemones and corals), Cubozoa (box jellyfish),
Scyphozoa (e.g. sea wasps) and Hydrozoa (e.g. Hydra) (Siewing 1985). Many
anthozoans and hydrozoans have complicated life cycles involving a ciliated planula larva (Nielsen 2001). In addition, all groups except the anthozoans have a
free-swimming medusa stage. Although the medusa is mainly considered to be a
secondary innovation, arising after the emergence of Anthozoa, secondary loss in
anthozoans is equally probable (Collins 2002). In contrast to their rather complex
life cycles, cnidarians display a simple body plan with two germ layers: ectoderm
and endoderm, separated by the acellular mesogloea consisting of extracellular
matrix. Cnidarians have a single body opening derived from the blastopore that
functions as both mouth and anus. At the opposite side of the planula resides a
ciliary apical tuft with presumptive sensory functions. Although simple radial symmetry is widespread among cnidarians, many anthozoans possess a long-known
second body axis (the “directive axis”) that runs orthogonal to the oral-aboral axis
and defines bilateral symmetry (Stephenson 1928). It is morphologically apparent
by the arrangement of muscles within endodermal folds (mesenteries) and by the
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positioning of longer cilia at either end of the slit-like pharynx (Siewing 1985,
Stephenson 1935). The homology of cnidarian and bilaterian axes is discussed in
a later section.
Overall, the cnidarian nervous system is considered to be simple and diffuse
(Bullock and Horridge 1965, Siewing 1985). However, a higher axonal concentration is found in the nerve ring of many medusae, and the rhopalia, a sensory structure
containing lens eyes and statocysts in the medusae of Cubozoa and Scyphozoa
(Nilsson et al. 2005, Piatigorsky and Kozmik 2004, Skogh et al. 2006). Molecular
studies on neurogenesis and the diversity and specification of neural cell types in
Cnidaria were mostly restricted to the freshwater polyp Hydra until recent work on
Nematostella started to shed light on nervous system development in anthozoan larvae (Marlow et al. 2009). More specific analyses of neural structure development
focused mainly on photosensory systems (Kozmik et al. 2003, Stierwald et al. 2004,
Suga et al. 2008) and the patterning of the apical organ (Matus et al. 2007, Pang
et al. 2004, Rentzsch et al. 2008). We believe that a better molecular understanding
of the development of the nervous system and the diversity of neural cell types in
cnidarians is the key to understanding the evolutionary innovations that led to the
complex nervous systems of many bilaterians.
Interest in the use of cnidarians for non-bilaterian developmental and genomic
studies is mainly due to the success of the freshwater hydrozoan Hydra vulgaris
as a model organism for axial patterning and stem cell research. In addition, the
last decade has seen the emergence of anthozoans (the brackish-water sea anemone
Nematostella vectensis, and the marine coral Acropora millipora), cubozoans
(Tripedalia cystophora) and hydrozoans (the marine Hydractinia echinata, Clytia
hemisphaerica, Podocoryne carnea) for comparative genomic and developmental
studies.

5.5.1 The Nematostella Genome
The sequencing of the Nematostella genome has confirmed previous assumptions
based on Nematostella and Acropora EST analyses that the anthozoan genome is
more complex than some bilaterian genomes (Kortschak et al. 2003, Miller and
Ball 2008, Miller et al. 2005, Putnam et al. 2007, Technau et al. 2005). For example, Nematostella has more genes and a larger genome than insects and nematodes
(Miller and Ball 2008). Furthermore, its genome encodes representatives of all bilaterian signalling pathways and of almost all transcription factor families (Larroux
et al. 2008, Putnam et al. 2007, Ryan et al. 2006, Technau et al. 2005). In some
cases (Wnt ligands and antagonists or BMP antagonists), Nematostella shares more
orthologues with vertebrates than with insects or nematodes (Kusserow et al. 2005,
Matus et al. 2006a, Rentzsch et al. 2006). On the other hand, several Fox genes
appear secondarily lost in Nematostella (Larroux et al. 2008). Also, the cnidarian
genome seems to be as complex as those of many bilaterians: in conserved genes,
about 80% of human gene introns are conserved in Nematostella genes (considerably more than in C. elegans or Drosophila) (Putnam et al. 2007). The high
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complexity of the Nematostella and bilaterian genomes in terms of gene content
and architecture supports a morphologically complex cnidarian-bilaterian ancestor.
However, considerable morphological differences of cnidarian and bilaterian body
plans have made comparisons difficult so far. In the following sections, we highlight
several examples where comparing conserved patterning systems shed light on the
origin of putative bilaterian-specific features (e.g. the bilaterian body axes or the
mesoderm) from a cnidarian-bilaterian ancestor.

5.5.2 Cnidarian BMP Patterning and the Evolution
of the Bilaterian Dorso-Ventral Axis
The secreted bone morphogenetic proteins (BMPs) and their antagonists Chordin,
Noggin, Gremlin and Follistatin have prominent and conserved roles in bilaterian
dorso-ventral patterning (Grunz 2004). The neurogenic side of the embryo (ventral
in protostomes and dorsal in vertebrates) expresses BMP antagonists, whereas the
opposite side secretes BMP ligands. In contrast to bilaterians, a spatially antagonistic expression of anthozoan BMP agonists and antagonists along one axis is not
discernable (Arendt and Nübler-Jung 1997, De Robertis and Sasai 1996). Whereas
anthozoan BMP2/4 and BMP5/6/7/8 are expressed asymmetrically along both the
directive axis (on one side of the blastopore and pharynx) and the oral-aboral axis
(restricted to the oral side) in early stages, later expression is only restricted to
one side of the directive axis (Hayward et al. 2002, Matus et al. 2006b, Rentzsch
et al. 2006). Although both Nematostella Chordin and Gremlin proteins can antagonize Nematostella BMP2/4 in the heterologous zebrafish system, they are expressed
inconsistently: while gremlin is the only described antagonist opposing bmp2/4
expression along the directive axis, chordin expression, like that of noggin, largely
overlaps bmp2/4. The radial expression of the follistatin antagonist expession further
refutes a spatially clear agonist-antagonist situation (Matus et al. 2006a, b, Rentzsch
et al. 2006). As most antagonists are also restricted to the oral side of the gastrula –
just as BMPs are – a clear antagonism along the oral-aboral axis is also not observed.
In general, the inconsistent expression with respect to any Nematostella axis suggests a spatially complex regulation of BMP signalling and questions the patterning
of a single anthozoan axis by a clear, bilaterian-like BMP antagonism (Rentzsch
et al. 2006). Rather, the recruitment of BMPs and their antagonists to pattern the
dorso-ventral axis appears to have evolved after the bilaterian-cnidarian split. These
results therefore imply no direct homology between the bilaterian dorso-ventral and
any cnidarian body axis.

5.5.3 Cnidarian Hox Genes and the Evolution
of the Antero-Posterior Axis
Besides the analysis of signalling pathways, the comparison of Hox gene expression may elucidate the relation of cnidarian and bilaterian axes. The Hox cluster is
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a prominent example of a conserved antero-posterior patterning system in Bilateria,
where the position of genes within the cluster reflects the relative expression
site along the antero-posterior axis in the fly and vertebrate trunk (McGinnis
and Krumlauf 1992). Bilaterian Hox genes are commonly grouped according to
their relatedness into an “anterior” group (Hox1-2), a Hox3 group, a “central”
group (Hox4-Hox8) and a “posterior” group (Hox9-13) (Garcia-Fernàndez 2005).
Although cnidarians possess putative Hox gene homologs, their genomic structure
and expression differ significantly from bilaterians:
• Nematostella possesses clear orthologs of “anterior” Hox genes, but no Hox3
ortholog. In earlier studies, some Nematostella Hox genes were assigned to “posterior” Hox genes (Hox9-13) (Finnerty and Martindale 1999, Finnerty et al.
2004), but more recent studies indicate that these genes have affinities to both
“central” (Hox4-8) and “posterior” Hox genes without any clear orthology
relationship (Chourrout et al. 2006, Ryan et al. 2006).
• The chromosomal linkage in Nematostella between a Hox gene and the nonHox genes Evx, Mnx and rough is more or less conserved in bilaterians, but all
other clustered Hox genes in the Nematostella genome appear to be the result of
lineage-specific duplications (Chourrout et al. 2006, Kamm et al. 2006). Hence,
a Hox cluster comparable to bilaterians is absent in Nematostella. Although there
is local scrambling, the Nematostella genome shows a strong conservation of
linkage groups with Bilateria (Putnam et al. 2007). It therefore seems unlikely
that the absence of a Hox cluster is due to a secondary, lineage-specific disruption
of an ancestral Hox cluster in Cnidaria.
• Most cnidarian Hox genes show endodermal expression (Finnerty et al. 2004,
Ryan et al. 2007). In contrast, most bilaterian Hox genes are expressed in the
ectoderm.
• Most Nematostella Hox genes show staggered expression – at most – along the
directive axis, while only a few are differentially expressed along the oral-aboral
axis (Finnerty et al. 2004, Ryan et al. 2007). Also, the expression of orthologous genes does not appear to be evolutionarily conserved in the planulae of the
anthozoan Nematostella and the hydrozoans Podocoryne and Eleutheria; orthologues can be expressed at opposite poles of the oral-aboral axis (Finnerty et al.
2004, Kamm et al. 2006, Masuda-Nakagawa et al. 2000, Yanze et al. 2001). This
refutes an evolutionarily conserved mode of Hox patterning along the cnidarian
oral-aboral axis.

5.5.4 The Homology of Body Axes Between Cnidaria and Bilateria
These fundamental differences between bilaterian and cnidarian Hox genes do not
rule out a general role for cnidarian Hox genes in axial patterning, but they do not
support a direct homology of the bilaterian antero-posterior axis to the oral-aboral
or the directive axis in cnidarians. Similarly, other bilaterian axial markers such
as BMPs and their antagonists (see above), the dorsal-anterior marker goosecoid,
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which is expressed in the Nematostella oral endoderm on both ends of the directive
axis (Matus et al. 2006a), or orthologues of the anterior marker otx, which are
expressed radially along the entire oral-aboral axis, allow for the same conclusion
(de Jong et al. 2006, Mazza et al. 2007). The reason why no axis can be directly
homologized between cnidarians and bilaterians might be the evolutionary innovation of the bilaterian trunk. In cnidarians, the initial axis running from the blastopore

Fig. 5.4 Evolution of the bilaterian trunk and body axes. Ontogenetic comparison between
Nematostella (a, b), Platynereis (c–e) and Xenopus (f–h) (Keller 1975) as representatives of
Cnidaria, Protostomia and Deuterostomia to explain the evolution of the trunk and main body axes
in Bilateria (based on Arendt 2004, Arendt and Nübler-Jung 1997, Denes et al. 2007, Shankland
and Seaver 2000, Steinmetz et al. 2007). Selected species are considered relatively ancestral
and prototypic but do not represent stem species of phyla. Note that in early bilaterian embryos
(c, f), the blastopore margin (thick black lines) unifies ventral (green), posterior (blue) and dorsal
(orange) fates that get separated by convergent extension movements (d, e, g, h). Also note the
bending of the initial apical-blastoporal axis (dotted arrow) by the passive anterior tilting of the
head (yellow) due to the proliferation and convergent extension of the 2d descendents that form
and elongate the trunk. Orange and blue colouring of the blastopore rim in cnidarians represents
the region on one end of the directive axis homologous to the trunk-forming region of Bilateria.
Purple: endoderm and mesoderm. Brown: organizer region
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to the opposite, apical pole, gives rise directly to the oral-aboral axis (Keller et al.
2000, Nielsen 2001). This is not the case in bilaterians, where the early apicalblastoporal (AB) axis is not directly comparable to the bilaterian antero-posterior
(AP) or dorso-ventral (DV) axes. The single bilaterian AB axis often transforms
into the AP and DV axis by gastrulation movements such as convergent extension
(Fioroni 1992, Keller et al. 2000, Steinmetz et al. 2007). For example, the neuroectoderm adjacent to the early “organizer” regions at the blastopore margin of fishes
or frogs gives rise to both anterior brain and posterior spinal chord (Hirose et al.
2004, Keller 1975, Woo and Fraser 1995). Also in protostome spiralians, the 2d
blastomere is localized at one end of the early blastopore rim, and gives rise to
the entire trunk ectoderm (Ackermann 2002, Nielsen 2004, Shankland and Seaver
2000). The fate of the blastopore, although considered to be conserved in bilaterians
and cnidarians, differs and gives rise to the anterior mouth in deuterostomes, the posterior anus in protostomes, or both mouth and anus in “amphistome” animals, e.g.
some annelids or nematodes (Arendt and Nübler-Jung 1997, Holland 2000, Nielsen
2001). Therefore, the apical-blastoporal axis of Bilateria is in fact as difficult to
compare to the definite AP and DV axes as the apical-blastoporal (=aboral-oral)
axis of Cnidaria (see Fig. 5.4).
In turn, this implies that it is the apical-blastoporal axes of cnidarians and bilaterians that might be truly homologous. Indeed, such a homology is supported by
the conserved expression of brachyury (Technau 2001), forkhead (Fritzenwanker
et al. 2004) and several Wnts (Kusserow et al. 2005) at the blastopore, the nuclear
localization of β-catenin at the endoderm invagination site, and the capacity of
the blastopore rim to induce a second apical-blastoporal axis (Kraus et al. 2007).
The conflicting positions of the blastoporus at the cnidarian animal pole and the
bilaterian vegetal pole is easily explained by the independent repositioning of the
pronucleus, defining the animal-vegetal axis, in cnidarians or bilaterians (Lee et al.
2007, Martindale 2005). The hypothesis of axial evolution can further be tested
by comparing the early cnidarian oral-aboral patterning with apical-blastoporal
patterning in pre-gastrula stages of bilaterians.

5.5.5 Cnidarians and the Evolution of Mesoderm
Another example of how the ancestral components of newly acquired features can
be detected by comparing cnidarian and bilaterian development is the origin of
mesoderm, the third germ layer in bilaterians, from a bilayered cnidarian-bilaterian
ancestor. Although a mesoderm proper is absent in cnidarians, they possess muscle cells, a main derivative of the mesoderm in Bilateria (Siewing 1985). Several
general cnidarian muscle types can be discerned: the “myo-epithelial” type that is
ubiquitous in cnidarians and combines contraction with additional sensory, secretory or digestive functions; and the more specialized muscle cell types in hydrozoan
medusae and anthozoan polyps that often appear “striated” due to intracellular serial
repetition of contractile units (Amerongen and Peteya 1980, Schuchert et al. 1993,
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Siewing 1985). The comparison of cnidarian and bilaterian muscle structural genes
will allow the debated evolutionary relationship between the bilaterian smooth and
striated muscle types and the cnidarian muscle types to be clarified.
Cnidarians and bilaterians not only share a similar “mesodermal” derivative –
muscle tissue – but also many transcription factors with specific roles during bilaterian mesodermal and muscle patterning. In the hydrozoan Podocoryne carnaea,
the mesodermal specification genes twist, mef 2 (Spring et al. 2002) and msx (Galle
et al. 2005) are also expressed in the “entocodon”, an ectodermal cell mass proliferating between ecto- and endoderm during medusa formation in hydrozoan polyps.
The entocodon develops into smooth and striated muscles and has been proposed
to be a cnidarian homolog of the bilaterian mesoderm (Seipel and Schmid 2005).
However, the entocodon is adult tissue that forms during non-sexual reproduction
and therefore barely classifies as a third embryonic germ layer. Also, scyphozoan
and cubozoan medusae develop muscles without entocodon (Burton 2007).
In Nematostella, several “mesodermal” transcription factors (mef 2, twist, gata,
muscle-LIM) are differentially expressed in the endoderm of the planula larva
(Martindale et al. 2004). In anthozoans, most of the endoderm consists of myoepithelial cells, while more specialized muscles such as pharynx retractor muscles
form together with germ cells in the “mesenteries”, which are endodermal folds
reaching into the body cavity (Siewing 1985). Functional analysis of conserved
“mesodermal” transcription factors and the comparison with bilaterian orthologs is
necessary to determine the extent of conservation between the gene regulatory networks governing bilaterian and cnidarian muscle and mesoderm development. As
one hypothesis proposes that mesoderm evolved as a continuation of endodermal
folding between ectoderm and endoderm, as can still be observed in bilaterians with
enterocoelic mesoderm formation (e.g. Amphioxus, sea urchins, hemichordates,
pogonophore annelids) (Arendt 2004, Remane 1950, Sedgwick 1884, Tautz 2004),
it will be particularly interesting to compare the patterning and morphogenesis of the
mesenteries between Nematostella and bilaterians. Alternatively, mesoderm might
have evolved from endodermal cells that became mesenchymal as found in many
extant spiralians (Technau and Scholz 2003).

5.5.6 “Cryptic” Complexity in Cnidarians?
In general, cnidarians appear morphologically simple at first sight. Therefore, the
discovery that the Nematostella genome appears more complex than of insects or
nematodes was surprising. However, a closer look reveals that the morphology of
some cnidarians such as anthozoans might not be as simple after all: the presence
of regulative development, a planula larva and two asymmetric body axes are all
signs of complex development. Also, more cell types might remain to be described
by molecular techniques that were so far not morphologically distinguishable. For
example, the number of neuronal cell types might substantially increase as a result
of investigations of the differential localisation of neurotransmitter receptor and
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ligands. Also, cnidarians have independently expanded some gene families, such as
light-perceiving opsins (Suga et al. 2008) or muscle contraction-regulating myosin
light chains (unpublished) that might have led to an independent increase of cell
types in some cnidarian lineages.

5.6 Ecdysozoans: Going Beyond the Established Systems
Ecdysozoans comprise a superphylum of molting animals that include, among
others, nematodes, arthropods and priapulids (Aguinaldo et al. 1997) (also see
Chapter 4). Two of the best-studied model systems of molecular biology – the nematode Caenorhabditis elegans and the fruitfly Drosophila melanogaster – belong to
the ecdysozoans. Driven by the availability of powerful genetic tools, these two
models have had an enormous impact on biological research, covering a broad range
of topics that reaches from basic cellular principles to systems analyses. The significance of these studies for our understanding of biology remains undisputed. As
outlined already above, however, more and more evidence challenges the unspoken
assumptions that these findings are representative for the majority of invertebrates,
or that they provide direct approximations of the processes prevailing in a simple
animal predecessor. In contrast, these data suggest that some of the more simple features displayed by extant ecdysozoan models are the result of secondary
simplification of ancestrally complex characters.
Notwithstanding the restricted retention of ancestral complexity, several ecdysozoan groups have evolved fascinatingly complex characters. For instance, the
Drosophila Down syndrome cell adhesion molecule (Dscam) gene is an intron-rich
gene that displays the highest number of splice variants identified in any species to
date (Schmucker et al. 2000). In Drosophila melanogaster, Dscam isoforms appear
to convey specific identity to migrating neurons, and mediate homophilic repulsions,
an important prerequisite for the establishment of neural circuits. Dscam transcripts
also display high diversity in related groups, including the crustacean Daphnia, suggesting that the cellular diversity mediated by Dscam alternative splicing could be
a more basal arthropod feature (Brites et al. 2008). In contrast, vertebrate Dscam
orthologs do not seem to undergo extensive alternative splicing, even though they
also appear to be involved in homophilic interactions (reviewed in Hattori et al.
2008).
Examples like this illustrate that the evaluation of animal complexity, even when
analysed on a quantitative molecular basis, needs to distinguish between the conservation of ancestral complexity and secondarily gained features of complexity. As
it is still unclear how these two types of changes relate to one another, complex
features of a given species or group will always have to be assessed for their evolutionary time of origin. It is also noteworthy in this context that both insects and
nematodes are among the most diverse animal groups, with insects being the most
species-rich group of all animals (Brusca and Brusca 2003). Despite several lost features of complexity, insects have thus evolved broad ranges of new morphological
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complexity and variation. In the marine context, however, the diversity of insects
is only moderate. Other ecdysozoan groups, including crustaceans and free-living
nematodes, are more abundant in the sea, but suitable marine models and molecular
data for these groups are still scarce.
One emerging marine model system among the arthropods is the amphipod
Parhyale hawaiiensis, a developmental model species that is also subject to directed
genome sequencing. In Parhyale, unlike the conventional arthropod model systems,
early cleavages are total, unequal and invariant (Gerberding et al. 2002). Therefore,
early patterning processes act in a fundamentally different context than in the insect
model Drosophila, where early nuclear divisions generate a syncytium in which patterning molecules can diffuse. Future genetic analyses are thus necessary in order to
reveal the extent to which the genetic machineries in arthropods are actually related.
Such studies can rely on a growing repertoire of tools, including cell lineage tracing (Gerberding et al. 2002) and transgenesis (Pavlopoulos and Averof 2005). By
allowing comparisons between distant arthropod taxa, these studies will also permit a clearer view of how complex the ancestral patterning machinery at the base
of arthropods was. Likewise, studies in Parhyale reveal ancestral aspects of leg patterning in pancrustaceans, and thus provide data for the comparison – and ultimately
the evolution – of the respective gene regulatory networks (Prpic and Telford 2008).
Most of these studies can follow a candidate gene approach, yet a more unbiased
view of the genetic constitution of amphipods will rely on genomic sequencing.
Whereas the Parhyale genome is very large (3.6 Gbp), the smaller-sized genome
(690 Mbp) of a related amphipod, Jassa slatteryi, has recently been proposed for
genome sequencing and shall provide such unbiased insights into the amphipod
genome.

5.7 Lophotrochozoans: An Evolutionary Branch Leading
to New Perspectives
As outlined in Chapter 4, lophotrochozoans are an animal superphylum that combines, among others, molluscs and annelids (Halanych 2004, Halanych et al.
1995), and – along with the ecdysozoans – represents a large share of the protostomes. Although lophotrochozoans represent a major branch of eubilaterian
evolution, they have for a long time remained relatively poorly covered by molecular descriptions, mostly owing to the success of ecdysozoan species (Caenorhabditis
elegans, Drosophila melanogaster) as molecular genetic model systems. In recent
years, expressed sequence tag- (EST), bacterial artificial chromosome- (BAC) and
full genome-sequencing projects have started to close this gap by exploring the
genomic repertoire of lophotrochozoans. Although none of the genome projects
has so far been published, the emerging data already provide interesting facets of
lophotrochozoan biology that are also of relevance for the understanding of animal
complexity.
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5.8 Aplysia: From Neural Circuits to Neurotranscriptomics
Molluscs comprise one of the largest phyla in the animal kingdom, second only
to arthropods (Brusca and Brusca 2003). Many of the mollusc species are marine.
Moreover, molluscs comprise the cephalopods, which are counted among the most
highly evolved invertebrates. The sea hare, Aplysia californica, has become a classic model system for neurobiology, primarily due to the pioneering analyses on the
setup and modulation of its simple neural circuitry, and the molecular mediators
of learned behaviour (reviewed in Kandel 2001). The analysis of the Aplysia nervous system is greatly facilitated by the large and easy-to-recognize neurons of this
species, some of which reach a diameter of 1 mm. A recent study made use of the
size of these cells for RNA extractions to determine specific transcriptomes of the
Aplysia nervous system. Specific libraries were generated from single types of neuron, for example the metacerebral cells (MCC) or even its neurites (Moroz et al.
2006). As a complementary approach to the ongoing Aplysia genome sequencing project, this EST sampling already revealed many interesting components.
Indicative of the general mollusc gene repertoire, the search revealed additional
genes missing from the representative ecdysozoan models, such as the zinc finger
transcription factor churchill (also described in Kortschak et al. 2003), P2X receptor
genes involved in pain sensing and forms of long-term synaptic plasticity, selenoprotein N homologs or major vault proteins with RNA binding capacity. Moreover, the
sequences uncovered correlates of DNA methyl transferase 1, DNA methyl transferase associating protein, and the transcriptional repressor Methyl-CpG binding
Domain Protein 2. The combination of these factors suggests that Aplysia, in contrast to Caenorhabditis elegans or insects, possesses a CpG methylation pathway,
representing an independent route to gene regulatory complexity in this species.
This EST dataset can now be used to determine the cell-type-specific transcriptomes that will for instance allow the differences between two neuron types to be
studied, or between neurons before and after stimulation. These data will not only
be interesting for the particular neurobiological question, but will also have wider
implications for the comparison of complexity: currently, it is unclear how easily
new cell types can arise in evolution, and how many distinct molecular characteristics it takes to generate cell types of separate function. Moreover, a transcriptomic
approach to define cell types could add a more quantitative and objective component
to the analysis of cell type complexity, as this typically depends on more subjective
measures. Empirical values for the molecular distinctions of individual cell types
could in turn also provide new means to assess the evolution of cell types.

5.9 Platynereis: Ancestral Complexity of Cells
and Genomic Features
Over the last decade, the marine annelid worm Platynereis dumerilii has begun to
emerge as suitable model species for molecular evolutionary comparisons. Current
molecular resources include high-quality sequences for more than 70,000 ESTs and
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selected BAC sequences, with additional efforts directed towards the generation of
a comprehensive EST dataset and a finished whole-genome sequence by the end of
2010. Moreover, Platynereis has a long history as an experimental model system,
and gene delivery and gene interference tools are currently being established, adding
to the available techniques for high-resolution gene expression studies (Jekely and
Arendt 2007, Tessmar-Raible et al. 2005).
Based on the available EST and BAC sequences, a subset of the Platynereis transcriptome and genome has recently been used for a first systematic assessment of its
gene structure and the evolution of its proteome. This study found a remarkable similarity between Platynereis and human genes, both with respect to their exon/intron
organisation and concerning the speed with which the encoded proteins are evolving
(Raible et al. 2005). These data provided for the first time evidence for the ancestrality of a large share of human introns, a notion that has since also been confirmed
by the genomic analyses in the cnidarian Nematostella (Putnam et al. 2007). One
illustrative example for this phenomenon and possible impacts on the evolution of
regulatory complexity is provided by the analysis of the pax6 gene. One of the key
functions of the product of this gene lies in the specification of cells involved in the
protostome and deuterostome photoreceptive systems (reviewed in Kozmik 2005).

Fig. 5.5 Complex ancestral gene structures and the splicing potential of regulatory genes. Distinct
pax6 variants (yellow and purple backround, respectively) differ in the integrity of the N-terminal
DNA binding domain and are preferentially associated with growth and patterning, respectively.
Vertebrate variants are generated as splice isoforms, making use of the separation of the N-terminus
into two exons, one of which encodes most of the N-terminal PAI domain that is structurally
changed upon insertion of the additional 5a exon (asterisk). In contrast, Drosophila possesses distinct sets of orthologues lacking the respective intron site. Comparative analysis of the Platynereis
pax6 locus (middle) indicates that the intron (black arrowheads) within the N-terminal region (PAI)
of the PAIRED domain is ancestral for Bilateria and was secondarily lost in the four Drosophila
pax6 orthologs (left). Therefore, one alternative scenario is that Urbilateria already generated a
functional equivalent of Pax6(5a) (marked by “?”) that became fixed as independent variants in the
fly genome, but is subject to alternative splicing in both annelids and vertebrates
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Moreover, mice deficient for this gene have demonstrated an essential role for pax6
in the differentiation of glucagon-secreting alpha cells of the pancreas (St-Onge
et al. 1997). As an example of the remarkable conservation of gene structures in
Bilateria, the Platynereis pax6 gene contains an intron in the PAIRED domain at the
precise site where it is found in vertebrates (see Raible et al. 2005 and Fig. 5.5). This
intron is instrumental in the generation of two functionally divergent splice variants
in vertebrates, but is absent from the genomes of the ascidians Ciona and Phallusia,
and has therefore traditionally been assumed to be a vertebrate innovation (Callaerts
et al. 1997). The data from Platynereis suggest that the ancestral eubilaterian pax6
locus already possessed the necessary introns for generating alternative splice variants at this site. There is not yet any experimental evidence for the existence of
a specific splice variant in Platynereis. In keeping with this possibility, however,
the two sets of orthologues observed in Drosophila are mainly distinct in their
N-terminal portion, consistent with the fixation of ancestral splice variants in the fly
genome (Fig. 5.5). Moreover, vertebrate Pax6(5a) can substitute for the Drosophila
eyg gene (Dominguez et al. 2004), indicating a functional equivalence that has so far
been regarded as the product of parallel evolution. Notably, a recent report describes
the isolation of alternative splice variants in Amphioxus that are compatible with the
notion of an ancestral splice event in the PAIRED domain predating the evolution
of vertebrates (Short and Holland 2008).

5.10 Alternative Splicing: Modulating the Basic Layers
of Genomic Complexity?
Besides the specific example outlined above, the repeated finding of complex gene
structures at the base of animal evolution raises a more general question concerning
the evolution of transcriptome complexity and its relationship with animal complexity. From early genome measurements, as well as from the first whole-genome
projects, it became clear that neither genome size nor the number of proteincoding genes correlate well with the assumed morphological complexity of different
animals: complex metazoans can have smaller genomes than protozoans (c-value
paradox) and the total gene number in complex vertebrates is not fundamentally
higher than in invertebrates (the n- or g-value paradox) (Claverie 2001, Hahn and
Wray 2002). Alternative splicing provides a direct way to modulate the complexity
of a proteome irrespective of changes in gene number (reviewed in Maniatis and
Tasic 2002), and therefore is an attractive candidate for mediating cell type complexity. Whereas it is difficult to capture the full extent of alternative transcripts in
any organism, first global analyses at least indicate that even between closely related
species such as humans and chimpanzees, there are significant changes in the splicing of 6–8% of orthologous exons (Calarco et al. 2007). As this is a significant figure
compared to the few documented cases of gene gain/loss between the two species
(Chimpanzee Sequencing and Analysis 2005), this suggests that changes in alternative splicing could well contribute to changes in complexity between species, or
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even contribute to speciation itself. Comparison of alternative splice variants over
larger evolutionary time scales has so far been limited by the restricted coverage of
splice variants in given model systems (Boue et al. 2003, Brett et al. 2002), and
cases such as the aforementioned isoform diversity of Dscam in pancrustaceans
rather seem to point towards mainly independent expansion of splice variants in
different lineages. As the issue of coverage might soon be less relevant due to the
technological progress in high-throughput sequencing, it will be interesting to see
if there are systematic differences in the extent of alternative splicing in species of
different organizational level.

5.11 Sea Urchins: Unexpected Functional Repertoires
at the Base of Deuterostomes
Sea urchins are among the oldest experimental model systems used by marine biologists. In the second half of the twentieth century, experimental approaches have
been taken to the biochemical and molecular levels, with seminal work focusing
on the elucidation of transcriptional regulatory networks. The purple sea urchin,
Strongylocentrotus purpuratus, has thereby become a major model system for the
analysis of developmental gene-regulatory networks. The recent sequencing of
the Strongylocentrotus genome (Sea Urchin Genome Sequencing et al. 2006) has
boosted experimental research in the urchin, and also provided first insights into an
echinoderm genome. Three aspects are of particular relevance in the context of this
chapter: first, the sea urchin genome draft displayed an unprecedented number of
genes that – judged by their domain composition – are likely to be associated with
innate immunity, including 222 Toll-like receptors, more than 20 times the number
found in the human genome (Hibino et al. 2006, Rast et al. 2006). Although direct
functional assays have not yet been performed on these receptors, the numbers suggest that the family has undergone dramatic secondary expansion in the evolutionary
lineage leading to sea urchins. Similarly, the sea urchin genome contains hundreds
of fast-evolving G-protein coupled receptors (GPCRs) that, based on their mode of
organisation and their expression patterns, are likely to be chemosensory receptors
(Raible et al. 2006). By analogy to the immune-related genes, the dramatic expansion of the sensory GPCR family contradicts the old notion that the sea urchin would
only possess a rudimentary sensory repertoire.
A third, fundamental aspect about the sea urchin genome is that it encodes
both a bilaterally symmetric larval form and a fundamentally different structure,
the radially symmetric postembryonic body whose cells replace most of the larval
structures. Hence, the programs of two different body plans are encoded in the same
genome. How this is achieved, is still not properly understood, as few studies have
attempted to analyse the activity of genes in postembryonic development. What has
been revealed by transcriptome profiling studies, however, is that nearly 80% of the
transcription factors encoded in the sea urchin genome are already active during
embryogenesis (Howard-Ashby et al. 2006), as are a similar proportion of genes
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associated with signalling processes (Samanta et al. 2006). These data thus support
the idea that dramatically different body plans can be generated by the differential
use of the same components, and caution against a simple link between gene content
and complexity of genomic regulatory programs.

5.12 Lancelets and the Chordate Prototype
The lancelets, also known as Amphioxus or Branchiostoma, are a small group
of cephalochordates that have a long tradition as model systems. Due to their
intermediate phylogenetic position between the non-chordate deuterostomes and
the vertebrates, cephalochordates form a very informative group for evolutionary
comparisons, and have traditionally served to trace back the origin of many vertebrate features (reviewed in Garcia-Fernàndez and Bentio-Gutiérrez 2009). Lancelets
share important features with vertebrates, such as the dorsal nerve cord, as well as
a notochord that lends stability to the swimming larvae, but they lack the vertebral column that protects the dorsal nerve cord in vertebrates. Moreover, lancelets
possess a perforated pharynx (pharyngeal slits) and bilateral blocks of segmented
muscle called myomeres that can be well compared with the somitic myotomes in
vertebrates. In turn, limbs, neural crest cells, paired sensory organs and an elaborate anterior brain are missing in amphioxus, consistent with a later evolutionary
emergence of these features.
On the molecular level, the recently published genome of Branchiostoma floridae (Holland et al. 2008, Putnam et al. 2008) continues a very interesting series
of individual studies that shed light on molecular evolution along the deuterostome – chordate – vertebrate lineage: Findings like the discovery of a single Hox
cluster in Branchiostoma (Garcia-Fernàndez and Holland 1994), in comparison to
the four Hox clusters typical for vertebrates, already suggested that cephalochordates still reflect a “primitive” genomic condition before the occurrence of two
rounds of whole-genome duplications (“2R hypothesis”). Likewise, the discovery
of an intact Para-Hox cluster in Branchiostoma (Brooke et al. 1998), in contrast to
degenerated Para-Hox clusters in other systems, provided evidence that the lancelet
genome likely had preserved ancestral characteristics that secondarily changed in
other lineages. This trend has recently been confirmed by the whole genome analysis of Branchiostoma. This analysis uncovered a remarkable degree of syntenic
relationships between lancelet gene loci and their counterparts in the vertebrates.
Among others, the comparison between the lancelet and human genome allows for
the detection of macro-synteny between their chromosomes, suggesting a set of at
least 17 linkage groups in the chordate ancestor (Putnam et al. 2008). The presence
of four vertebrate relatives for each of these regions is additional support for the
“2R hypothesis”, and also emphasizes the status of the Branchiostoma as a good
representative of the more primitive chordate condition.
Another remarkable finding in the Branchiostoma genome was the existence
of more than 50 non-coding elements that were highly conserved with vertebrate
genomes (Putnam et al. 2008). This number already excludes conserved features in
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the UTRs of genes, and is speculated to comprise ultraconserved enhancer elements.
More than 3,000 of such elements have already been identified by genome comparisons among vertebrate species and seem to primarily act during development
(Pennacchio et al. 2006, Woolfe et al. 2005). The ability to assess the regulatory
potential of these elements in heterologous systems such as the mouse (Holland et al.
2008) now opens exciting possibilities to test if they might represent key regulatory
connections of pan-chordate relevance.

5.13 Ascidians: Changes and Constants in Developmental
Programmes
The ascidian Ciona intestinalis is a very interesting species for the comparison of
animal complexity. Phylogenetic analyses demonstrate that tunicates are the closest
relatives of vertebrates (Delsuc et al. 2006, 2008), implying that they are suitable
models for testing the evolution of vertebrate characters. Notably, whereas Ciona
possesses a tadpole-type larva, similar to those of chordate vertebrates like the frog,
the number of cells of this larva is only around 2,600, at least an order of magnitude less than what is found in vertebrates. In addition, the Ciona genome is only
5% of the size of the mouse genome. So, in comparison with vertebrate systems,
Ciona seems to generate a similar level of larval organizational complexity using
less non-coding DNA and cell types. Comparison of regulatory processes in Ciona
and vertebrate model systems therefore holds a lot of potential for the understanding
of regulatory complexity and developmental plasticity.
As early gene expression patterns in Ciona can be routinely mapped with cellular
resolution (Tassy et al. 2006), and functional tools also exist for Ciona, it is not only
possible to analyse and compare the expression of developmental marker genes in
Ciona, but also to systematically assess the function of Ciona genes. This combination of high-resolution gene expression data and functional techniques makes Ciona
a powerful tool for the analysis of developmental gene-regulatory networks in a
simple marine chordate, information which can then be compared with other clades
(Imai et al. 2006, Satou and Satoh 2006, Shoguchi et al. 2008). Importantly, such
comparisons have revealed different extents of conservation among chordate generegulatory networks. Some components seem to act in similar ways in both ascidian
and vertebrate embryogenesis. For instance, a fibroblast growth factor signal triggers the expression of the T-box transcription factor Brachyury and the formation of
the notochord in both systems, hinting at a conserved regulatory system orchestrating the development of this chordate character (Imai et al. 2002). Likewise,
effector genes encoding structural notochord components like type II collagen or
proteoglycans are conserved between Ciona and vertebrates (Hotta et al. 2008). In
contrast, upstream regulators of this process and their interconnections seem to differ more dramatically between the systems (Imai et al. 2006, Lemaire 2006). The
apparent contrast between conserved and divergent aspects of gene regulatory networks raises the question how “hard-wired” early developmental programmes are,
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and why certain levels of developmental programmes seem to tolerate more changes
than others. As the ultimate functional “output” of these programmes, the swimming
tadpole, appears to be remarkably stable, the answers to these questions probably
also provide insights into the molecular correlates of morphological and cellular
complexity.

5.14 Perspectives
As the examples covered in this chapter show, the study of new marine model
systems adds new and interesting perspectives to our understanding of animal complexity. As a complement to traditional characteristics of complexity, such as the
number of differentiated cell types, genomic approaches offer different measures
of complexity. On a basic level, these are the number of protein domains, genes,
introns and transcripts in a given organism that underlie its genetic networks. Such
features are straightforward to compare, and have helped to date the existence of
many domains, genes and introns back to more basal positions in diverse animal
groups. These, as well as additional findings, have several conceptual implications.
Loss of Ancestral Complexity as an Evolutionary Principle: The study of new
model systems recurrently finds evidence for features that were present in ancestral
genomes, yet were secondarily lost along certain evolutionary lineages. This helps
to readjust our view on animal evolution: apparently, loss of ancestral features is
part of the normal evolutionary process, just as gene duplication and modification
are plausible sources of new genomic complexity. The genes in question include
regulatory genes such as transcription factors, but also extracellular signals, factors
that – from functional analyses – are known to have significant impact on animal
development. It is therefore an intriguing question as to the role the apparent loss of
ancestral complexity has played in shaping the evolutionary process.
Differences in evolutionary speed: In addition to the existence of loss as a fundamental principle of evolution, we note that there are pronounced differences between
animal groups with respect to the extent of losses they display. Examples of this are
the slow evolutionary pace of annelids or cephalochordates, as opposed to the massive acceleration in ascidians. As these marine examples illustrate, the question of
fast vs. slow evolution is not coupled with whether or not a group occurs in the sea.
The new focus on marine species, however, helps to systematically fill important
gaps in the phylogeny of animals that contributes to our understanding of what are
ancestral, and what are secondarily acquired features.
Regulatory Networks: Much of the focus of modern genomic approaches has
been on the comparison of simple features, such as the presence or absence of genes
and introns. As discussed in the introduction, however, this level is only a first measure of complexity. How do the single entities work together to form regulatory
networks, and how does complexity on the level of network components impact on
the complexity of the resulting networks themselves? Questions of this type require
a combination of functional tools like gene interference coupled with expression
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analyses, e.g. by microarrays or high-throughput sequencing. As outlined above,
such experiments now become feasible in a limited set of marine model species
(like Ciona, Nematostella, sea urchin, Amphioxus, or Platynereis) and these experimental approaches should cast some light on the basic wiring, and thus complexity,
of regulatory networks in diverse phyla.
Molecular correlates of classical features of complexity: Another fundamental
question that still awaits future experimentation concerns the connection between
the new, molecular measures of complexity and the traditional measures of morphological complexity and cell type diversity. For instance, what are the molecular
correlates that enabled the evolution of multicellularity? Similarly, is the number of
differentiated cell types correlated with the complexity of developmental networks,
or is there an independent degree of “regulatory capacity” of an animal (e.g. depending on the individual mode of development). To date, our understanding of cell type
differentiation is limited to a few cases such as the lymphoid lineage, or pancreatic
beta cells. There is still much groundwork to do to identify the correlates of distinct cell types on the molecular level. In turn, such analyses could also determine
whether apparently identical cells in fact represent molecularly distinct cell types.
Evolution acting on different regulatory layers: More and more evidence indicates that non-coding DNA (previously referred to as “junk-DNA”) carries out
important regulatory functions: such as providing binding sites for transcriptional
regulators, being a substrate for epigenetic modifications, or producing non-coding
transcripts with regulatory function. Each of these aspects is of relevance for the
proper understanding of genomic and morphological complexity (Hahn and Wray
2002, Levine and Tjian 2003, Mattick 2007). For instance, modification of cisregulatory elements is associated with changes in complex pigment patterns in
the dipteran wing (reviewed in Prud’homme et al. 2007). Moreover, non-coding
microRNAs have emerged as a previously unknown layer of post-transcriptional
regulation. Given that many microRNAs are expressed in a tissue- or cell typespecific manner, they might be good indicators – or even determinants – of cellular
complexity. Several studies have tried to correlate the absence or presence of
microRNAs with the different extents of complexity in animals, with a trend towards
reproducing the assumed patterns of complex vertebrate microRNA repertoires versus poorer repertoires of more basally branching animals (Grimson et al. 2008,
Heimberg et al. 2008). Due the absence of comparable microRNA datasets from
the different groups, it is, however, difficult to assess to what degree experimental
coverage skews the outcome of such analyses.
New approaches to assess homology and morphological evolution: The revolution in sequencing technology, combined with the progress in the establishment of
new molecular model systems that can make use of the new sequence data, also pave
the way to re-approach many of the questions that were dealt with in pre-molecular
times. One fundamental impact concerns the more precise description of homology: As outlined above, the availability of molecular markers helps to distinguish
and compare tissues and cells on the molecular level, for instance to trace back
mesodermal features in cnidarians, and to discriminate – with fresh data – between
different scenarios concerning their relationship to tissues in other taxa. Moreover,
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on the basis of such comparisons, and with the help of the molecular toolboxes used
to dissect the developmental regulatory networks acting in these tissues, it also starts
to become possible to identify the molecular correlates involved in the emergence
and modification of body plans, and to study the molecular correlates of visible
morphological features. Ultimately, these lines of research therefore aim to provide
a link between the genome and the features it encodes and that traditionally have
been used to discriminate between species.
Understanding animal diversity: The new marine model systems outlined in this
chapter already significantly broaden our view of evolutionary principles, but still,
they represent only a very small subset of the wealth of species living in the ocean.
There is great potential for the use of the new genomic approaches to address questions related to the diversity of animal groups. On the one hand, sequence data
available for reference models allows us to address how phenotypic differences (e.g.
in form or colour) are encoded on the molecular level. On the other hand, there also
appear to exist intriguing differences in the genetic networks even between closely
related, morphologically similar species. In both fields, genomic techniques already
provide a very useful basis for molecular analysis, and also hold a lot of potential
for future studies. Such studies will hopefully help us to re-draw, at some point, a
more accurate version of Haeckel’s tree of life that reflects better the true origins
of the different animals, along with the evolutionary paths that brought them into
existence.
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Chapter 6

Genomics of Marine Algae
Susana M. Coelho, Svenja Heesch, Nigel Grimsley, Hervé Moreau,
and J. Mark Cock

Abstract The algae are an extremely diverse group of organisms from several
different perspectives; including their phylogeny, their basic biology and biochemistry, the range of complexity they exhibit and their adaptation to a large number of
different habitats. As a result, algal research touches on a broad spectrum of questions ranging from the importance of algae as key species in marine ecosystems to
algae as a source of novel biomolecules and bioprocesses. Two key developments
have accelerated research in this field over the past few years. The first is the application of high-throughput sequencing approaches both to whole genome sequencing
and to metagenomic exploration of marine environments. The second is the emergence of model organisms in several of the less well studied algal lineages. These
model organisms are important because they permit efficient application of genomic
approaches to these groups. This chapter will describe how genomic research is providing new insights into many aspects of algal biology and will attempt to outline
where this research is likely to lead in the future.
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6.1 What Are Algae?
The term “algae” does not have a precise taxonomic meaning and different authors
have used this term to refer collectively to different groups of photosynthetic organisms. It is, therefore, important that we begin this chapter by defining what we
mean by this term. Here we define algae as all photosynthetic eukaryotes other than
the embryophytes (or land plants; Keeling 2004). This definition does not include
photosynthetic prokaryotes. Nonetheless, it still covers a very broad range of taxa
because it includes all the groups of organisms from across the eukaryotic tree that
have acquired, by one means or another, a chloroplast. Note that, despite being
referred to as land plants, the embryophytes include some species that have returned
to the marine environment, such as seagrasses. We do not define these organisms as
algae, although they are discussed briefly later in the chapter.
The logic behind treating such a diverse collection of organisms as a group is
based on the origin of their plastids. The plastids of all eukaryotic algae are all
thought to be derived, either directly or indirectly, from a single primary endosymbiotic event that occurred in a common ancestor of the green, red and glaucophyte
algae (see below).

6.2 Why Algae Are Interesting
Algal research is motivated by a number of different aspects of the biology, ecology
and evolutionary history of this group of organisms. Many unicellular marine algae
are constituents of the phytoplankton and these organisms make important contributions to global geochemical cycles. Phytoplankton algae are also key primary
producers in marine food chains. Along with these essentially positive roles, algae
can also have a dark side, for example when toxins are produced by algal blooms.
In coastal ecosystems, red, green and brown macroalgae are usually the most obvious components, sometimes forming dense forests that cover an impressive area
of the seabed. These organisms represent a major component of coastal ecosystems,
being classified as ecosystem engineers (Coleman and Williams 2002). For instance,
large kelp forests not only act as sites of primary production, but also contribute
significantly to secondary production by marine food webs and provide habitats to
numerous animal and algal species (Duggins et al. 1989). The phylogenetic diversity
of the algae is also a major point of interest. Many algae occupy key phylogenetic
positions in the tree of life and can provide important insights into many of the
more ancient events that occurred during the evolution of the eukaryotes. This phylogenetic diversity is also of interest with respect to the general biology of these
organisms. As a result of their very divergent evolutionary histories the different
major groups of algae often exhibit innovations in terms of their metabolisms, cell
biology, morphology, life histories, etc. These diverse characteristics are of interest
both from a fundamental point of view and as a potential source of novel molecules
and procedures for a wide range of biotechnological applications.
In recent years, the application of genomic approaches has led to significant
advances in many areas of algal research. In many instances the application of
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genomic approaches has led to surprising and exciting new insights into algal biology. The following sections will look at several domains of algal research in detail
and will discuss the impact that genomic approaches have had in these areas.

6.3 Endosymbiosis and the Origins of the Algae
At first view it is surprising that algae are so widely dispersed through the eukaryotic tree of life; photosynthetic organisms are found in four of the six eukaryotic
“supergroups” (in the plantae, the chromalveolates, the excavates and the rhizaria,
but not in the opistokonts and the amoebozoa; Fig. 6.1). Considerable progress has
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Fig. 6.1 Acquisition of plastids through endosymbiosis during the evolution of the eukaryotes.
Thick bars indicate the evolutionary relationships between the groups shown; these are in grey
for lineages without plastids and in black for lineages with plastids. Horizontal arrows indicate the endosymbiotic events that led to plastid acquisition. 1. Primary endosymbiosis involving
the capture of a cyanobacterium by a heterotrophic ancestor of the Plantae group, 2. secondary
endosymbiosis involving the enslavement of either a red or a green alga, 3. tertiary endosymbiosis
involving the replacement of a plastid from a secondary endosymbiosis with another plastid also
derived from a secondary endosymbiosis, 2 . serial secondary endosymbiosis in which the process
of secondary endosymbiosis has occurred twice in the same lineage, the second event leading to the
elimination of the plastid from the first event. Note that the relationships between the major groups
of eukaryotes are poorly supported in many cases. There is accumulating evidence, for example,
that the Rhizaria fall within the Chromalveolate group (Yoon et al. 2008, Baldauf 2008)
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been made in recent years in understanding how this came about and genomic-scale
analyses have played an important part in this story (Reyes-Prieto et al. 2007). It is
generally thought that all plastids are derived from a single primary endosymbiosis involving the capture of a coccoid cyanobacterium by a heterotrophic eukaryote
about 1.6 billion years ago (Yoon et al. 2006; it should be mentioned here, however, that there is recent evidence for another independent, and more recent, primary
endosymbiotic event in the filose thecamoeba Paulinella chromatophora, Nowack
et al. 2008). The enslavement of the cyanobacterium involved a gradual reduction in
the size of the bacterial genome over evolutionary time, and transfer of the endosymbiont’s genes to the host nucleus. This process necessitated the evolution of a protein
targeting system allowing the proteins encoded by these genes to be transported into
the plastid across the two surrounding membranes.
The ancient primary endosymbiotic event gave rise to three different groups
within the group Plantae: the glaucophyte, the red and the green lineages. All
the algae in the other supergroups (the chromalveolates, the excavates and the
rhizarians) are derived from either secondary or tertiary endosymbioses involving
a eukaryotic cell capturing a photosynthetic eukaryote from either the red or the
green lineages, which then evolved, as in the primary endosymbiosis, to become a
plastid (Keeling 2004, Yoon et al. 2006).
The chromalveolate hypothesis postulates that haptophytes, cryptophytes, heterokonts (or stramenopiles) and alveolates form a supergroup and that the capture
of a red alga occurred in a common ancestor of these lineages leading to the plastids
in present day groups such as diatoms, brown algae, some dinoflagellates, coccolithophores, etc.. The apicoplast of apicomplexans would also have been derived
from such an event. If, as this hypothesis postulates, a secondary plastid was
acquired very early in a common ancestor, then it would have had to have been lost
from groups like the ciliates and the oomycetes which do not possess plastids. There
is some evidence for this, as genes that could potentially have been derived from
such a secondary endosymbiotic have been identified in both ciliates and oomycetes
(Tyler et al. 2006, Reyes-Prieto et al. 2008). It should be noted, however, that there is
still considerable debate about the chromalveolate hypothesis and it is not possible
to rule out alternative hypotheses in which individual lineages of the chromalveolate
group independently acquired their secondary plastids. Moreover, the chromalveolate taxon is not strongly supported by phylogenies based on nuclear genes so it is
also important to bear in mind the possibility that this group is an artefact, for which
the strongest support may actually be based on similar but independent secondary
endosymbiosis events (Parfrey et al. 2006).
Convincing evidence for secondary endosymbiosis can be found in cryptophytes and chlorarachniophytes, which have retained a remnant of the nucleus
of the endosymbiont, called a nucleomorph (Archibald 2007). Their plastids are
surrounded by four membranes (the two outer membranes presumably originally
corresponded to the host vesicle membrane and cell membrane of the endosymbiont) and the nucleomorph is found between these two membranes and the
two inner membranes. The presence of 4 membranes is a common feature of
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secondary plastids, except in euglenids and most dinoflagellates, which appear
to have lost one of these membranes. The presence of these additional membranes makes transporting proteins into the plastid very complicated, and organisms
whose plastids are derived from a secondary endosymbioses possess complex transport systems that recognise proteins with bipartite target peptides (Lang et al.
1998).
As if the story of secondary endosymbiosis were not sufficiently complicated,
some dinoflagellates appear to have undergone even more complex events involving either serial secondary endosymbiosis, in which the red-alga-derived plastid
was replaced with a green-alga-derived plastid, or they have been involved in tertiary endosymbioses, capturing a secondary endosymbiotic haptophyte, cryptophyte
or heterokont alga (Keeling 2004). The chlorarachniophytes and euglenophytes
obtained their plastids in independent secondary endosymbiotic events involving
the capture of green algae (Fig. 6.1).
Horizontal (or lateral) gene transfer is a process in which genes from one organism are integrated into the genome of a second organism (which may be very
distantly related to the first) and subsequently inherited with the rest of the genetic
material of the cell (Keeling and Palmer 2008). The gene transfers associated
with endosymbiotic events are spectacular examples of horizontal gene transfer
because of the large numbers of genes that are transferred from the endosymbiont
to the host nucleus. However, they are not the only horizontal gene transfers that
occur in eukaryotes and it has become increasingly clear in recent years that many
eukaryotes, particularly protists, acquire genes from the organisms with which they
interact at a significant rate (e.g. Nosenko and Bhattacharya 2007, Bowler et al.
2008).
In the last few years genomic data has had a significant impact on our understanding of the evolution of the eukaryotes and the role that endosymbiosis has
played in this process. The availability of extensive sequence data for many key
organisms in the eukaryotic tree has allowed the selection of the most relevant gene
sequences for phylogenetic analyses and their combination in multigene sets, significantly improving the resolution of these analyses. Genome data also provides
detailed information about the process of endosymbiosis, providing information
about the partners involved in a particular endosymbiotic event and also about the
process of enslavement, particularly the transfer of endosymbiont genes to the host
nucleus. Some of the key genome projects in this domain are listed in Table 6.1 and
described below.

6.4 Algae and Marine Ecosystems
The following sections will look at how genomic approaches are being used to
explore the biology of algae, particularly with regard to their functions in a broad
range of marine ecosystems.

Strain

Bban7

OTH95

CC9901

RCC809

RCC827

CCMP1545

CCAP
19/18

C-169

NC64A

Species

Bathycoccus
prasinos

Ostreococcus tauri

Ostreococcus
"lucimarinus"

Ostreococcus sp.

Micromonas pusilla

Micromonas pusilla

Dunaliella salina

Chlorella vulgaris

Chlorella sp.

Plantae,
Prasinophyceae
(green alga)
Plantae,
Prasinophyceae
(green alga)
Plantae,
Prasinophyceae
(green alga)
Plantae,
Prasinophyceae
(green alga)
Plantae,
Prasinophyceae
(green alga)
Plantae,
Prasinophyceae
(green alga)
Plantae,
Chlorophyceae
(green alga)
Plantae,
Trebouxiophyceae
(green alga)
Plantae,
Chlorellaceae
(green alga)

Phylogenetic group

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

46.2

40

130

15

15

13.2

12.6

Genome
size
Marine (Mbp)

Available

Annotation

Sequencing

Worden et al.
(2009)

Worden et al.
(2009)

Available

Palenik et al.
(2007)

Derelle et al.
(2006)

Pending

Status or
Reference

Table 6.1 Algal genome sequencing projects

http://genome.jgipsf.org/ChlNC64A_1/ChlNC64A_1.home.html

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://bioinformatics.psb.ugent.be/genomes/

http://www.cns.fr/externe/English/corps_anglais.html
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Thalassiosira
pseudonana

Porphyra umbilicalis

Chondrus crispus

Galdieria
sulphuraria

Cyanophora
paradoxa
Cyanidioschyzon
merolae

Zostera marina

CCMP1335

10D

CC-503
cw92
mt+

Chlamydomonas
reinhardtii

Volvox carteri

Strain

Species

Plantae,
Chlorophyceae
(green alga)
Plantae,
Chlorophyceae
(green alga)
Plantae, Zosteraceae
(sea-grass)
Plantae,
Glaucophyta
Rhodophyta,
Cyanidiaceae (red
alga)
Rhodophyta,
Cyanidiaceae (red
alga)
Rhodophyta,
Florideophyceae
(red alga)
Rhodophyta,
Bangiophyceae
(red alga)
Heterokonta,
Bacillariophyceae
(diatom)

Phylogenetic group

Yes

Yes

Yes

No

No

No

Yes

No

No

34.5

300–400?

150

16.5

140

120

Genome
size
Marine (Mbp)

Armbrust
et al.
(2004)

Ongoing

Ongoing

Matsuzaki
et al.
(2004)
Ongoing

Assembly

Pending

Merchant
et al.
(2007)
Available

Status or
Reference

Table 6.1 (continued)

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://www.genoscope.cns.fr/spip/spip.php?lang=en

http://genomics.msu.edu/galdieria

http://www.biology.uiowa.edu/
cyanophora/cyanophora_home.htm
http://merolae.biol.s.u-tokyo.ac.jp/

http://www.jgi.doe.gov/genome-projects/

http://genome.jgi-psf.org/Volca1/Volca1.home.html

http://genome.jgi-psf.org/Chlre3/Chlre3.home.html

URL
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Bigelowiella natans

Guillardia theta

Phaeocystis
antarctica
Emiliania huxleyi

Phaeocystis globosa

Ectocarpus
siliculosus

Aureococcus
anophagefferens
Ochromonas

Fragilariopsis
cylindrus

Pseudo-nitzschia
multiseries

CCAP1055/1 Heterokonta,
Yes
Bacillariophyceae
(diatom)
CLN-47
Heterokonta,
Yes
Bacillariophyceae
(diatom)
CCMP
Heterokonta,
Yes
1102
Bacillariophyceae
(diatom)
CCMP1984 Heterokonta,
Yes
Pelagophyceae
CCMP1393 Heterokonta,
No
Chrysophyceae
Ec 32
Heterokonta,
Yes
Phaeophyceae
(brown alga)
Haptophyta,
Yes
Prymnesiophyceae
Haptophyta,
Yes
Prymnesiophyceae
CCMP1516 Haptophyta,
Yes
Prymnesiophyceae
CCMP2712 Cryptophyta,
Yes
Cryptophyceae
CCMP2755 Rhizaria,
Yes
Chlorarachniophyceae

Phaeodactylum
tricornutum

Phylogenetic group

Strain

Species

220

200

32

35

250

20

Genome
size
Marine (Mbp)

Assembly

Assembly

Available

Pending

Pending

Completed

Ongoing

Available

Sequencing

Sequencing

Bowler et al.
(2008)

Status or
Reference

Table 6.1 (continued)

http://www.jgi.doe.gov/sequencing/why/50026.html

http://www.jgi.doe.gov/sequencing/why/50026.html/

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects

http://www.jgi.doe.gov/genome-projects/

http://genome.jgipsf.org/Auran1/Auran1.home.html/
http://www.jgi.doe.gov/sequencing/why/
nanoflagellates.html
http://www.genoscope.cns.fr/spip/Ectocarpussiliculosus.html

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

http://www.jgi.doe.gov/genome-projects/

URL
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6.4.1 Diversification of the Phytoplankton During the Evolution
of the Earth
The term plankton refers to the free-floating organisms found in diverse marine
and fresh-water environments. The photosynthetic organisms in these ecosystems,
referred to collectively as the phytoplankton, represent only a small percentage of
the total global primary producer biomass (0.2%) and yet they make a very significant contribution to the planet’s primary production (estimated at 45% of the global
primary production; Field et al. 1998). Many eukaryotic algae are found in the phytoplankton but the most abundant phytoplankton organisms are cyanobacteria. From
an evolutionary point of view cyanobacteria are also the oldest component of the
phytoplankton. These organisms were responsible for the “invention” of oxygenic
photosynthesis and hence for the transition from the ancient anaerobic world to the
aerobic world of the modern Earth. As described above, the endosymbiotic enslavement of these cyanobacteria resulted in the emergence of photosynthetic eukaryotes
and this led to an increase in the complexity of the phytoplankton. Fossil records
indicate that red algae have existed for at least 1.2 billion years ago and there is
some evidence that eukaryotic phytoplankton may have been present as long ago
as 1.6–1.8 billion years (in Falkowski et al. 2004). Green algae are likely to have
been prominent in the marine phytoplankton during the mid-Paleozoic area but the
abundance and diversity of this group started to decline during the Triassic and they
were replaced to a large extent by the three dominant algal groups of modern phytoplankton ecosystems, the dinoflagellates, the coccolithophores and the diatoms
(Falkowski et al. 2004). All three of these latter groups are derived from secondary
endosymbioses, in most cases involving the capture of a red alga. This suggests
that the possession of a red-alga-derived plastid may have conferred an advantage,
perhaps related to the requirements for trace elements (Falkowski et al. 2004). In
more recent geological time, there have also been fluctuations in the relative abundances of dinoflagellates, coccolithophores and diatoms and these are thought to be
related to niche preference, with dinoflagellates and coccolithophores being better
adapted to stable environments, whilst diatoms tend to thrive in rapidly changing
environments where nutrients are supplied with high pulse frequencies.

6.4.2 Algae Are Important Components of the Phytoplankton
It has been known for many years that phytoplankton communities are complex
in terms of the phylogenetic range of the organisms present. This has been seen
as a paradox, conflicting with models in which these organisms were thought to
be competing for limited resources in fairly uniform ecological niches (Hutchinson
1961). Several hypotheses have been put forward to explain this situation, including some propositions by Hutchinson himself, but efforts to resolve this paradox
are handicapped by the fact that the ecosystems themselves remain very poorly
characterised.
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Over the last decade, the development of molecular and, later, genomic techniques to investigate the composition of plankton communities and to study
individual phytoplankton species has had an important impact in this domain.
These techniques have provided an alternative means to study planktonic organisms, many of which cannot currently be isolated in culture. Sequencing of rDNA
cloned directly from environmental samples has proved to be a powerful tool
to study the phylogenetic diversity of eukaryotic planktonic species. This “environmental cloning” approach was originally pioneered for prokaryotic planktonic
organisms (Giovannoni et al. 1990) and it has been used much more extensively
for this group than for the eukaryotes. Nonetheless, the studies that have been carried out on planktonic eukaryotes have already revealed a remarkably high level of
diversity and have led to the discovery of several new eukaryotic groups, particularly from amongst the heterokonts and the alveolates (reviewed in Moreira and
López-García 2002). Moreover, these studies have only sampled part of the diversity present in these ecosystems and deeper sequencing is expected to reveal many
more novel sequences in the future. One of the current challenges is to link these
environmental sequences to identifiable organisms in order to gain some understanding of the ecological roles of these newly discovered species (Massana et al.
2002). For this it will be important both to develop improved culture techniques
and to improve in vivo detection methods based on techniques such as fluorescence in situ hybridisation (FISH). An important question, for example, for the
new heterokonts and alveolates mentioned above is whether they are autotrophs
or heterotrophs.
PCR amplification and cloning of rDNA sequences from environmental samples clearly allows access to a broad range of organisms. Other similar genomic
approaches are being developed, such as the use of oligonucleotide microarrays
to detect organisms and assess biodiversity in environmental samples (Medlin
et al. 2006, Metfies and Medlin 2008). However, these methods are not without
biases of their own. In particular, because they are based on PCR, the similarity
between a DNA sequence and the degenerate primers used will influence whether
that sequence is detected. In recent years, random, high-throughput sequencing of
cloned DNA fragments has been developed as an alternative approach to explore the
genetic complexity of a number of different ecosystems. Chapter 1 provides a broad
overview of how this approach is being used to explore marine systems. Here we
will concentrate on a specific example to illustrate how this approach can be used
to characterise planktonic ecosystems and its potential for the study of the algal
component of the phytoplankton.

6.4.3 Exploration of Planktonic Ecosystems Using
High-Throughput Sequencing
Craig Venter and colleagues (Venter et al. 2004, Rusch et al. 2007) used a highthroughput sequencing approach to analyse samples of micro-organisms filtered
(0.8 μm) from seawater that had been collected from several sites in the Sargasso
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sea and, in a later study, from a transect that extended along the eastern border of
the North Atlantic through the Panama canal to the South Pacific (the Sorcerer II
Global Ocean Survey). In total, more than 9.3 million sequencing reads were carried out on 2–6 kbp DNA fragments cloned from these samples, generating more
than 6.3 billion base pairs of sequence. This approach provides a wealth of information about the diversity of organisms present in a particular environment. For
example, the Sargasso Sea samples alone were estimated to contain samples from
1,800 species including 148 previously unknown bacterial phylotypes. The interest
of high-throughput sequencing is not limited to the investigation of species diversity,
however. The sequence data also furnishes information at the gene level, leading to
the discovery of new genes and providing an overview of the ensemble of genes
present in a community. This global collection of genes, often described as the
metagenome, can provide important insights, for example, into the different functional pathways that are represented and relative importance of each pathway in a
particular environment.
The studies carried out by Craig Venter and colleagues focused on the bacterial components of the ecosystems studied. To do this they employed filters which
both eliminated smaller entities, such as viruses, and larger organisms, such as large
eukaryotic cells (Venter et al. 2004, Rusch et al. 2007). The samples did however contain a significant proportion of picoeukaryotes, which have approximately
the same size as bacteria (2.8% of the sequences in the Sorcerer II study). These
sequences represent species that are broadly dispersed throughout the eukaryotic
tree of life (Piganeau et al. 2008). The studies have therefore provided a considerable amount of sequence data and information about planktonic algae. Perhaps
more importantly, however, these two analyses clearly show the potential of highthroughput sequencing as a means to explore the diversity of marine algae and the
ecosystems in which they live. Moreover, samples at other filter sizes were collected
during these surveys so it will be possible to carry out a more complete analysis of
the algal component of these ecosystems at a later date.
As with all novel approaches, high-throughput environmental sequencing also
creates new problems to be solved. In particular, the assembly of sequence data from
ecosystems with a high level of biodiversity such as the plankton can pose a serious
challenge because, despite the large number of sequences generated, the depth of
sequencing is much less than when the sequencing is focused on a single genome.
In this respect, more directed, organism-based approaches can provide information that is highly complementary to that generated by environmental sequencing.
For example, two complete genomes have been published for prasinophytes of the
genus Ostreococcus since the data from the Sargasso Sea survey was made available. These genome sequences have been used to recover related sequences from
the Sargasso Sea dataset and it has been possible to show that at least two species of
Ostreococcus were represented in these samples (Piganeau and Moreau 2007). The
two types of information are highly complementary, the genome sequences allowing
the recovery of species-specific data from the environmental dataset and the environmental dataset providing additional information about both the ecology of the
organism that has been sequenced and about the molecular evolution of its genome,
based on sequence comparisons.
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6.4.4 Diversity and Dynamics of Planktonic Ecosystems
High-throughput sequencing has been applied to only a limited number of samples so far and there is still an enormous potential for identifying new organisms
and understanding new ecosystems. High-throughput sequencing has confirmed that
individual planktonic ecosystems are remarkably diverse, but we also know that
there are significant differences between planktonic ecosystems in different areas of
the marine environment.
The oligotrophic environments of the open ocean differ markedly from
mesotrophic coastal areas (Guillou et al. 1999, Massana et al. 2004, Romari and
Vaulot 2004) and the communities of organisms found in arctic waters differ significantly from those of warmer waters (Lovejoy et al. 2006). One environment that is
attracting a lot of attention is sea-ice (Mock and Thomas 2005). The organisms that
are able to live in the extreme conditions of cold and highly variable salinity, pH
and light conditions found in this ecosystem are of interest for a number of reasons
ranging from biotechnological applications to understanding the origin of life on
Earth. The coming years will almost certainly see a more widespread application of
high-throughput sequencing to these diverse marine ecosystems.
Another important consideration is the dynamics of planktonic ecosystems. The
density and the types of organisms in these ecosystems can be highly variable,
being affected both by physical and chemical constraints (such as light, temperature and nutrient availability) and by interactions with other organisms. Predation by
other phytoplankton such as nanoflagellate protists or cellular lysis caused by viral
infection are two major forces impacting on phytoplankton populations. Predation
may cause nutrients such as carbon to be sequestered into sinking particles or
accumulated in larger animals, whereas viral lysis is likely to release more nutrients back into the environment (Suttle 2005). Collectively, the planet’s oceans are
thought to contain about 4×1030 virus particles, probably including pathogens of
most, if not all, other marine organisms. These predators are therefore likely to
play a critical role in marine carbon cycling but little is known about their basic
biology. Marine microalgae are infected by a wide range of viruses (Nagasaki
2008) and genomic approaches have started to be used to study some of these,
such as the Coccolithovirus EhV-86, which infects Emiliania huxleyi (Wilson et al.
2005), and OtV5, which infects the prasinophyte Ostreococcus tauri (Derelle et al.
2008). Moreover, the Joint Genome Institute (California, USA) has recently initiated
sequencing of the genomes of heterotrophic nanoflagellates that predate microalgae and some uncultivated viruses, so more information about these important
organisms can be expected in the near future.
Algal blooms are particularly impressive examples of the dynamic nature of
planktonic ecosystems. These blooms, which involve rapid multiplication of one or
a small number of phytoplankton species, can have a significant impact on human
activity, particularly when the blooming alga produces toxins. Many toxic algal
blooms are caused by rapid growth of dinoflagellates in response to favourable
environmental conditions such as high temperatures, high nutrient concentrations
and a stagnant water column during the summer months. These so-called “red
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tides”, which can contain up to several million cells per litre of seawater (Guiry
and Guiry 2008), can have a huge impact on the environment through the bioaccumulation of their toxins in the food chain, affecting fish, birds and mammals. High
toxin concentrations in fish and filter-feeding molluscs consumed by humans may
cause gastrointestinal disorders, permanent neurological damage or even result in
death (Faust and Gulledge 2002). Alexandrium tamarense and A. catenella produce
saxitoxins leading to paralytic shellfish poisoning (PSP), while the brevetoxin of
Karenia brevis is responsible for neurolytic shellfish poisoning (NSP) (Faust and
Gulledge 2002). The fish mortality associated with blooms of Heterocapsa triquetra, on the other hand, appears to be due to oxygen depletion of the water when cells
decompose, rather than toxin production (Guiry and Guiry 2008). The cytotoxins
of Amphidinium gibbosum have been studied for their potent antitumor activities
(Bauer et al. 1995). Additional toxin-producing groups include the heterokonts and
the haptophytes. Some species of the diatom Pseudo-nitzschia (e.g. P. pseudodelicatissima), for example, produce domoic acid, a neurotoxin that may cause amnesic
shellfish poisoning (AMS) in humans when consuming contaminated molluscs.
The pelagophyte Aureococcus anophagefferens is thought to secrete a toxin into
its extracellular polysaccharide sheath. The haptophyte Prymnesium parvum produces prymnesin toxins, which are highly toxic to fish (La Claire 2006). Genomic
approaches such as EST sequencing are being used to study the organisms that cause
toxic algal blooms, with a major aim being to understand how and why toxins are
produced (http://genome.imb-jena.de/ESTTAL/cgi-bin/Index.pl).

6.4.5 Organism-Based Approaches for Exploring the Biology
of Planktonic Algae
The approaches discussed above are providing increasingly detailed information
about the organisms that are present in the plankton. By describing the ensemble
of genes present in the ecosystem (the metagenome), high-throughput sequencing
is also providing insights into the metabolic and cellular process that are going on
in these ecosystems. However, to really understand how these communities work it
is also necessary to have detailed information about the biology of the individual
species that they are composed of. Classical biological techniques, in particular isolation and study of individual strains of phytoplankton in culture, have, and still are,
making extremely important contributions to understanding phytoplankton biology
(Vaulot et al. 2008). In recent years, however, these techniques have been complemented by powerful new genomic approaches based on whole genome sequencing
and the establishment of model organisms.
Initially, genome sequencing was only applied to a very limited number of algae.
These were selected primarily based on their small genome sizes, although additional factors such as ecological relevance, phylogenetic position and availability of
axenic cultures and other biological characteristics, were also taken into account.
However, as sequencing technologies have improved, the number of algal genome
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projects has been increasing rapidly, and quite a large number of projects have been
recently completed or are nearing completion (Table 6.1, Fig. 6.2). To date, eight
algal genome sequences have been published. These are all from unicellular algae
and include six marine species, the diatoms Thalassiosira pseudonana (Armbrust
et al. 2004) and Phaeodactylum tricornutum (Bowler et al. 2008), two green prasinophyte algae Ostreococcus tauri (Derelle et al. 2006) and O. lucimarinus nomen
nudum (Palenik et al. 2007) and two Micromonas isolates (Worden et al. 2009),
plus two freshwater species, the red alga Cyanidioschyzon merolae (Matsuzaki et al.
2004) and the green alga Chlamydomonas reinhardtii (Merchant et al. 2007). Apart
from C. reinhardtii, which has quite a large genome (120 Mbp), these algae all
have small genomes, ranging from about 12 Mbp for Ostreococcus to 34 Mbp
for Thalassiosira. The following sections will look in detail at the application of
genomic approaches to specific marine microalgae, with a particular emphasis on
the diatom P. tricornutum and the prasinophyte O. tauri, which are being developed
as model organisms.
6.4.5.1 Diatom Genomics
The centric diatom T. pseudonana was the first marine microalga to be sequenced
(Armbrust et al. 2004). This phytoplankter is ecologically important and is distributed throughout the world’s oceans. Diatoms are heterokonts, and are therefore
only very distantly related to both animals and green plants. As a result, the genome
was found, rather surprisingly for a photosynthetic organism, to share characteristics with both of the latter groups. This was true both at the whole genome level and
in terms of specific metabolic processes. For example, Thalassiosira was found to
possess a complete urea cycle, a typical feature of animals.
The Thalassiosira genome sequence is now being exploited to investigate some
of the more exotic features of diatom biology. Many diatoms are able to build intricately patterned silica cell walls. The fabrication of these walls is of great interest
both as a biological process and because of potential nanotechnological applications. Recently, a whole genome tiling array approach was used to identify genes


Fig. 6.2 Some examples of marine algae for which genome sequencing projects have been carried out or are currently in process. (a) Ostreococcus sp., (b) Batycoccus sp. (photograph courtesy
of Marie-Josèphe Dinet), (c) Micromonassp. (from Guillou et al. 2004), (d) Emiliania huxleyi
(photograph courtesy of Jeremy R. Young, The Natural History Museum, London, UK), (e)
Guillardia theta (photograph courtesy of Geoff McFadden, University of Melbourne, Australia), (f)
Fragilariopsis cylindrus (photograph courtesy of Gerhard Dieckmann Alfred Wegener Institute for
Polar and Marine Research, Bremerhaven, Germany), (g) Thalassiosira pseudonana (photograph
courtesy of Virginia Armbrust, University of Washington, USA), (h) Phaeodactylum tricornutum (photograph courtesy of Alessandra De Martino and Chris Bowler, Ecole National Supérieur,
Paris, France), (i) Pseudo-nitzschia multiseries (photograph courtesy of the Joint Genome Institute,
USA), (j) detail of Ectocarpus siliculosus thallus showing release of meiospores from a unilocular sporangium. (k) Chondrus crispus plantlet (Photograph courtesy of Jonas Collén, Station
Biologique de Roscoff)
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with a possible role in the formation of these cell walls. This approach involves the
construction of a microarray bearing oligonucleotides corresponding to contiguous
sequences along the length of each chromosome so that transcription of any part of
the genome can be detected by hybridising with labelled cDNA. The Thalassiosira
tiling array oligonucleotides corresponded to 36 nucleotide-long regions separated
by 10 base pair gaps (Mock et al. 2008). This experiment identified a set of 75
genes that were induced under conditions of limiting silica. Another set of genes
was induced when both silica and iron were limiting, showing possible interactions
between these two metabolisms or, alternatively, that iron is a required cofactor
for silica metabolism. Interestingly, these experiments also identified 3,000 new
genes, which had not been annotated previously, including non-coding and antisense
RNAs.
Diatoms fall into two major morphological groups, centric and pennate
(Thalassiosira being a centric diatom), and recently a second genome sequence has
been completed for the pennate diatom, P. tricornutum (Bowler et al. 2008). One of
the most striking outcomes of the analysis of this second diatom genome was the
identification of hundreds of genes that appear to have been acquired from bacteria
by horizontal gene transfer. These genes represent at least 5% of the genome, suggesting that the extent of horizontal gene transfer has been an order of magnitude
higher in the diatoms than in other free-living eukaryotes that were the subject of
previous studies.
The availability of genome data for two diatom species has permitted comparative analyses of several aspects of diatom metabolism including nitrogen and
carbon metabolism and carotenoid biosynthesis (Allen et al. 2006, Coesel et al.
2008, Kroth et al. 2008). Several observations suggest that the growth of diatoms
in their marine environments is not limited by the available CO2 . The genomes of
both T. pseudonana and P. tricornutum potentially encode all of the enzymes necessary for C4 -photosynthesis (Kroth et al. 2008) raising the intriguing possibility that,
despite its high energetic cost, C4 -photosynthesis could give a critical ecological
advantage in CO2 -limiting conditions, such as in phytoplankton blooms. Moreover,
recent experimental work indicates that a wide range of diatoms may use C4 -based
CO2 -concentrating mechanisms (McGinn and Morel 2008).
One strong argument for sequencing the Phaeodactylum genome was the
amenability of this organism to laboratory experimentation. It can be transformed
(Zaslavskaia et al. 2000) and a number of molecular tools have been developed to
analyse gene expression and gene function (Siaut et al. 2007). A recent study of
aldehyde-based cell-to-cell signalling illustrates how such experimental approaches
can provide insights into processes that may play key roles in diatom ecology in
the oceans. Diatoms are known to produce reactive aldehydes as defence molecules
(Ianora et al. 2004). Addition of the aldehyde (2E,4E/Z)-decadienal (DD) to laboratory cultures of Phaeodactylum induced intracellular calcium transients and the
generation of nitric oxide (NO), inducing cell death. Diatoms treated with a low
concentration of the aldehyde, however, developed a resistance to the toxic effects
of the higher dose. These observations indicate the existence of a system that allows
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communication between diatoms via a secreted molecule that may have important
implications for the population dynamics of algal blooms.
Phaeodactylum is also being used as an experimental system to investigate the
import of proteins into diatom plastids. As mentioned above, this is a complex process because of the four concentric membranes surrounding the plastid. Targeting of
nucleus-encoded proteins to the plastid has been shown to involve a bipartite target
sequence (Lang et al. 1998). Large-scale sequence data has allowed the comparison
of many plastid-targeted proteins leading to the identification of a conserved motif
within the bipartite target sequence (Kilian and Kroth 2005). This conserved motif
has been investigated experimentally by expressing wild type and mutant fusion
proteins in Phaeodactylum cells.
Phaeodactylum also has potential for biotechnological applications. An important advance in this area was the demonstration that transformation of this diatom
with a gene encoding a glucose transporter allowed it to grow on a carbon source
in the dark (Zaslavskaia et al. 2001). This modification allows the use of simpler
culture conditions than those necessary for light dependent growth, particularly for
large-scale cultures.
The combination of genomic data and molecular tools for post-genomic analysis of gene function is likely to provide many other insights into diatom biology
in the coming years. In parallel, additional diatom genome-sequencing projects
are underway that will provide a deeper understanding of the role of diatoms in
particular environments. Examples of the latter include projects to sequence the
genomes both of a toxic bloom diatom, Pseudo-nitzschia multieries, and of a sea
ice diatom Fragilariopsis cylindrus (Table 6.1). From a comparative point of view,
it is also important to mention that other heterokont genome sequences are available. These include two genomes from the non-photosynthetic oomycete group
(Tyler et al. 2006) and the genome of the brown macroalga Ectocarpus siliculosus (see below). The genome of another heterokont microalgae, the pelagophyte
Aureococcus anophagefferens, has also been completed recently (Table 6.1).

6.4.5.2 Prasinophyte Genomics
The prasinophytes are an ancient lineage of the Plantae and include abundant members of the marine phytoplankton. The first prasinophyte genome to be sequenced
was that of O. tauri (Derelle et al. 2006), followed rapidly by Ostreococcus
lucimarinus (Palenik et al. 2007). This genus is remarkable for several reasons;
Ostreococcus spp. are the smallest known free-living eukaryotes with a diameter
of less than 0.8 μm and each cell contains only one mitochondria and one chloroplast. Their genomes are also extremely small (12.56 Mbp for O. tauri) and highly
compact. For example, intergenic sequences in O. tauri are only 196 bp long on
average. The compaction of Ostreococcus genomes appears to have occurred under
significantly different conditions to those that have led to the extremely reduced
genomes of parasites like the microsporidian Encephalitozoon cuniculi, in as far as
the former have retained a very complete set of genes but have reduced their genome

196

S.M. Coelho et al.

size essentially by eliminating duplicate genes and reducing the amount of noncoding (intergenic and intronic) DNA in their genomes (Keeling 2007). Genome
streamlining in parasitic organisms, on the other hand, tends to involve the elimination of many genes that are non-essential because their function is carried out
by the host. One mysterious feature in both Ostreococcus species is the presence
of two chromosomes that have a markedly different composition to the other chromosomes that make up the genome, and contain the majority of the transposable
elements. The origin and the function of these chromosomes are still poorly understood. Interestingly, these two chromosomes exhibit a very low level of synteny
between the two Ostreococcus genomes despite a generally high level of synteny
when the other chromosomes are compared (Palenik et al. 2007). Based on this
observation and the differences in structure compared to the rest of the genome, it
has been suggested that one of these chromosomes, chromosome 2, may be related
to speciation (Palenik et al. 2007).
O. tauri and O. lucimarinus provide an unusual example of cryptic species.
Despite being indistinguishable morphologically when analysed using electron
microscopy and having 99.8% identical 18S rDNA sequences, orthologous genes
from the two species only share about 70% amino-acid identity (Palenik et al.
2007). At the genome level, therefore, they are clearly separate species and could
even be classified as separate genera. A third Ostreococcus strain whose genome
is currently being analysed exhibits the same phenomenon. Hence the diversity of
phytoplankton algae may be considerably greater than that judged simply on the
basis of cellular morphology.
The O. tauri and O. lucimarinus genome sequences have provided many insights
into prasinophyte biology. Genes encoding all of the enzymes required for C4photosynthesis are present in the Ostreococcus genomes indicating that, like the
diatoms, these algae may use this pathway as a CO2 concentration mechanism. This
may, therefore, be a strategy that has been adapted by planktonic microalgae from
diverse phylogenetic origins. Similarly, the two Ostreococcus genomes encode an
unusually high number of selenoenzymes (Palenik et al. 2007), and this seems to
be a general feature of marine microalgae, including diatoms (Lobanov et al. 2007).
The increased catalytic activity of selenoproteins compared to equivalent enzymes
that lack selenium might provide a selective advantage in the marine environments
where these organisms are found. It may also be that, for some unknown reason,
aquatic habitats favour the use of selenoproteins, compared to terrestrial habitats
(Lobanov et al. 2007).
Two additional prasinophyte genomes, corresponding to two isolates of
Micromonas, have recently been described (Worden et al. 2009). These isolates
are morphologically identical and have been considered to be two members of the
species Micromonas pusilla but genome sequencing has shown that only about 90%
of the genes identified are present in both genomes. The Micromonas genomes are
larger (20.9 and 21.9 Mbp) than those of the Ostreococcus species, and gene families
are in general more extensive. One particularly interesting feature was the discovery in the one of the genomes of abundant intronic repeat sequences (introners) that
extended nearly to the donor and acceptor sites of the introns.
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O. tauri is also being used as a model organism in the laboratory, allowing experimental investigation of prasinophyte biology in much the same way as
P. tricornutum is being used to study diatoms. O. tauri is attractive as a model
organism for several reasons. One of the most important of these is the simplicity of the O. tauri genome, in particular the fact that most genes are unique and
not part of redundant gene families. In this respect, O. tauri differs from more classical, land plant models such as Arabidopsis and, as a result, is attracting interest
as a system to investigate cellular processes of general relevance to the green lineage. Two other advantageous features are the short intergenic regions, which allow
promoter regions to be easily isolated and studied, and the fact that cell populations are haploid. This latter feature is a potential advantage for genetic approaches,
although at present it is not possible to go through the sexual cycle in the laboratory.
Several tools have been developed for O. tauri including clonal isolation of colonies
on plates, genetic transformation with reporter gene constructs, gene expression
monitoring under defined growth conditions and genome-scale microarray analysis.
These tools are currently being applied to understanding the relationship between
the mitotic cell cycle and the control of circadian rhythms in this alga (Moulager
et al. 2007).
As with the diatoms, therefore, there is extensive genome sequence information
available for the prasinophytes and a powerful model organism that with allow postgenomic analysis of gene function. Additional genome data will be available shortly
for a broad range of prasinophytes (Table 6.1) that have been isolated from diverse
environments (Rodríguez et al. 2005, Slapeta et al. 2006) and comparisons of these
genomes will provide new hypotheses for future investigations both in the field and
in the laboratory.
6.4.5.3 Other Microalgal Genome Projects
Coccolithophores are unicellular, haptophyte algae that tend to be found in nutrientpoor regions of the oceans. They can form large blooms that are seen as patches
of turquoise due to the reflection of light from the calcium carbonate coccoliths
that protect the outsides of the cells. These abundant organisms play an important
role in biogeochemical cycles, particularly in trapping carbon via the sinking of
cellular debris to ocean floor sediments following death. The genome of the coccolithophore Emiliania huxleyi has been sequenced (Table 6.1) and is currently being
analysed with the aim of improving our understanding of many features of the biology of these ecologically important organisms. Genome sequencing projects are also
planned for two species of haptophyte algae from the genus Phaeocystis (Table 6.1)
and EST sequences are also available for Prymnesium parvum (La Claire 2006).
Several recently initiated genome projects target key organisms from the various
groups that have been involved in primary or secondary plastid endosymbiosis events (Fig. 6.1), and a wealth of new information about these events will
soon be available. The glaucophytes are not marine algae but the current genome
project for one member of this group, Cyanophora paradoxa (http://www.biology.
uiowa.edu/cyanophora/cyanophora_home.htm), will constitute an important part
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of this initiative because of the single primary endosymbiosis in this group that
gave rise to the plastids of all the algae in the eukaryotic tree. Cryptophytes (or
cryptomonads) are unicellular algae that are found in both freshwater and marine
environments. This group is of particular interest because their plastids, which
are derived from a secondary endosymbosis, retain a remnant of the endosymbiont nucleus, the nucleomorph. A genome sequencing project is underway for one
member of this group, Guillardia theta, an alga that is found in coastal regions
(Table 6.1). Chlorarachniophytes are marine amoeboflagellates belonging to the
supergroup Cercozoa, which, like the cryptophytes, possess a nucleomorph-bearing
plastid derived from a secondary endosymbiosis. A genome sequencing project has
also been initiated for a member of this group, Bigelowiella natans (Table 6.1).
Considerable EST data is already available for Bigelowiella natans and, interestingly, analysis of this data has found evidence for numerous lateral gene transfers
both from bacteria and from other eukaryotic lineages such as streptophytes, heterokonts and red algae (Archibald et al. 2003). As far as we are aware there is no
genome project currently planned for a photosynthetic member of the Euglenozoa,
although EST sequences are available for the freshwater alga Euglena gracilis
(Durnford and Gray 2006).
6.4.5.4 Dinoflagellates
Although only about half of dinoflagellate species contain plastids and are thus capable of photosynthesis, collectively these species are important primary producers in
the marine environment. Most dinoflagellate plastids are thought to have originated
from a secondary endosymbiosis involving a red algal cell. Dinoflagellate plastids
show several unusual features, such as the presence of the accessory pigment peridinin and the presence of three membranes surrounding the plastid (Nassoury et al.
2003, Patron et al. 2005). Moreover, the plastid genome is highly reduced, containing only a small number of genes, each on a separate minicircular chromosome
(Zhang et al. 1999). All other genes necessary for plastid function have been transferred to the nucleus, including a nuclear-encoded proteobacterial Form II RuBisCO
(Morse et al. 1995, Bachvaroff et al. 2004, Hackett et al. 2004). As mentioned
above, some dinoflagellates have lost these red algal derived plastids and appear
to have replaced them with plastids captured from other photosynthetic eukaryotes
such as haptophytes or diatoms via tertiary endosymbioses (Inagaki et al. 2000,
Bhattacharya et al. 2004). The dinoflagellate nucleus also shows some unusual features. It contains extremely large amounts of DNA (3–250 pg, or the equivalent of
3,000–215,000 Mbp per cell) organised into hundreds of chromosomes (for example
there are 143 in Alexandrium tamarense; Hackett et al. 2005). The high concentration of DNA in the nucleus, which exceeds the concentration of basic DNA-binding
proteins by about 10-fold, results in its being condensed in a liquid crystal state,
and attachment to the nuclear envelope leads to the unusual nuclear morphology
known as a “dinokaryon” (Spector 1984, Gautier et al. 1986, LaJeunesse et al.
2005, Hackett et al. 2005). The large size of dinoflagellate genomes has significantly hindered the application of genomic approaches, and no genome sequencing
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projects exist for this group at the present time. However, a considerable amount
of information can be obtained by sequencing cDNA clones and individual genes
isolated from these genomes. ESTs data is currently available for several dinoflagellates, particularly species that produce toxic metabolites, such as Alexandrium
tamarense, A. catenella, Karenia brevis, Amphidinium carterae, Heterocapsa triquetra and Lingulodinium polyedrum (Genbank Sequence Database, Tanikawa et al.
2004, Hackett et al. 2005, Bachvaroff and Place 2008).

6.4.6 Macroalgal Genomics
In contrast to pelagic plankton communities, which contain primarily unicellular
algae, coastal ecosystems are often dominated by macroalgae of the brown, red and
green lineages. These three types of seaweed play key roles in coastal ecosystems,
not only as primary producers but also by providing habitats for a wide variety of
marine life. Seaweeds are also important from an evolutionary perspective. Brown,
red and green macroalgae represent diverse branches of the eukaryotic phylogenetic tree and each group has independently evolved complex multicellularity. This
independent evolution of complex multicellularity in the three seaweed groups is
particularly important as it has placed them in a very select club within the eukaryotes, shared with only three other lineages, the metazoans, land plants and fungi.
Marine macroalgae therefore represent an important resource for understanding how
complex developmental systems have evolved.
Seaweeds have also attracted interest for many other reasons. Fertilisation is
external in brown algae, involving fusion of gametes that have been released into the
surrounding seawater. This is a major advantage for the study of early developmental events compared, for example, to angiosperms where fertilisation occurs within
several layers of maternal tissue (Brownlee et al. 2001). Macroalgae also exhibit a
remarkably wide range of different life cycles, several of which are very complex,
making them ideal models to study how variant life cycles evolve and why they
are stable over evolutionary time (Coelho et al. 2007). Finally, seaweeds are also a
major source of food and industrial biomolecules such as alginates, agars and carrageenans. Seaweeds represent an important resource with a wide range of uses in
the food, cosmetic, and fertiliser industries and an estimated annual global value of
about 4.5 billion Euros (McHugh 2003). They are also attracting increasing attention as a novel source of active biomolecules. One example of this is IODUS 40, a
formulation derived from cell wall extracts of Laminaria digitata that stimulates the
natural defence responses of crop plants (Klarzynski et al. 2000).
The following sections will look at how genomic approaches are being used to
investigate the biology of macroalgae for each of the three phylogenetic groups.
6.4.6.1 Brown Macroalgae
The most evolved and morphologically complex members of the brown algae (or
Phaeophyceae) are found in the orders Laminariales and Fucales. These include the
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fucoid seaweeds of the intertidal zone and the large kelps that form forests in the
subtidal zone. Historically, research on brown algae has been focused, to a large
degree, on these two groups. This is not only because of their ecological importance but also either because they have important industrial applications (for the
kelps; McHugh 2003, Bartsch et al. 2008) or because they have been developed as
models for fundamental research (for the Fucales, see below). As far as genomic
analysis of these two orders of seaweeds is concerned, a collection of nearly 3,000
ESTs has been generated for Laminaria digitata, including sequences from genes
expressed during the sporophyte and gametophyte generations of the life cycle
(Crépineau et al. 2000) and in sporophyte-derived protoplasts (Roeder et al. 2005).
These sequences have allowed access to genes involved in a number of different
processes including carbon-concentrating mechanisms, cell wall biosynthesis, halogen metabolism and stress responses. In contrast, EST sequences have only very
recently been established for fucoid seaweeds (Gareth Pearson, CCMAR Faro, personal communication) despite the fact that this group has been used extensively to
characterise events during early embryogenesis (Berger et al. 1994, Bouget et al.
1998, Corellou et al. 2000, Goddard et al. 2000, Corellou et al. 2001, Coelho et al.
2002) and are well characterised in terms of their ecology (Serrao et al. 1996, Coyer
et al. 2007, Muhlin et al. 2008).
Although EST approaches are providing insights into the biology the
Laminariales and Fucales groups, at the present time these organisms are not appropriate models for more extensive genomic approaches such as genome sequencing
or gene function analysis. There are two main reasons for this. Firstly, both groups
consist of organisms with large genomes (e.g. 650 Mbp for Laminaria digitata and
1095 Mbp for Fucus serratus; Le Gall et al. 1993, Peters et al. 2004). Secondly,
they are large organisms with long life cycles, and this limits the scope for laboratory experimentation. In response to these limitations, a search was recently carried
out for a model organism from within the brown algae that would be better adapted
for genomic analysis. This search led to the selection of the filamentous brown alga
Ectocarpus siliculosus (Peters et al. 2004).
Ectocarpus siliculosus is a member of the Ectocarpales, which has recently been
shown to be among the most evolved of the brown algal orders, closely related to
the kelps. Ectocarpus has been studied in the laboratory since the nineteenth century (see Charrier et al. 2008 and references therein). Early research included the
description of the species followed by studies of its reproductive biology and life history. Other aspects that have been investigated include ultrastructure, photosynthesis
and carbon uptake, pheromone production, gamete recognition and interactions with
pathogens, in particular with the virus EsV-1 which integrates into the genome of
this alga following infection.
The choice to develop Ectocarpus as a model organism for the brown algae was
based on a number of features that make it well adapted for the application of both
genomic and genetic approaches. One particularly important factor was the size of
its genome, which at 200 Mbp is significantly smaller than those of kelps and fucoid
brown algae. It also has several features that make it well adapted to laboratory work,
including its small size, the fact that the life cycle can be completed in Petri dishes
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under laboratory conditions, its high fertility and rapid growth (the life cycle can
be completed in 2 months) and the ease with which genetic crosses can be carried
out (Peters et al. 2004). The aim with this organism, therefore, has been to develop
it as a model system that will allow analyses to go beyond a simple inventory of
the genes present in the genome. Ectocarpus was selected because it presents the
possibility of using genetic approaches to analyse gene function.
Sequencing of the Ectocarpus genome was completed in 2007 and a number
of additional genomic tools are now available including whole genome tiling array
data and 91,000 cDNA sequences corresponding to several stages of the life cycle.
In terms of laboratory techniques, classical genetic approaches such as mutagenesis, screening for mutant lines, crosses and complementation analysis can be carried
out routinely. Several cell biology tools including in vivo and in vitro imaging,
microinjection and protoplast regeneration are also available. Additional tools currently under development include a genetic map, a genetic transformation protocol,
RNAi-based gene knockdowns and positional cloning of mutated loci.
With the above list of tools in hand, Ectocarpus is now being used as a model
to investigate a broad range of topics related to brown algal biology. Recent work
aimed at understanding how the life cycle is regulated provides a good example
(Coelho et al. 2007, Peters et al. 2008). Ectocarpus has a haploid-diploid life cycle
involving alternation between sporophyte and gametophyte generations (Müller
1967). In an effort to understand how the switch between the two generations is controlled, screens have been carried out for mutants in which this process is perturbed.
In one mutant, immediate upright (imm), the sporophyte is partially converted into a
gametophyte, exhibiting a pattern of early development that closely resembles that
of the gametophyte but, nonetheless, producing spores rather than gametes. Analysis
of gene expression in this mutant using microarray analysis and quantitative PCR,
showed that a large number of genes that are normally expressed during the gametophyte generation are expressed in the sporophyte of this mutant. Future work
involving the analysis of additional mutant lines, genome-scale analyses of changes
in gene regulation in these mutants and identification of mutated genes by positional
cloning is expected to provide further insights into the regulatory mechanisms that
control the life cycle in the coming years.
Similar approaches have been initiated in an effort to understand other aspects of
Ectocarpus biology including, for example, sex determination, morphogenesis, cell
wall biosynthesis and responses to biotic and abiotic stresses. Much of the information obtained will be of general relevance to the brown algae as a group, with
potential applications including the identification of novel biomolecules and the
exploitation of genetic data in future seaweed breeding programs.
6.4.6.2 Red Macroalgae
Red macroalgae are found in a wide range of shoreline habitats ranging from
the extreme high shore to the lower limit of the photic zone. Several species are
exploited for food and industrial applications. About 2.8 million tonnes of red algae
are harvested annually, with a value of approximately 2,000 million US dollars (FAO

202

S.M. Coelho et al.

2003). The species harvested are principally from the genera Porphyra, for consumption as nori, and Eucheuma and Kappaphycus, for carrageenan production. The
red algae are an ancient eukaryotic group; estimated to have originated about 1,500
Mya (Yoon et al. 2004). Fossils of red algae exhibiting evidence of multicellular
development and sexuality have been dated at approximately 1,200 Mya, indicating
that this group was the first to evolve complex multicellularity (Butterfield 2000).
As with the brown algae, this ancient evolutionary history is correlated with many
unusual features such as their complex life cycles and novel metabolic processes;
the latter particularly in terms of the production of oxilipins, cell polysaccharides
and halogenated compounds (Siegel and Siegel 1973, Manley 2002, Bouarab et al.
1999, Coelho et al. 2007). As discussed above, red algae also played a key role in
the evolutionary history of photosynthesis, notably via the endosymbiotic processes
that led to the evolution of secondary chloroplasts.
Taken together these features provide strong arguments for using genomic
approaches to explore red algal genomes. EST sequences are available for several species of red macroalga, including Porphyra yezoensis (20,000 ESTs, Nikaido
et al. 2000, Asamizu et al. 2003), Chondrus crispus (4,056 ESTs, Collén et al.
2006b), Gracilaria tenuistipitata (3,000 ESTs, Pi Nyvall, personnal communication) and Griffithsia okiensis (1,104 ESTs, Lee et al. 2007), and cDNA micro- or
macroarrays have been used to monitor gene expression in both Chondrus crispus (Collén et al. 2006a) and Porphyra yezoensis (Kitade et al. 2008). However,
currently the only complete red algal genome sequence available is that of
C. merolae, a unicellular organism from hot acid springs that has a highly reduced
and unusual genome. A second project is in progress, for Galdieria sulphuraria,
(http://genomics.msu.edu/galdieria/about.html) but this is also a non-marine, unicellular, extremophile red alga. Both of these organisms have very small, highly
derived genomes, which are of limited relevance to understanding many red algal
features. A genome sequence for a more “typical” red alga would be extremely
useful both to further our understanding of red algal biology and as a reference
for tracing the origins of genes acquired via endosymbiotic events. In response to
this need, genome projects have recently been initiated for two red macroalgae,
the florideophyte Chondrus crispus (at Genoscope, France) and the bangiophyte
Porphyra umbilicalis (at the Joint Genome Institute, USA).
These two genome projects are likely to be highly compatible. Both seaweeds
are ecologically important in specific habitats. They can both be handled relatively
easily in the laboratory and each has been the subject of extensive laboratory studies. Porphyra spp. are perhaps the best adapted to laboratory work, previous studies
have reported the isolation of mutant strains (Ohme and Miura 1988, Mitman and
van der Meer 1994, Yan et al. 2000), identification of genetic markers (Park et al.
2007), the preparation and regeneration of protoplasts (Waaland et al. 1990), whole
mount in situ hybridisation (Shimizu et al. 2004) and progress towards the development of genetic transformation (Cheney et al. 2001, He et al. 2001, Lin et al.
2001). Indeed, a related species, Porphyra yezoensis, has been proposed as a candidate model macroalgae (Kitade et al. 2004, Waaland et al. 2004). C. crispus has
the advantage of possessing a smaller genome (150 Mbp, Peters et al. 2004) than
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P. umbilicalis (genomes of Porphyra spp. tend to be around 400 Mbp, Kapraun
2005) and of being more representative of the “typical” red algae (the majority of
red algae are florideophytes). Both the C. crispus and the P. umbilicalis genomes
will be of interest for applied research, C. crispus for understanding carrageenan
biosynthesis and P. umbilicalis because of the importance of Porphyra spp. (nori)
in the multibillion dollar nori industry. It is also important to note that the common
ancestor of C. crispus and P. umbilicalis is though to date back to about 1,400 Mya,
so these two species represent very different evolutionary groups (Yoon et al. 2004).
6.4.6.3 Green Macroalgae
Genomic approaches have not been applied to the same extent to green marine
macroalgae as they have for the reds and browns. This is probably because of the less
obvious potential for industrial applications. However, green macroalgae such as
Ulva are important for their roles in fouling and because of their tendency to bloom
under high nutrient conditions, for example when pollution by fertilisers is combined with the warm temperatures and high light fluxes during the summer months
in temperate regions. Among the green marine macroalgae, Ulva has been studied most extensively and a collection of ESTs has been established (Bryhni 1974,
Fjeld and Løvle 1976, Reddy et al. 1992). At present, however, there are no plans to
sequence the genome of a member of this group.
Sea-grasses are angiosperms and, therefore, are not defined as algae. It is important to mention these organisms here though because, like the macroalgae, they are
ecologically import photosynthetic organisms in many coastal regions. Sea-grasses
can form extensive “meadows” on sandy or muddy shorelines, providing a habitat
for many other organisms. These important ecosystems are threatened by human
activity in many parts of the world. A genome sequencing project has been initiated
for one species of sea-grass, the eelgrass Zostera marina (Table 6.1).

6.5 Future Research in Algal Genomics
Genomic approaches are currently being used to address a very broad range of
questions related to algal biology. These include questions addressing fundamental
aspects of the evolution of the eukaryotes, questions concerning the key roles played
by algae in various open-ocean and coastal ecosystems and in-depth studies of
specific aspects of algal biology, the latter often with novel biotechnological applications. Future research will extend our knowledge in all of these areas. Sequence
data is still very fragmentary and many of the major eukaryotic groups are still
very poorly explored at the molecular level. Future work will fill in many of these
gaps, adding robustness to the eukaryote phylogeny. However, it is likely that major
eukaryotic groups still remain to be discovered (Not et al. 2007) and, consequently,
that currently recognised supergroups of the eukaryotic tree may need to be reorganised. New information is also expected about the various endosymbiotic events
that played such an important role during evolution.
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Genomic approaches have only just started to be applied to marine algal ecosystems. The handful of genome sequences that are available for planktonic microalgae,
for example, have provided important insights into how these organisms function in
their environment but these studies have only scratched the surface of the complexity of these ecosystems. Future studies will combine environmental sequencing data
with genome information for individual strains to provide a better understanding
both of the biodiversity present and of the characteristics of component species.
These approaches will be combined with methods that allow the analysis of gene
expression such as cDNA sequencing or microarray analysis providing, not only a
census of the genes present in an ecosystem but also an overview of which genes
are active under particular conditions. Similar studies are planned for macroalgae in
coastal environments. The larger size of macroalgal genomes limits the number of
genome sequencing projects at present but the rapid progress that is being made with
these technologies is expected to modify this situation in the coming years. Together
these future studies are expected to provide more detailed descriptions of the roles
of algae in marine biosytems, particularly in terms of their key influence on biogeochemical cycles and their responses to climate change and other anthropogenic
impacts.
One of the consequences of the broad phylogenetic distribution of the algae
across several very ancient eukaryotic groups is that they represent an enormous
potential for the discovery of novel biological processes including metabolic pathways, signalling pathways, cellular processes, developmental regulation, etc. One
of the surprising results of algal sequencing projects has often been the very high
proportion of genes that have no matches in the public databases. For example,
this was the case for about half the genes in the genome of the diatom T. pseudonana (Armbrust et al. 2004). A major challenge for the future will be to understand
the cellular functions of these “orphan” genes and the development of a number of
model organisms for both the micro and the macroalgae is an important step towards
this objective.
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Chapter 7

Genomic Approaches in Aquaculture
and Fisheries
M. Leonor Cancela, Luca Bargelloni, Pierre Boudry, Viviane Boulo,
Jorge Dias, Arnaud Huvet, Vincent Laizé, Sylvie Lapègue, Ricardo Leite,
Sara Mira, Einar E. Nielsen, Josep V. Planas, Nerea Roher,
Elena Sarropoulou, and Filip A.M. Volckaert

Abstract Despite the enormous input into the worldwide development of fish and
shellfish farming in the recent decades, in part as an attempt to minimize the impact
of fishing on already overexploited natural populations, the application of genomics
to aquaculture and fisheries remains poorly developed. Improving state-of-the-art
genomics research in various aquaculture systems, as well as its industrial applications, remains one of the major challenges in this area and should be the focus of
well developed strategies to be implemented in the next generation of projects. This
chapter will first provide an overview of the genomic tools and resources available,
then discuss the application of genomic approaches to the improvement of fish and
shellfish farming (e.g. breeding, reproduction, growth, nutrition and product quality), including the evaluation of stock diversity and the use of selection procedures.
The chapter will also discuss the use of genomic approaches to study and monitor natural fish and shellfish populations and to understand interactions within their
ecosystems.

7.1 Introduction
Although initial efforts in genomics were more directed to humans and mammals as
biomedical model organisms, this has extended, among others, to a wide range of
fish species, in particular teleosts, which are known to occupy multiple, diversified
environments within aquatic ecosystems. Fish have also gone through diverse evolutionary changes, making them valuable experimental model organisms not only
because of their economical relevance but also because of comparative genomics,
providing new perspectives towards our understanding of molecular and organismal
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evolution. Furthermore, since present day species have evolved following teleostspecific genome duplications, researchers now study how thousands of duplicate
sets of genes have evolved, in particular (i) the acquisition of new sequence motifs
leading to multidomain proteins, (ii) the diversification and multiplication of complex RNA processing mechanisms leading to a plethora of protein isoforms and
variants, (iii) the acquisition of new regulatory elements, leading to a diversification
of regulatory mechanisms and spatial-temporal changes in gene expression, or (iv)
the acquired functionality of non-coding sequences.
Recently, several fish species, including zebrafish (Danio rerio), medaka
(Oryzias latipes), Japanese pufferfish (Takifugu rubripes), spotted green pufferfish
(Tetraodon nigroviridis), Atlantic salmon (Salmo salar), three-spined stickleback
(Gasterosteus aculeatus), and to a lesser extent some shellfish (oyster and mussel)
have had their genomes published (only partially for nuclear genomes of shellfish),
and several more are in progress. In addition, growing sets of large EST (Expressed
Sequence Tag) collections are being produced for many and diverse fish species
(e.g. those recently produced for gilthead seabream (Sparus aurata), and European
sea bass (Dicentrarchus labrax), and shellfish (Pacific oyster Crassostrea gigas,
blue mussel Mytilus galloprovincialis) by the Marine Genomics Europe Network of
Excellence). With these draft genomes and their complementary ESTs, it has been
possible to begin aligning and comparing these sequenced genomes and deduce
their gene structure and corresponding protein sequences. However, once specific
sequences are identified and the genome annotated, one wonders whether the function of a given gene/protein/DNA motif is as predicted, or why specific sets of
genes/regulatory elements have been targets of positive selection. In contrast to
fish/shellfish genome sequencing and comparative analysis, which have taken a
leap forward recently, functional genomic tools have lagged behind and therefore
fish/shellfish-derived in vitro and in vivo tools for functional analysis remain an
important aspect requiring further efforts towards a continued development.

Fig. 7.1 Overview of genomic approaches in aquaculture and fisheries (Figure credit: V. Laizé)
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Despite the enormous, worldwide development of aquaculture in the last decade,
the application of genomics to aquaculture remains poorly exploited. Improving
state-of-the-art genomics research in various aquaculture systems, and its industrial
applications remain major challenges and must be the focus of the next generation
of projects. This chapter will discuss the application of genomic approaches to the
improvement of fish and shellfish aquaculture, including the evaluation of stock
diversity and the use of selection procedures. The chapter will also discuss the use
of genomic methods to study and monitor natural fish and shellfish populations and
to understand interactions within their ecosystems (Fig. 7.1).

7.2 Genomic Tools and Resources
In this section, available (or soon-to-be available) tools for structural and functional
genomics in marine fish and shellfish will be described. As the reader will note, most
of these tools have been developed for farmed or fished species. One obvious reason for this limitation is the fact that the development of genomic tools requires
a relevant economic investment, which has been possible so far only for commercially important species and model species. However, the introduction of new
technologies, e.g. ultra high-throughput DNA sequencing (Margulies et al. 2005),
has dramatically lowered the costs of EST production, generation of BAC clones,
and whole-genome sequencing, therefore more and more marine fish and shellfish
species are expected to enter the genomic arena.

7.2.1 Genetic Linkage Maps
Historically, the first portrait of an animal genome was obtained in the form of a
genetic linkage map. Any polymorphic locus, i.e. a locus where at least two distinguishable alleles are observed, can be positioned on a genetic map (Fig. 7.2). In the
last 30 years, different types of markers have been successively used: allozymes,
minisatellites, RAPDs (Random Amplification of Polymorphic DNAs), AFLP
(Amplified Fragment Length Polymorphisms), SSRs (Simple Sequence Repeats)
and SNPs (Single-Nucleotide Polymorphisms) (Schlötterer 2004; see Glossary and
Chapter 3 for detailed explanations about these markers). Allozyme markers have
been widely used as they are highly polymorphic in most species, especially bivalve
shellfish (Solé-Cava and Thorpe 1991). They have permitted a large number of population genetic studies and are still used, notably in combination with other types
of markers (e.g. Nikula et al. 2008). Heterozygote deficiencies and relationships
between their heterozygosity and fitness-related traits have been frequently observed
in wild or farmed populations using these markers (Raymond et al. 1997, Bierne
et al. 2000). Consequently, the non-neutrality of allozyme markers has been strongly
debated in bivalves (e.g. McDonald et al. 1996).
To date, most markers are based on DNA technologies. At present, the most
popular types are the microsatellites, also known as SSR loci. SSR loci consist of
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Fig. 7.2 Comparative mapping. RH18 (radiation hybrid group 18) from seabream radiation
hybrid map (Sarropoulou et al. 2007), LG21 (linkage group 21) from seabream genetic linkage
map (L. Bargelloni, unpublished data) and Chr II (chromosome II) from stickleback genome
(www.ensembl.org). Marker names on RH map correspond to unique transcripts from SAPD
database (identified with prefix Sapd), publicly available genes or SSR markers (identified with
GenBank accession numbers) and unpublished SSR markers (Eid10 and Hd46). Any PCRamplifiable sequence can be mapped onto the RH map (see text), allowing for a higher marker
density. On the other hand, only polymorphic SSR markers (Eid36, Id13 and Hd46) can be located
on the linkage map. In bold, the single SSR locus present in both maps. Correspondences between
individual seabream markers and putative homologues of seabream markers in stickleback genome
are shown. Several changes/errors in gene order between the two species are evident. (Figure credit:
L. Bargelloni)

a variable number of short repeats (2–6 nucleotides). SSRs are usually uniformly
distributed in genomes, at a relatively high frequency (1 every 1.5–6 kb) (Zane
et al. 2002, Chistiakov et al. 2006). The repetitive nature of the SSR core sequence
causes the frequent gain or loss of one or more repeat unit, creating alleles of different length (Ellegren 2004). However, imperfect microsatellites are often observed,
notably in shellfish where very high (>50) number of alleles per locus are often
reported (e.g. Huvet et al. 2004). For this reason, most SSR loci show high polymorphism and are extremely useful for the construction of genetic linkage maps
(Schlötterer 2004). Marine fish and shellfish species for which a genetic linkage map
is available were reviewed by Wenne et al. (2007). Most of these maps are based on
SSR loci, although in some cases AFLPs are used as well (e.g. sea bass, channel
catfish, mussel, flat oyster). As SSR loci were first characterized in non coding
regions, efforts have been made to identify and map SSRs with EST sequences
(EST-SSR). Recent efforts to generate ESTs in many marine species contribute to
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an increasing number of available EST-SSR (e.g. Yu and Li 2008). Another possibility to position genes on a genetic linkage map is to use SNP loci. While SSR loci are
well established genetic markers, SNPs represent a recent addition to the genomic
toolbox for most animal species. So far, the representation of SNP markers in linkage maps of marine species has been limited to few loci but the development of high
throughput SNP genotyping should allow a significant increase in the number of
mapped SNPs in the near future. Compared to SSR loci, SNPs are more frequent in
the genome, both in coding and non-coding regions, and are bi-allelic, which makes
them portable across laboratories, and more amenable to high-throughput analysis and automation. The frequency of SNPs is particularly high in marine bivalves
(e.g. one SNP every 60 bp in coding regions and one every 40 bp in non-coding
regions; Sauvage et al. 2007), which have high effective populations sizes (i.e. the
number of effective breeders at each generation). SNPs are indeed less polymorphic
than SSRs, but their frequency in most species and the implementation of highthroughput technologies makes possible the identification of hundreds of thousands
SNPs. Likewise, the genotyping of up to 1,000,000 SNP loci is now possible (e.g.
Illumina Infinium HD Human 1 M). At a much smaller scale, SNP isolation and
genotyping is well advanced, especially in the Atlantic salmon (Hayes et al. 2007),
while other marine species are quickly progressing (e.g. Atlantic cod, European sea
bass and Pacific oyster).
Whatever the type of marker used for the construction of a linkage map, it is necessary to sample a large number of independent meiotic events in order to measure
recombination between loci. Traditionally, this has been achieved through the use of
dedicated mapping panels, i.e. experimental populations originating from F1, backcross or F2 crosses between highly divergent strains. As such populations are not yet
available for most marine fish and shellfish, mapping panels are often the F1 generation from a cross between two wild animals. Despite these limitations, the high
levels of heterozygosity observed in most marine species (having very large effective population sizes) increases the probability of each marker being informative for
the construction of the map.
Linkage maps represent a scaffold of markers for genomic studies. These markers can be used in genome-wide scans for linkage with phenotypic characters of
economic or scientific interest. Apart from the identification of Quantitative Trait
Loci (QTL) in farmed species, one excellent example of the potential of such
methodology comes from the identification of markers linked to loci responsible
for morphological divergence between sympatric populations of three-spined stickleback. Peichel et al. (2001) used a medium resolution linkage map to analyze the
genetic basis of recently evolved changes in skeletal armour and feeding morphologies seen in the benthic and limnetic stickleback species from Priest Lake, British
Columbia.
The main limitations of currently available linkage maps are the scarce representation of coding genes among mapped loci and the low level of comparability
between linkage maps from different species. Low-to-moderate resolution linkage
maps have been developed during the last decade for several fish and shellfish of
aquacultural importance (for review, see Wenne et al. 2007). Most of the maps currently available are based on F1 crosses and AFLP markers. Many of them are first
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presented as “preliminary” and are complemented in a second step by co-dominant
markers (e.g. Pacific abalone: Liu et al. 2006). Microsatellite-based maps (e.g.
Pacific oyster: 88 markers mapped; Hubert and Hedegock 2004; Pacific abalone:
167 markers mapped; Sekino and Hara 2007) are more demanding to develop and
often still present fewer markers than those based on AFLP markers. SNP-based
linkage maps are currently been developed in several species.
Comparative genomics has its foundation in the presence of conserved regions
across species, which are putatively homologous and can be used to align and compare genomes. A small proportion of SSR loci are conserved, allowing anchoring
across genomes (Stemshorn et al. 2005, Franch et al. 2006), but typically microsatellite markers are species-specific and homologous genomic regions are often not
recognizable in other genomes. This is especially the case in shellfish species
showing high levels of nucleotide polymorphism leading to poor cross-species
amplification (e.g. Hedgecock et al. 2004).

7.2.2 Radiation Hybrid (RH) Maps
RH maps were originally developed precisely to overcome the limitations of genetic
linkage maps (Walter et al. 1994). A detailed description of RH map construction
is beyond the scope of the present book and the reader should refer to specific publications (e.g. Kwok et al. 1998). Briefly, hybrid cell lines are established, which
contain random fragments of the donor genome (the species of interest) mixed with
the whole genome of host cells (generally hamster cells). A set of independent cell
lines recapitulates the genome of the target organism several-fold. Markers or genes
of interest are analyzed by PCR using DNA isolated from each cell line. Statistical
tools are applied to determine both the linear order of markers on each chromosome,
and the confidence of each placement. Any genomic region that is PCR-amplified
(i.e. coding genes, SSR, ESTs) selectively from the donor genome can be located
on the RH map (Fig. 7.2). This allows mapping of loci that are not polymorphic.
Moreover, protein-coding loci are often well-conserved even between distantlyrelated species; therefore most markers located on a RH map find their homologue
in the genomic map of other species, allowing comparison between genomes.
So far, technical problems (compatibility between host and donor cells, sensitivity of donor cells to irradiation) have limited the development of RH mapping
panels in non-mammalian vertebrates, and especially in fish. RH maps are available for only two teleost species, the zebrafish (Geisler et al. 1999, Hukriede et al.
1999) and the gilthead seabream (Senger et al. 2006, Sarropoulou et al. 2007).
For a third species, the European sea bass, a RH panel has been produced with
an improved methodology that is virtually cell-culture free (F. Galibert, personal
communication), and a RH map is being constructed. Such technical improvements
are expected to make RH panel development faster and easier for any vertebrate
species. At the same time, application of high-throughput methods for RH panel
scoring (e.g. McKay et al. 2007, Park et al. 2008) hold the promise to drastically
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reduce the most expensive and time-consuming step of RH map construction, i.e.
marker genotyping on hybrid cell lines. Rapid and relatively inexpensive RH maps
will in turn allow much broader genome comparisons and the transfer of information from complete or high-quality draft genome sequences to less characterized
ones (Sarropoulou et al. 2008), speeding up the identification of loci involved in
biologically important phenotypes. At the same time, medium-high resolution RH
maps coupled with low-coverage (1–2X) whole-genome sequencing will provide
essentially the same comparative data with respect to gene order that is derived
from high-coverage (greater than 7X) genome sequencing (Hitte et al. 2008). The
possibility of developing a RH map for the Pacific oyster is also currently being
examined (F. Galibert, personal communication).

7.2.3 BAC-Based Physical Maps
While genetic maps provide an indirect estimate of the distance between two loci, a
genome-wide physical map gives an estimate of the true distance, in measurements
called base pairs, between items of interest (note that RH maps may be considered either to be a type of physical map or to be similar to genetic maps, with
the frequency of association between markers being determined by the irradiation
dose rather than by genetic recombination). A physical map usually comprises a
set of ordered large-insert clones such as bacterial artificial chromosomes (BACs).
Physical maps can be independent of genetic information but are more valuable
if linked to genetically mapped markers, and are even more powerful if integrated
with genomic sequence data. Current physical maps are based on technologies to
detect overlaps among BACs. The most commonly used is BAC fingerprinting,
where restriction profiles of individual BACs are used to order clones on the map
(Meyers et al. 2004). While BAC libraries have been constructed for several marine
fish species, high-resolution BAC-based physical maps are not available yet for
marine fish species. A low resolution BAC-based map, linking 84 BAC clones to the
existing linkage map (Wang et al. 2007b), has been recently reported (Wang et al.
2008) for the barramundi or Asian sea bass (Lates calcarifer). Technical improvements in BAC DNA preparation (Kuhl et al. 2010) coupled with high-throughput
DNA sequencing led recently to sequencing of both ends of over 50,000 clones
of a Dicentrarchus labrax BAC library (Whitaker et al. 2006) and of a Sparus
aurata BAC library. In this case, BAC-end sequences have been ordered by comparison with a high quality genome sequence draft from the three-spined stickleback
(Fig. 7.2). Comparison with a closely-related species genome for ordering clones
has been already used to provide a complementary framework to other methods
(Gregory et al. 2002) and appears to be a good tool for preliminary assembly of
BAC clones (R. Reinhardt, personal communication).
Few BAC libraries are yet available in molluscan shellfish. Cunningham et al.
(2006) first reported a BAC library for Pacific and American oysters. More recently,
Zhang et al. (2008b) have reported the construction of two BAC libraries for the
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Zhikong Scallop (Chlamys farreri) and their use to identify genes involved in the
innate immune system of molluscs. A 10X genome coverage BAC library of the
Pacific oyster has been recently produced and fingerprinted as part of a project
coordinated by P. Gaffney (University of Delaware, USA).

7.2.4 High Quality Draft Genome Sequences
To date, the genomes of five teleost species, D. rerio, T. nigroviridis, O. latipes,
T. rubripes, and G. aculeatus, have been sequenced at high coverage. The
most recent sequence assemblies for all these genome sequences are available at www.ensembl.org. Two of these species, T. rubripes (fugu) and
G. aculeatus (stickleback), are marine fish, although only the former is fully marine
while the latter shows a freshwater and a marine morphotype, returning in some
cases to freshwater to breed. Sequence coverage of these two fish genomes is only
slightly different, 8.7X for T. rubripes and 11X for G. aculeatus. Nevertheless, a
comparison between the two species presents an interesting example of how information content of genome sequences might vary. The fugu genome is 393 Mb in size
and is represented by 7,213 scaffolds, with the largest scaffold being 7 Mb in size.
On the other hand, the stickleback genome is larger (approximately 460 Mb), but
the assembly shows 21 chromosomes (groups) with an additional 1,822 unplaced
supercontigs. It is quite obvious that the stickleback genome offers the means for
a better and more meaningful comparison with other fish genomes. In fact, both
linkage and RH maps of different fish species have been anchored against the stickleback genome (Franch et al. 2006, Sarropoulou et al. 2007, 2008, Bouza et al. 2007;
Fig. 7.2), showing a remarkable level of synteny, with the majority of genomic
rearrangements occurring at the intra-chromosomal level. As already mentioned,
novel DNA sequencing technologies will likely make it possible to undertake wholegenome sequencing projects in non-model species, however supporting tools such
as linkage and physical maps will be still necessary for high quality assembly of
these genomes. This approach is currently being developed for the Pacific oyster as
a joined effort beween P. R. China (Institute of Oceanology of Chinese Academy of
Sciences and Beijing Genomics Institute) and members of the international Oyster
Genome Consortium. Following the sequence of the limpet Lottia gigantea (see JGI
website), the oyster will be among the first members of the Lophotrochozoa to be
fully sequenced.

7.2.5 Functional Genomic Tools
In the genomic area, one principle focus is to translate information obtained using
large scale sequencing projects into enhanced understanding of genome function related to biological mechanisms and phenotypic variability. From the set
of EST collections usually incorporated into a publicly available database where

7

Genomic Approaches in Aquaculture and Fisheries

221

they are assembled into contigs, subsequent microarray design or assignment of
SAGE (Serial Analysis of Gene Expression) or MPSS (Massively Parallel Signature
Sequencing) signatures allow transcriptome profiling to be carried out to study
marine animal physiology. Functional genomics focuses on dynamic aspects of the
genome such as gene transcription, translation, and protein–protein interactions. We
will refer here to functional genomics in a restricted way, i.e. transcriptomics. The
analysis of a whole-genome transcriptome in a single experiment has become feasible with the introduction of the DNA microarray technology (Schena et al. 1995).
Eukaryotic cell transcriptomes proved to be much more complex than thought and
thus difficult to represent fully in a single experiment (Birney et al. 2007), but DNA
microarrays have indeed given a totally new perspective to gene expression studies.
There are several technical options for the construction of gene-expression DNA
microarray, e.g. probes might be either spotted cDNAs or oligos, or oligos of various lengths can be synthesized in situ using several different synthesis technologies
(Holloway et al. 2002). Until recently the array platforms available for marine fish
and shellfish species were spotted cDNA microarrays. The alternative approach is
now represented by oligonucleotide probes, designed on all in silico available cDNA
sequences, which are then synthesized and spotted or directly synthesized on the
glass slide.
For two oyster species, C. virginica and C. gigas, an international group of collaborators has constructed a cDNA microarray (4,460 sequences from C. virginica
and 2,320 from C. gigas) (Jenny et al. 2007). This array is notably used to estimate the response of C. gigas families to heat stress challenge (Lang et al. 2008). In
Europe, within the framework of Marine Genomics Europe network of excellence
and the Aquafirst European project, a larger portion of the Pacific oyster transcriptome was spotted to produce a 10X microarray slide. This slide was used to examine
the biological mechanisms involved in the response of lines selected to be resistant
or sensitive to summer mortality (Boudry et al. 2008; E Fleury, personal communication). In the blue mussel, a species commonly used as a sentinel to monitor
pollution in the marine environment, a first cDNA microarray was designed including 1,714 probes allowing the identification of about 50 signatures of relevant doses
of pollutants in mussel tissues (Venier et al. 2006). A low-density oligonucleotide
microarray, representing 24 mussel genes selected on the basis of their potential
involvement in mechanisms of pollutants and xenobiotic response, was also validated (Dondero et al. 2006). Finally, from microarray data obtained in the intertidal
mussel Mytilus californiacus across major portions of its biogeographical range,
Place et al. (2008) emphasised the usefulness of such transcriptomic tools to marine
ecologists for ecological studies including those relevant to the marine estuarine
habitat of the bivalves.
The expanding number of EST available in public data bases for many marine
species (e.g. Salmo salar 433,337, G. aculeatus 276,992, Gadus morhua 181,734,
D. labrax 32,755 and C. gigas 56,327) have paved the way for a much broader
use of oligo-DNA microarrays. Within the European Network of Excellence
“Marine Genomics Europe”, a pilot study aid at developing such platform for
two marine fish (S. aurata and D. labrax) has been carried out. Using an in
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situ synthesis method based on ink-jet technology, two non-overlapping oligos
were designed for each unique transcript. For S. aurata 19,715 gene transcripts
are represented on an array platform that is coupled with a dedicated database
(http://enne.cribi.unipd.it:5555/biomart/martview). This array is now fully validated
and publicly accessible (Ferraresso et al. 2008). Likewise, 19,048 unique transcripts
have been used to develop a D. labrax oligo microarray (L. Bargelloni, personal
communication). A similar platform albeit with a reduced transcriptome representation is available for two marine flatfish, Scophthalmus maximus (P. Martinez,
personal communication) and Solea senegalensis (Cerda et al. 2008). The drastically reduced cost of large-scale DNA sequencing will greatly increase available
ESTs for a large number of marine fish species, making functional genomic tools
easily accessible to the majority of research groups. Ultimately, the trend toward
cheaper massive sequencing technologies will lead to direct sequencing becoming
the method of choice for transcriptome analysis (Sultan et al. 2008).
The very powerful method of MPSS (Brenner et al. 2000) was used to study
heterosis (hybrid vigor), a widely observed phenomena in bivalve molluscs. MPSS
technology generates short sequence tags from complex RNA samples to analyse
gene expression pattern. MPSS offers advantages for organisms with poorly characterized genomes: (1) it requires no previous sequence information and relies on
open-based sampling of transcripts, allowing for the identification of novel transcribed sequences, even if a large EST collection is a great advantage to assign
MPSS signatures, (2) MPSS is an unbiased, comprehensive and quantitative method
as tag counting provides a digital measurement of the abundancies of transcripts,
and (3) MPSS is able to detect rare messages (down to about 3 transcripts per million). Up to now, 4.5 M sequence tags have been identified in C. gigas genotypes
containing 23,274 distinct signatures that allowed the characterisation of some 350
candidate genes for growth heterosis (Hedgecock et al. 2007). SAGE is another
method producing signatures to generate transcriptome profiling (Velculescu et al.
1995). This method makes the same assumptions and has the same advantages as
MPSS. To date, there are no published articles describing SAGE analysis of marine
molluscs but SAGE will be soon applied to the oyster for genome-wide expression profiling of the hemocytes, the immuno competent cells (E. Bachère, personal
communication). Finally, a recent interesting comparison of these three methods
(Nygaard et al. 2008) has concluded that the oligoarrays can provide quantitative
transcript concentrations that are correlated with MPSS and SAGE data but the
absolute scale of the measurements differs across the technologies.

7.3 Genomic Approaches in Breeding and Reproduction
The ultimate goal of fish and shellfish selective breeding programmes is to increase
the sustainability and profitability of aquaculture, while maintaining the genetic
variability in the cultured stocks and limiting its impact on wild population and
the environment. Pedigree information, which is required for efficient breeding programmes in order to maximise effective population sizes and to use information

7

Genomic Approaches in Aquaculture and Fisheries

223

from related individuals to increase the accuracy of predicting breeding values, is
often lacking. Molecular markers can be used for this purpose as well as to detect
regions of interest in the genomes linked to a trait of interest, i.e. QTL. This section is dedicated to the possibilities and first realizations of incorporating molecular
marker information into fish and shellfish breeding programmes by considering
their use for (1) genealogical traceability and genetic variability maintenance, and
(2) QTL search and marker-assisted selection (MAS).
Practically, two of the main constraints facing effective breeding programmes for
fish and shellfish are the fact that (1) in most species early stages are too small to
be tagged individually and, at the same time, (2) spatial and technical constraints
strongly limit the number of rearing vessels that can be managed at one time. To
address this issue, mixtures of equal-aged progenies from different families can be
reared together to avoid family-specific environmental effects. Molecular markers
can be used subsequently to assign animals to families after the evaluation of their
performance, which is of particular interest for individual traits such as growth rate.
SSRs are currently the type of marker most commonly used for paternity analysis
and traceability in aquaculture species (Herbinger et al. 1995, Fishback et al. 2002,
Vandeputte et al. 2004), mainly due to their high levels of variability and power to
discriminate at the individual level. Although it depends on the size of the breeding
population, typically, 10–20 variable genetic markers are needed to assign >95% of
individuals to single pairs of parents (e.g. Vandeputte et al. 2006). However, high
frequencies of null alleles are commonly observed in bivalves (Hedgecock et al.
2004), and fish (Castro et al. 2004, 2006) which can lead to difficulties and bias in
such analyses. Parentage assignment and relatedness studies have been made using
microsatellite markers in several species, on an experimental level involving a limited number of genitors in molluscs (Boudry et al. 2002, Taris et al. 2006, Li and
Kijima 2006, McAvoy et al. 2008), seabream (Castro et al. 2007), Atlantic salmon
(Norris et al. 2000), Atlantic cod (Herlin et al. 2007, 2008), rainbow trout (Mcdonald
et al. 2004), turbot (Borrell et al. 2004) and sole (Porta et al. 2006). However, the
suitability of such approaches for mixed-family breeding programs has not been
yet demonstrated, despite the large number of markers already available (Li et al.
2003a). AFLPs (Gerber et al. 2000) as well as SNPs have also been considered
(Anderson and Garza 2006), with the need for these latter to develop cost-efficient
high-throughput genotyping methods (Hayes et al. 2005). As mean SNP density is
very high in oysters (Curole and Hedgecock 2005, Sauvage et al. 2007), and likely
to be of a similar level in many other marine bivalves, the number of potential SNP
markers is extremely high.
Traceability has also become an area of interest for aquaculture species in order
to follow individuals back to their origin for estimates of escapees from farms or
to identify sources of diseases and/or toxins in market fish (see Section 7.5 of this
chapter and Chapter 1 of this book).
Other potential applications for molecular markers are walk-back selection (Li
et al. 2003b, Sonesson 2005) and pedigree-assisted selection methods such as animal model-based methods (Lynch and Walch 1998). Bias in estimating genetic
parameters is expected to arise due to the low level of self-fertilisation that can
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occur in some shellfish species. This is particularly true for scallop (Martinez and di
Giovanni 2007) but also for the European flat oyster (Lallias et al. 2008). Therefore,
molecular markers can be used to discriminate between selfed and outcrossed
families or individuals within a family.
The choices made at the founding of a breeding programme are critical for its
long term success. This is especially true for the choice of the founder individuals.
Hence lack of adequate base populations is the main reason for the lack of selection response observed in some fish (Gjedrem 2000) and shellfish (Naciri-Graven
et al. 2000). Increasing the effective population size in a breeding programme
will decrease random genetic drift and increase likelihood of showing response to
selection. Molecular markers can be used to infer relatedness between individuals
available as candidate bloodstock to generate the first generation of offspring or at
any level of reproduction in a breeding programme (Hayes et al. 2006), and thereby
avoid mating among close relatives and prevent negative consequences of high levels of inbreeding and genetic load (Gallardo et al. 2004, Camara et al. 2008). Hence,
molecular markers are used on a routine basis to monitor genetic diversity of broodstock of oysters (Hedgecock and Davis 2007), seabream (Blanco et al. 2007), trout
(Was and Wenne 2002, Gross et al. 2007), salmon (Norris et al. 1999, Koljonen et al.
2002, Rengmark et al. 2006), cod (Pampoulie et al. 2006) and flounder (Liu et al.
2005b). Furthermore, in the European flat oyster (Launey et al. 2001) and Japanese
flounder (Sekino et al. 2002), microsatellites were used to demonstrate a loss of
genetic variability in mass selected populations.
Currently, MAS does not yet play a major role in genetic improvement programmes in any of the agricultural sectors, and this is particularly so in aquaculture.
Traditionally, fish and shellfish selective breeding programmes have targeted traits
that can be easily individually recorded and improved using mass selection (body
weight, growth, etc.). However traits that are difficult, expensive or time consuming
to score or that express late in the life of the organism (disease resistance, carcass
quality, feed efficiency, sexual maturation, etc.) may be considered as good candidates to perform MAS in the context of the recent and important development of
molecular markers and high through-put genotyping techniques. Furthermore, compared with genetic modification, the use of MAS is more relaxed, at the level of
research and development, as well as field testing, commercial exchanges, or public
acceptance for which the technology is not an issue.
As a prerequisite for MAS, there must be a known association between genetic
markers and genes affecting the phenotype (trait) of interest. Searching for those
associations corresponds to searching for QTL. To date only two published papers
report the identification of QTLs in shellfish species compared with more than 20
in fish species. For example, in fish, QTLs have been detected affecting cold tolerance and body weight in several species of Oreochromis (Cnaani et al. 2003, Moen
et al. 2004), body weight in salmonids (Reid et al. 2005 and references therein),
disease resistance (Ozaki et al. 2001, Moen et al. 2004, Rodriguez et al. 2004, Khoo
et al. 2004, Cnaani et al. 2004), or upper thermal resistance in salmonids (Somorjai
et al. 2003 and references therein). In shellfish, Yu and Guo (2006) identified QTLs
for resistance to Perkinsus marinus in the American oyster C. virginica and Liu
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et al. (2007) described QTLs for shell, muscle, gonad, digestive gland and gill
weight in Pacific abalone Haliotis discus hannai. In addition, positive results have
recently been obtained in European flat oyster Ostrea edulis for Bonamia ostreaea
resistance (Lallias et al. 2008), and in the Pacific oyster C. gigas for summer mortality resistance (C. Sauvage, personal communication) and heterosis for growth
(D. Hedgecock, personal communication).
The candidate gene approach is another alternative, which consists in looking
for variation at genes with a known role in the physiology underlying complex
traits to explain phenotypic variability for those traits. Hence, direct association
between gene polymorphism and phenotypic variation in growth has recently been
reported in oysters (Prudence et al. 2006). Physiological causes of such differences
have also been investigated in relationship with feeding-related traits and specific
amylase activity revealed an association between specific alleles of amylase genes
(Huvet et al. 2008). Similarly, relationship of both glutamine synthetase (amino acid
metabolism) and delta-9 desaturase (lipid metabolism) genes with resistance to summer mortality was reported by David et al. (2007). In the Arctic charr, candidate
genes have been studied for growth related traits using ten conserved gene sequences
known to be related to the growth hormone axis (Tao and Boulding 2003) and one
SNP was found to be associated with growth rate. In the Atlantic salmon, specific
alleles or heterozygotes at genes of the major histocompatibility complex (MHC)
were associated with resistance and susceptibility to the infectious haematopoietic
necrosis virus (Langefors et al. 2001, Lohm et al. 2002, Arkush et al. 2002, Grimholt
et al. 2003, Bernatchez and Landry 2003).
In addition to these a priori approaches, differential gene expression studies can
provide new candidate genes. Differential gene expression between oysters selected
to be resistant or sensitive to summer mortality (Huvet et al. 2004), or exposure to
pollutants (Boutet et al. 2004, Tanguy et al. 2005), have led to the identification of
large numbers of candidate ESTs. Until now, Suppression Subtractive Hybridization
(SSH) has been the method the most frequently used to identify genes differentially expressed between contrasting individuals. However, novel high-throughput
transcriptome analysis methods such as microarrays (Jenny et al. 2007), MPSS
(Hedgecock et al. 2007), or SAGE are likely to increasingly contribute to the identification of genes of interest in the near future. In salmonids, a microarray has been
used to study gene expression in fish exposed or not to Pisciricketsia salmonis (Rise
et al. 2004). Finally, through the co-localization of QTLs and candidate genes, there
should be a mutual reinforcement of both approaches that would benefit the ultimate
progression of improvement programs based on such knowledge.
Although molecular markers can already be used in fish and shellfish breeding programmes to trace individuals for easier rearing, escapes estimation, or
optimizing population size in bloodstocks, on a case by case study basis, QTL
mapping and MAS are not as well advanced in aquaculture species as in farmed
terrestrial plants and animals. However, the merging efforts between genetics and
genomics are expected to allow the detection of variation affecting complex traits
in fish and shellfish species and their use for increasing the usefulness of MAS
schemes.
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7.4 Genomic Approaches in Growth and Nutrition
7.4.1 Introduction
One of the main objectives of fish aquaculture is to produce fish with an optimal
growth rate. In the wild, the overall fitness of fish populations, and particularly their
reproductive fitness, depends on the ability of fish to achieve a certain growth rate.
From a physiological point of view, fish growth is a complex process that depends on
other mutually interdependent physiological processes, such as development, nutrition and metabolism. Fish growth is commonly viewed as an increase in fish length
and, in particular, of its muscle mass in parallel to the bone structure and organs.
Skeletal muscle is the most important tissue for growth since it may represent more
than 50% of the body mass of the fish and is the tissue destined for human consumption. Most fish species have the ability to grow continuously throughout their
lifetime (Mommsen 2001). Growth is dependent on the production and development
of muscle fibers and on their metabolic capacity, which in turn depends on food
intake as well as on the supply, transport and utilization of nutrients. Therefore,
tissues directly involved in nutrition, such as the intestine, liver and adipose tissue, play an essential role in skeletal muscle growth. The liver, due to its capacity
to store carbohydrates as glycogen and to use them, to produce glucose by gluconeogenesis and to synthesize and store lipids, is possibly the most important organ
contributing to skeletal muscle metabolism. Since growth is a physiological process with multiple tissue contributions, a global and multidisciplinary approach is
required in order to have a complete view of all the factors contributing to muscle
growth. At the present time, this integrative physiological approach (i.e. Systems
Biology) can be used to integrate all the information obtained from the application
of transcriptomic, proteomic and metabolomic tools and reconstruct the pathways
and functional networks that govern the process of muscle growth.

7.4.2 Transcriptomic Changes in Skeletal Muscle Related
to Muscle Growth
Over the last few years, a growing tendency to use high-throughput technologies to
study muscle growth in fish has been observed. There are already a few transcriptomic studies related to muscle growth and most of them are restricted to salmonid
species. The first approach to study the transcriptome of the growing fish muscle consisted in the analysis of gene expression in transgenic salmon for growth
hormone (GH). Overexpression of GH in white skeletal muscle caused muscle
hyperplasia accompanied by increased expression of genes involved in transcription,
muscle fiber formation and muscle structure, as assessed by substractive hybridization (Hill et al. 2000). A more recent study revealed that transgenic salmon for
GH have a higher number and higher proliferation rates of muscle stem cells that
can be directly stimulated by GH in vitro; both processes are linked to changes
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in the mRNA expression of different myogenic factors (Levesque et al. 2008).
However, until very recently, global transcriptional changes in muscle of GH transgenic salmon had not been evaluated using high-throughput approaches. A recent
study has reported on the effects of exogenous bovine GH administration on the
rainbow trout muscle transcriptome using the GRASP 16 K cDNA microarray (Gahr
et al. 2008). In this study, GH was injected in fish from two different rainbow trout
families, selected for low- and high- growth rates, and different sets of genes up- and
down-regulated were identified in white muscle mediating cellular processes such as
cell cycle, immune response, metabolism or protein degradation. Also recently, the
muscle transcriptome was investigated in another growth model (fasting and refeeding) using a custom cDNA microarray generated in the INRA-GADIE Resource
Center containing 9,023 gene sequences (Rescan et al. 2007). In the early phases of
muscle growth recovery, an induction of genes involved in RNA processing, translation, cell proliferation followed by a later phase involved in Golgi and endoplasmic
reticulum dynamics and muscle remodeling was observed.
To date, no studies on gene expression related to muscle growth using microarrays have been performed in model organisms like zebrafish and fugu, with fully
sequenced genomes. In fugu, subtractive hybridization and quantitative PCR were
used to identify differentially expressed transcripts in skeletal muscle from young
versus adult individuals (Fernandes et al. 2005). The adult skeletal muscle stops
muscle fiber formation, inhibiting the recruitment of muscle fibers, whereas the
young skeletal muscle has an active fiber formation. Fernandes et al. identified
four novel genes that were expressed at higher levels in fast muscle of adult fugu
(Fernandes et al. 2005). These novel genes probably act as growth inhibitors but
they do not have significant homology with any known gene. This study provided
the initial tools to develop high-throughput strategies to study growth in fugu since
they have generated different ESTs libraries that could be used to create cDNA or
oligonucleotide microarrays. It is surprising the absence of microarray studies in the
growing muscle of zebrafish (hypertrophic growth), since there are oligonucleotides
microarrays commercially available (i.e. Agilent) and its genome is fully sequenced
and partially annotated.

7.4.3 Transcriptomic Changes in Skeletal Muscle Related
to External Factors
External factors such as temperature or infectious pathogens may have an effect on
different physiological processes that directly could affect muscle growth. Using
high-throughput technologies, the skeletal muscle transcriptome has been studied
in response to changes in ambient temperature (Cossins et al. 2006, Gracey et al.
2004, Malek et al. 2004), vitellogenesis-induced atrophy of skeletal muscle (Salem
et al. 2006) and vaccination (Purcell et al. 2006). The effects of temperature changes
on the skeletal muscle transcriptome were initially studied in zebrafish (Malek
et al. 2004). A temperature shift of 10◦ C provoked an increase in the expression
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of genes involved in mitochondrial metabolism, oxidative stress, as well as heat
shock proteins 70 and 90. However, these changes in gene expression have not
been related with changes in muscular growth by hypertrophy. A very interesting
study on the effects of temperature acclimatation was performed in carp (Cyprinus
carpio) using a custom cDNA array containing 13,349 sequences (Gracey et al.
2004). The authors studied 7 tissues and reported that a decrease in temperature
elicits a common basic response in all tissues related to metabolism and an additional, more specific, response related to the function of each tissue. In particular,
skeletal muscle undergoes a down-regulation of genes involved in remodeling of the
contractile system and an up-regulation of genes involved in protein degradation.
Reviews on this topic have been written by Gracey and co-workers (Cossins et al.
2006, Gracey 2007), but the accepted hypothesis about the transcriptional effects
of temperature acclimatation is that the muscle suffers a reduction in activity coupled with protein degradation that leads to atrophy. Using a physiological model
of muscle atrophy in rainbow trout and assessing changes in gene expression with
the GRASP 16 K microarray platform, Salem et al. have identified differentially
expressed genes, representing 1% of the total of the genes present in the microarray
(Salem et al. 2006). During vitellogenesis, trout skeletal muscle suffers a marked
atrophy that is reflected by transcriptional changes that affect different cellular processes, protein degradation being one of the most relevant. This model could be
useful for the identification of genes or gene patterns important for evaluating the
function of skeletal muscle.
The skeletal muscle is the preferred tissue for DNA vaccine administration due to
its easy access and to its high production of expressed antigens. Concerning growth,
expression of elevated amounts of antigens in muscle could cause an activation of
the immune system that could lead to growth defects. Purcell et al. have evaluated
changes in gene expression after DNA vaccination against infectious hematopoietic
necrosis virus (IHNV) using the GRASP 16 K microarray (Purcell et al. 2006).
Vaccination caused a strong immune response as evidenced by the increase in the
expression of genes involved in antigen presentation and viral response in skeletal
muscle. In addition, an increase in the expression of marker genes for leukocytes
was observed sugesting an infiltration of leukocytes in the muscle tissue. Therefore,
microarray analysis of vaccinated skeletal muscle indicates that the activation of
a transcriptional response in this tissue could alter its metabolic and/or functional
status.

7.4.4 Genomic Approaches to the Study of Hepatic Function
In teleost fish, the liver plays a key role in nutrition and metabolism as an important site for the synthesis of energy reserves in the form of lipids, carbohydrates
and proteins. In addition, the liver is essential for the response to fasting by mobilizing energy reserves into the bloodstream and providing nutrients to the tissues
and, therefore, is important for the maintenance of homeostasis. In relation to its
key role in homeostasis, the liver is one of the main targets for metabolic hormones
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such as insulin and glucagon. The liver also plays an important role during growth
due to its ability to respond to GH by synthesizing and secreting insulin-like growth
factor I (IGF-I), an important mediator of GH growth-promoting effects. Due to
the central physiological role of the liver and to the complexity of its function and
regulation, genomic approaches are very well suited to assist us in understanding its
function and its response to physiological or environmental alterations. To date, several studies have described the response of the hepatic transcriptome and proteome
in relation to growth and nutrition in teleost fish.
7.4.4.1 Transcriptional Changes in the Liver in Relation to Growth
and Nutrition
Recent studies have addressed the response of the hepatic transcriptome to the
growth-promoting actions of GH in salmonid fish using the GRASP 16 K microarray platform. In GH transgenic coho salmon, one of the major transcriptional
changes observed was an increase in the expression of genes involved in mitochondrial activity (Rise et al. 2006). It was postulated that this could be due to
the higher energy demand of GH transgenic fish with a higher metabolic rate
related to their higher growth rate. In addition, hemoglobin genes were also induced
in the liver of GH transgenic fish, which was attributed to the possible need to
synthesize hemoglobin in relation to the higher metabolic rate of these animals.
Surprisingly, this microarray analysis detected only a small set of genes coding for
hepatic enzymes, most notably fatty acid desaturase and prostaglandin D synthase.
Similarly, a more recent study evaluating the transcriptional response of the rainbow trout liver to a short-term (3 days) treatment with GH and using the same
GRASP microarray also reported changes in a small set of genes, very few of those
corresponding to hepatic enzymes (Gahr et al. 2008). In this study, the two major
functional categories that responded to administration of GH were genes involved
in metabolism and immune response. In view of the scarce information on the liver
transcriptome in response to GH, it is possible that an important part of the regulation is at the level of translation or post-translation modifications. Therefore, it will
be necessary to study the physiological response of the liver also by a proteomic
approximation.
From a nutritional point of view, changes in the hepatic transcriptome in response
to the adaptation to diets with vegetable oil have been examined. In particular, the
hepatic response of Atlantic salmon to diets containing 75% vegetable oil has been
studied using a microarray platform constructed with Atlantic salmon ESTs (Jordal
et al. 2005). The results showed clear evidence of changes in the expression of genes
involved in hepatic liver metabolism. On one hand, an increase in the expression of
fatty acid desaturases 5 and 9 was observed. On the other hand, the expression
of long-chain acetyl CoA synthase decreased in the liver of fish adapted to the vegetable oil rich diet. Furthermore, several mitochondrial genes and proteins from the
external mitochondrial membrane were down-regulated in response to the vegetable
oil rich diet. These observations suggested that these fish, as a result of their nutritional challenge, decreased their capacity for β-oxidation in the liver. More recently,
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fish oil replacement (100%) with vegetable oil for 62 weeks from first feeding in
rainbow trout has also been shown to decrease the expression of two genes involved
in lipid metabolism: fatty acid synthase and long-chain fatty acid elongase (Panserat
et al. 2008b). In addition to changes in genes involved in lipogenesis, complete
fish oil replacement caused changes in the hepatic expression of genes involved in
steroid synthesis, xenobiotic detoxification, protein catabolism and transcriptional
regulation, interestingly in the absence of changes in body weight, feed efficiency
and feed intake (Panserat et al. 2008a,b). In contrast, replacement of animal proteins
(fish meal) with plant proteins in the diet caused a reduction of growth rates and feed
efficiency and increased feed intake in rainbow trout, which was accompanied by
altered expression of genes involved in protein and amino acid metabolism (Panserat
et al. 2008b). Not surprisingly, similar changes were observed in the liver of rainbow trout after a 3-week fasting period: decreased expression of genes involved in
protein biosynthesis and increase in the machinery needed for protein degradation
(Salem et al. 2007).
7.4.4.2 Changes in the Liver Proteome in Relation to Nutrition and Growth
In view of the limited transcriptional response of the teleost liver to growth and
nutritional stimuli, studies on the hepatic proteome are needed to detect posttranscriptional changes. To date, studies have evaluated the response of the hepatic
proteome of rainbow trout to fasting and to diets in which fish protein is replaced
by protein of plant origin. In response to fasting, 24 differentially expressed proteins were detected in the rainbow trout liver. Among the proteins with increased
abundance after fasting were enolase and cytochrome C oxidase, on one hand, and
cathepsin D, on the other hand, most likely related to the higher energy requirements and protein degradation, respectively, that takes place during fasting (Martin
et al. 2001). Using the same proteomic approach, effects of dietary substitution of
fish meal by vegetable protein sources were tested on growth performance and liver
protein content in trout (Martin et al. 2003, Vilhelmsson et al. 2004). In one study,
adaptation of trout to a diet with a partial (30%) substitution of fish meal with soybean meal for 12 weeks resulted in unaltered growth rates but increased protein
catabolism, higher protein turnover and higher protein catabolism, accompanied by
changes in the abundance of 33 protein spots (Martin et al. 2003). Although not all
spots were identified, this study reported changes in the abundance of structural proteins (e.g. keratin and tubulin), lipid binding proteins (e.g. apolipoprotein A) and,
most notably, heat shock proteins, which are indicative of a stress response probably
induced by the presence of anti-nutritional factors in soy (Martin et al. 2003). In a
subsequent study, trout fed a diet in which fish meal was substituted with a mixture of vegetable proteins showed a reduction in growth rate, despite unaltered feed
intake, and decreased feed efficiency, mostly due to a decrease in protein utilization
(Vilhelmsson et al. 2004). These changes in nutritional parameters were accompanied by changes in protein production, in particular, proteins involved in primary
energy metabolism (e.g. production of NADPH and ATP), as well as two proteasome subunits, indicative of an increase in protein degradation. Overall, changes
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in protein abundance in the livers of fish fed diets containing protein from vegetable sources suggest that these fish have higher energy demands than fish fed fish
meal-based diets.

7.4.5 Conclusions and Future Directions
Transcriptomic and proteomic approaches are now being implemented in growth
and nutritional studies in fish. Although only now beginning, application of these
technologies to aquaculture and fisheries in the very near future will reside (1) in
the identification of genes for marker-assisted selection programs designed to select
fish with desired growth rates and nutritional characteristics, (2) in diagnostic of
the growth and nutritional status of fish and (3) in assisting on the formulation
of new and less-environmentally impacting fish diets. Despite the overall positive
trend, published microarray analyses have to date yielded data in the form of, or
focused only on, a small number of genes. This is due, in part, to the particular
characteristics of available microarray platforms, but also to limitations regarding
the supporting bioinformatic analysis. Therefore, most studies have not performed
gene expression analyses beyond the single gene level. In order to fully exploit
the power of the transcriptomic approach, future genomic studies in aquaculture
and fisheries should proceed with an in-depth statistical analysis of functional categories and, most importantly, with a meta-analysis of a large number of microarray
experiments on a variety of different conditions or treatments. It is with this type of
meta-analysis that true molecular signatures of a given process can be identified and
used successfully to describe the physiological status of fish. Finally, strong emphasis should also be placed on extending transcriptomic, as well as proteomic, studies
to non-salmonid species.

7.5 Genomic Approaches in Product Quality and Safety
Over recent decades, the strong trend towards healthier eating habits has resulted
in a promotion of the consumption of seafood products, since fish and shellfish are
identified as an excellent source of important nutrients, including proteins (high
biological value, easy digestible), vitamins (A, D and B12), trace minerals (selenium, iodine) and fatty acids (long chain n-3 polyunsaturated fatty acids (n-3 PUFA
or omega-3 fatty acids) in which eicosapentaenoic acid, EPA (C20:5 n-3) and
docosahexaenoic acid, DHA (C22:6 n-3) predominate). All these characteristics,
but mainly a higher intake of n-3 PUFA, have been associated with an essential role
in protection against a number of diseases such as cardio-vascular risk, diabetes type
2 or neurodegenerative disorders (Bourre 2005, Calder 2008).
Fish and shellfish demand will continue to grow, in part due to population
growth but also because demand is stimulated by economic growth, particularly
in societies where consumption per person is low to moderate. In 2020, per capita
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seafood consumption is projected to grow throughout the developing world, while
developed-country consumption remains virtually unchanged (Delgado et al. 2003).
Although provision of seafood from capture fish is declining and partly not sustainable, seafood from aquaculture will potentially overcome this supply issue. It
can deliver a product of defined quality, composition and safety to the market in
all seasons of the year enabling a greater penetration of fish products in the diet of
consumers.

7.5.1 Seafood Quality Has a Multifactorial Background
Quality as a concept must now be considered, as a convergence between consumers’
wishes and needs and the intrinsic and extrinsic quality attributes of food products.
The increasing number of quality attributes which must be considered, increasing globalization and the heterogeneity in consumption habits between countries
are making this convergence progressively more difficult. Fish quality is a broad
and complex concept embracing many components, which have differing relative
importance for producers, processors, retailers, distributors, caterers, consumers,
regulatory authorities and legislators. Recent studies regarding consumers concerns
about seafood clearly point out that strongest interest was displayed for aspects
related to safety guarantee, quality marks and health benefits (Pieniak et al. 2006,
Werbeke et al. 2007). Flesh quality in fish is species-dependent, results from a
complex set of intrinsic traits such as muscle chemical composition (fat content,
fatty acid profile, glycogen stores, oxidative stability, color) and muscle cellularity
(Johnston 1999) and is strongly influenced by a variety of extrinsic factors such as
feeding, pre- and post-slaughter handling, processing and storage procedures. The
trait of flesh quality has proven difficult to improve by traditional selection because
its hereditability is low and the measure for the quality trait is difficult, expensive
and in most cases only possible after slaughter. Furthermore, it is now clear that flesh
quality has a multifactorial background and is controlled by an unknown number
of QTL.
In this section we will try to summarize the information currently available
regarding the application of genomic and proteomic approaches to the improvement
of flesh quality in aquatic species.

7.5.2 Fish Quality Traits Assessed by Genomic
and Proteomic Methods
Selection research in fish has often focused on basic physical traits with high heritability, such as growth rate in salmonids, and this has already made a marked
impact on the aquacultured phenotype. Other traits, especially those linked to quality, have received less attention in selection programs. Quality traits are often highly
complex, being the end results of a number of physiological processes, each of
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which may be regulated by various hormones. A better understanding of the biological basis for quality traits is therefore of great importance in order to successfully
produce tailor-made seafood in a predictable way.

7.5.2.1 Colour
Muscle colouration is a complex trait and cannot be deduced from external morphology, which has prevented selection using traditional quantitative genetic methods.
This problem has been partially solved in some breeding programs by using scores
from full sibs for breeding value predictions and selection (Gjedrem 2000). Flesh
colour has medium to low heritability in the main fish species. Selective breeding
for this trait is difficult, since phenotypic evaluation requires individuals to be sacrificed for scoring. A single RAPD polymorphism segregating for flesh colour in
Coho salmon was used to derive a molecular single locus SCAR marker (Oki206,
GenBank accession AY661427) associated with muscle colour traits and suggested
as potentially useful in marker-assisted selection (Araneda et al. 2005, Lam et al.
2007). Genetic correlations between muscle carotenoid content and perceived and
colorimetric traits were also lower, suggesting that the retention of pigment is not
under the control of the same genes as perceived colour. It may be that fillet colour
is influenced by factors other than pigment retained in the flesh.
A better understanding of the interaction between carotenoids (e.g. astaxanthin)
and salmon muscle proteins is important to achieve better retention of carotenoid
in salmon flesh. Knowledge regarding the mechanisms associated to astaxanthin
binding to fish muscle is extremely scarce (Matthews et al. 2006). Proteome analysis
of membrane bound astaxanthin transport proteins in adult Atlantic salmon revealed
some up-regulated proteins in response to dietary astaxanthin (Saha 2005). Further
investigations are necessary to elucidate the transport mechanism of astaxanthin
from blood plasma to the muscle proteins.

7.5.2.2 Texture (as Muscle Cellularity)
Texture is one of the major criteria of flesh quality. It is a sensory characteristic
for the consumer and an important attribute for the mechanical processing of fillets.
Because soft texture is frequently reported, the industry is requesting methods able
to measure fish texture, and is also seeking answers to what causes fillet softness.
Textural properties depend both on chemical composition and structural properties,
in particular of myofibrillar and connective tissue proteins. The muscle cellularity
(fiber number and distribution) has been found to affect the texture in fish (Johnston
1999, Kiessling et al. 2006). Intra-species comparison has shown that muscle fibres
measured as average fibre cross-section area, increases with decreasing sensory
firmness in cooked fish (Hurling et al. 1996). Also in fresh and smoked Atlantic
salmon and in fresh brown trout, studies have shown a weak decrease in flesh firmness as the size of the fibres increases (or the fibre density decreases) (Johnston et al.
2004, Bugeon et al. 2003).
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The muscle fibre number in mammals and avian species is determined by prenatal events (maternal nutrition, bioactive agents, abiotic factors, breed and genotype),
but in fish it is also affected by factors post hatching (Johnston 2006). Although the
cell biology of myogenesis in teleosts is distinct from that described in mammals,
the genes involved in growth regulation are apparently highly conserved (Watabe
2001). The completion of the genome sequences of the Japanese pufferfish (Takifugu
rubripes) and the zebrafish (Danio rerio) provide new opportunities for understanding the molecular regulation of post-embryonic muscle growth. The zebrafish
periostin gene was recently found to be important for the adhesion of muscle fiber
bundles to the myoseptum and for the differentiation of muscle fibers (Kudo et al.
2004). In rodents, periostin (also named osteoblast-specific factor 2 or Osf2) was
found to be strongly upregulated during the muscle regeneration process (Goetsch
et al. 2003), and has been considered a candidate gene for enhanced muscle growth
in pigs (Bílek et al. 2008). Its potential as a flesh quality trait still remains to be
assessed in fish.
Such studies have considerable economic importance in aquaculture since the
plasticity of muscle growth under different production conditions is a major factor in determining quality, in particular the texture and processing characteristics
of the flesh (Johnston 1999). Furthermore, since the vast majority of teleosts are
ectothermic with external fertilisation, environmental factors have far more impact
on muscle growth than in mammals (Johnston 2006).
7.5.2.3 Texture (as Affected by Postmortem Degradation)
The texture of fish fillets undergoes rapid changes in the post-mortem stage. A vast
body of literature shows that texture, measured as shear force, varies also with farming practices including harvesting stress, slaughter method, dietary factors, storage
time and storage temperature (Sigholt et al. 1997, Johnston et al. 2002, Bencze-Røra
et al. 2003, Bugeon et al. 2003, Espe et al. 2004). Despite a large bibliography on
degradation patterns during post-mortem storage of fish, many uncertainties remain
regarding how degradation of specific proteins relates to flesh firmness.
A detailed characterisation of post-mortem changes in fish muscle would benefit
from experimental approaches and technologies aimed at parallel analysis of numerous genes and proteins simultaneously. Genomic and proteomic technologies offer
a comprehensive approach to study biochemical systems by expanding the investigation from single to multiple genes/proteins simultaneously. Recently, a subtracted
cDNA library was used to identify specific genes whose expression is increased in
post-mortem muscle of rainbow trout (Oncorhynchus mykiss) during on-ice storage (Saito et al. 2006). Of the 200 cDNAs analyzed, 82 had significant homologies
to other previously identified fish genes such as troponin I and glyceraldehyde-3phosphate dehydrogenase (GAPDH). Comparison of gene expression profiles by
dot blot hybridization confirmed an increase of mRNA in muscle after 3 h of onice storage compared to that at 0 h after death. Real-time reverse transcriptase-PCR
analysis indicated that the cells of muscle tissues are able to synthesize troponin I
and GAPDH mRNAs for at least 24 h, and maybe up to 48 h, in fish kept on ice.
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These results suggest that the transcription profile at cellular level can be a sensitive
indicator of freshness during on-ice storage.
Other studies involving proteome analysis have assessed post-mortem changes in
seafood (Kjærsgård and Jessen 2003, Martinez and Friis 2004, Morzel et al. 2000,
Verrez-Bagnis et al. 2001, Schiavone et al. 2008), demonstrating the complexity of
proteolysis in seafood during storage and processing. To assess post mortem muscle integrity, the effect of two different pre-slaughter procedures (limited or 15 min
intense muscular activity) on muscle trout proteins was investigated through a proteome analysis (Morzel et al. 2006). Persistent under-representation of desmin, a
key cytoskeletal protein, in fish submitted to intense muscular activity suggests that
such a pre-slaughter treatment can affect the composition of post-mortem muscle
integrity.
Frozen storage is an excellent option to increase the shelf life of fish and meat
products but prolonged storage, high frozen storage temperatures, or fluctuating
temperatures have a negative effect on product quality such as development of rancid taste and odor in fatty fish (Min and Ahn 2005). Frozen storage also leads to a
decrease in protein solubility (Saeed and Howell 2002) and changes in texture quality, such as increased toughness and loss of juiciness (Mackie 1993). Recent studies
in rainbow trout and cod identified proteome changes associated to degradation
and oxidation processes during frozen storage (Kjærsgård et al. 2006a, b) concluding that both structural (MHC, actin and tropomyosin) and cytoplasmic (creatine
kinase and enolase) proteins were being heavily oxidized. On the contrary, nucleoside diphosphate kinase (NDPK) appeared to be only weakly carbonylated, but its
solubility was dependent on the frozen storage temperature, opening the possibility
for its usage as a biomarker of frozen storage conditions.
The increasing scientific output over recent years in this area indicates that
genomics, proteomics and transcriptomics, with their capacity to monitor multiple
biochemical processes simultaneously, are methodologies eminently suitable to find
biochemical/metabolic markers useful for predicting/monitoring features such as
flesh texture of fish farmed under different environmental conditions and subjected
to various ante- and post-mortem practices.
7.5.2.4 Nutritional Quality and Health Value
The nutritional quality and health value of fish is mostly associated with its fat content and fatty acid profile in the muscle. Fish are the only major dietary source for
humans of n-3 highly unsaturated fatty acids (HUFA) and with the decline of wild
stocks, the proportion of farmed fish is increasing in the human diet. The use of high
energy diets in farmed fish (e.g. trout, salmon) can increase energy storage in viscera, liver and to a lesser extent in muscle, with the consequence of excess adiposity,
generally not desirable in aquaculture products. In general terms, farmed fish tend
to have higher levels of whole body lipids than their wild counterparts. The fatty
acid composition of fillets from farmed fish is strongly influenced by the feed lipid
composition. The relative n-3 HUFA content of farmed fish tends to be lower than
that of wild-caught fish, but the amount provided per portion is likely to be similar,
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due to higher fat content. Moreover, as a result of global limits on the supply of fish
oil, there is a drive to replace dietary fish oils with plant derived oils, which are rich
in C18 PUFA but devoid of the n-3 HUFA abundant in fish oils (Tocher 2003). This
issue has raised concerns over reduced levels of n-3 HUFA in farmed fish, which
could be considered detrimental or likely to compromise the established nutritional
benefits of fish for the consumer.
Experimental evidence suggests that the dependence of marine fish on dietary
HUFA is caused by deficiency in the activity of one or more of the key enzymes, D5
and D6 fatty acid desaturases, and fatty acid elongases, required for HUFA biosynthesis (Tocher 2003). Comparison of genes encoding key elements in the fatty acid
desaturation and elongation pathways between freshwater and marine species is
increasing our knowledge of the molecular genetic basis involved in the modulation
of PUFA biosynthesis in fish. This area is currently the object of intense research
(Zheng et al. 2005, Tocher et al. 2006, Salem et al. 2007, Izquierdo et al. 2008,
Leaver et al. 2008, Panserat et al. 2008a). Although much is known regarding the
composition and catabolism of lipids, the molecular components necessary for the
biogenesis of lipid droplets have remained obscure. Kadereit et al. (2008) reported
the characterization of a conserved gene family important for lipid droplet formation
named fat-inducing transcript (FIT1 and FIT2). Through a morpholino antisense
approach, they showed that by knocking down FIT2 in zebrafish they induced a
blockage of diet-induced accumulation of lipid droplets in intestine and liver, highlighting an important role for FIT2 in lipid droplet formation in vivo. Other genes
of interest for regulating the extent and the pattern of fat deposition, such as lipin-1a
and leptin, are now being studied in farmed animals, including fish (Hanchuan et al.
2006, He et al. 2008).

7.5.3 Other Emerging Quality Traits
As production methods gain importance to many consumers, issues of ethical
production, animal treatment and welfare, and environment-friendly production systems as well as sustainability have more and more influence on seafood product
choices (Harlizius et al. 2004). This “ethical quality” concept of fish is mainly associated with aquaculture products, but sustainable exploitation conditions in the case
of capture fisheries are also gaining importance in seafood markets. This is largely
due to increasing public concern about sustainability issues in the food chain and
anticipated regulatory changes, but also because the welfare standards by which a
fish is reared then slaughtered may produce an impact upon both production and
flesh quality. In general, aquatic animal welfare involves philosophical and ethical
interpretations of humane practices (Håstein et al. 2005). However, physical health
and biological stress indicators are the most universally accepted measures of welfare. An effective health management program must cover all aspects of aquaculture
activity including: real time knowledge of the health status of the fish; identifying
and managing risks to fish health; reducing exposure to or the spread of pathogens;
and managing the use of drugs and/or chemicals (Hill 2005).
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Molecular technologies in general can clearly have a direct positive impact on
many of the main elements of fish health management. PCR, real-time PCR and
nucleic acid sequence-based amplification (NASBA), by enabling the rapid detection, identification and quantification of extremely low levels of aquatic pathogens,
are crucial for a more effective disease management, which in turn leads to a
reduction in the use of antibiotics and chemicals in the environment. Microarray
technologies offer a new dimension to multiplex screening and understanding
of host–pathogens interaction. Recombinant DNA technology permits large-scale,
low-cost vaccine production. Moreover, DNA vaccination, proteomics, adjuvant
design and oral vaccine delivery are foreseen to foster the development of effective fish vaccines in the future (Adams and Thompson 2006). Several recent reviews
have assessed the development and future potential of genomic tools to improve
health and stress mediated status in fish (see Dios et al. 2008, Martin et al. 2008,
Prunet et al. 2008).
The environmental impact of fish farming is also a major concern and is closely
associated with excessive feed wastage and sub-optimal nutrient utilization. The
inefficient digestion of phytate phosphorus (main form of phosphorus in plant ingredients) by fish has created environmental concerns associated with phosphorus
pollution from aquaculture production facilities. To further complicate this situation,
phytate is also known to chelate minerals and proteins, making them nutritionally
unavailable to fish (Kaushik 2005). One on going strategy involves supplementation of fish feeds with phytase to degrade phytate into inorganic phosphorus, which
can then be directly utilized by fish (Vielma et al. 2000). As a model to examine
the feasibility and efficacy of producing fish capable of degrading phytate, Japanese
medaka (Oryzias latipes) transgenic for an Aspergillus niger phytase gene were produced and their ability to utilize phytate phosphorus tested (Hostetler et al. 2005).
Cell culture techniques, including transfection, RT-PCR, Northern blot, Western
blot, and enzyme activity analysis demonstrated that the protein was expressed and
actively secreted, without compromising survival and growth, suggesting that similar transgenic approaches could be used in the future for farmed fish to solve this
problem.

7.5.4 Seafood Safety
Safety is among the most important food quality issues. To date, the use of genomics
in food safety has concentrated on two main areas, the safety evaluation of food
components (Ommen and Groten 2004) and the detection of microorganisms which
may cause food spoilage or be hazardous to human health (Abee et al. 2004). Safety
evaluation in food is generally focused on both, hazard identification (whether a
food item causes an adverse health effect), and hazard characterization (the level of
exposure required to elicit an adverse health effect). Gathering appropriate data for
hazard analysis can be costly and time consuming, requiring detailed toxicological
experimentation in animals. Genomic technologies can offer alternatives to classical
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toxicological evaluation. Firstly, their high throughput nature means that it is possible to analyze multiple tissues in a timely and cost-effective manner. In addition,
DNA amplification is much less time consuming and can easily provide identification of biological contaminants such as microorganisms or viruses. Secondly, by
applying transcriptomics, proteomics and metabolomics the full range of biological
responses from gene expression to cellular functions can be studied.

7.5.4.1 Health Hazards in Seafood
The development and application of DNA-based analytical techniques to ensure
seafood safety is currently the object of intense research efforts. Major hazards in
terms of the safety of seafood products are: toxic compounds (e.g. environmental chemical pollutants, biotoxins), viruses, bacteria and parasites. Nowadays, gene
expression measured by DNA microarrays is believed to provide a more comprehensive, sensitive and characteristic insight into toxicity than typical toxicological
parameters such as morphological changes, altered reproductive capacity or mortality (Steinberg et al. 2008). In recent years, the generation of EST databases for
species important in aquaculture and aquatic toxicology, have resulted in the development of DNA microarray platforms where expression of multiple genes can be
assessed simultaneously, following exposure to environmental pollutants and natural
environmental chemical stressors. Furthermore, expression profiling is an appealing
alternative in ecotoxicological screening, both due to the possibility of monitoring
multiple classical toxicological biomarker genes simultaneously and the possible
discovery of novel biomarkers (for review see Battershill 2005, Heijne et al. 2005,
Brul et al. 2006).

7.5.4.2 Allergenicity in Seafood Products
Seafood allergies are a significant public health concern throughout the world and
although certainly overestimated in the public perception, they are most prevalent
in coastal populations where the consumption and processing of fish and shellfish
are high, such as in Scandinavia and Iberian Peninsula countries. Major seafood
allergens identified are the Ca2+ -binding proteins, parvalbumin in fish and muscle
tropomyosin (Pen a1) and arginine kinase (Pen a2) in shrimp (Lehrer et al. 2003).
All these proteins seem fairly resistant to heat, chemical denaturation and proteolysis therefore management of food allergy relies on a strict adherence to an avoidance
diet aiming at the total exclusion of the offending food.
Recent research has shown that the engineering of hypoallergenic variants of fish
parvalbumin and shrimp tropomyosin by site-directed mutagenesis may represent a
candidate approach for specific immunotherapy of seafood allergy (Swoboda et al.
2002, Lehrer et al. 2003, Reese et al. 2005). These studies clearly show that by
modifying the amino acid sequence at specific locations, it was possible to reduce
significantly (in some cases >99%) the reactivity of mutated epitopes.
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7.5.5 Seafood Authentication and Traceability
Traceability is increasingly becoming standard across the agri-food industry, largely
driven by recent food crises and the consequent demands for transparency within
the food chain. European citizens are entitled by law (CR-EC No. 2065/2001 and
104/2000) to information on the scientific name, method of production (farmed or
wild), and the area in which wild fish was caught or farmed fish underwent the
final developmental stage. Additional legal requirements for the implementation of
traceability systems in the food and feed supply chains in Europe are laid down in
the General Food Law, Regulation 178/2002/EC, whose article number 18 referring to traceability has become effective since 1st January 2005. The EU Food Law
defines traceability as ‘‘the ability to trace and follow a food, feed, food-producing
animal or substance intended to be, or expected to be incorporated into a food or
feed, through all stages of production, processing and distribution’’ (Martinez et al.
2007).
Traditional analytical techniques which relied on protein analysis have been
developed for fish species identification: electrophoretic techniques such as isoelectric focusing or SDS-PAGE; chromatographic techniques and immunological
techniques such as immunodiffusion and ELISA. Although most of these methods
are of considerable value in certain instances, they are not suitable for routine sample analysis because proteins lose their biological activity after animal death, and
their presence and characteristics depend on the cell types. Furthermore, most of
them are heat labile. Thus, if the product has been subjected to severe processing
conditions (such as sterilization in canning) one has to rely on techniques that target
small DNA fragments. This is because proteins and DNA are altered so much that
they do not render recognizable patterns. For an updated and extensive overview on
the PCR-based methods and the application of proteome analyis to fish and fishery
products authentication please refer to Martinez and Friis (2004), Martinez et al.
(2005) and Gil (2007). An overview of barcoding techniques used in fisheries is
also presented in Chapter 1.
Recently, it became clear that to ensure a validation of the authentication methodologies and specifically when using DNA based techniques, quantifiable reference
materials in the form of plasmids needed to be developed. In the framework of
the EU SEAFOODPlus project, a pool of plasmidic standards has been prepared
as reference materials for usage in DNA techniques for fish authentication. An
Interlaboratory Ring Test, involving 12 research centres and institutions having
genetic fish identification services and offering authentication analysis to fish industry, has been used to validate such standards. This development has been submitted
for a patent application. At the same time, a dynamic DNA database including more
than 700 DNA sequences from 53 commercial fish species has been made accessible free by internet (http://www.azti.es/DNA_database). Several commercial kits
for fish species identification already exist in the market and show potential for field
screening purposes in inspection programs (Gil 2007).
Although still in its infancy, a growing global gene expression profiling at the
mRNA or protein level is undoubtedly providing us with a better understanding
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of gene regulation that underlies certain biological functions associated with the
delivery of seafood, safe, with consistent quality and produced according to sound
sustainability standards.

7.6 Genomic Approaches in Host–Pathogen Interaction
7.6.1 Host–Parasite Interactions in Fish
In intensively cultured fish species like the European sea bass, the gilthead
seabream, the Atlantic salmon or the Senegal sole, infections are more likely to
occur and may cause significant economic losses, either directly through pathogen-induced mortality, or indirectly through the impossibility of selling infected
animals. Most teleost pathogens, classified in viral, bacterial and parasitical, are
species-specific (Table 7.1).

Table 7.1 Most common infection agents encountered in farmed finfish
Infection

Type

Host

Publication

Vibrio anguillarum

Bacterial

Marine fish, salmonids and
anadromous species

Aeromonas
salmonicida
Renibacterium
salmoninarum
Yersinia ruckeri
Edwardsiella ictaluri

Bacterial

Samuelsen et al. (2006)
Lopez-Castejon et al.
(2007)
Sepulcre et al. (2007)
Boesen et al. (1999)
Emmerich and Weibel
(1894)
Fryer and Sanders (1981)

Salmonids in fresh and
seawater
Salmonids in fresh and
seawater
Salmonids in freshwater
Rucker (1966)
Catfish, particulary channel Hawke et al. (1981)
catfish Ictalurus
punctatus
Marine fish, e.g. yellowtail Toranzo et al. (1991)
Seriola quinqueradiata

Photobacterium
damselae
piscicida
Nodavirus (small
viruses with a
simple
architecture)
Monogenean
(flatworms)
e.g. Diplectanum
aequans

Bacterial
Bacterial
Bacterial

Bacterial

Virus

Parasite

Marine fish (also detected
in some freshwater fish
e.g. Acipenser sp. and
Poecilia reticulata)
All fish species

Frerichs et al. (1996)
Hegde et al. (2003)
Athanassopoulou et al.
(2004)
Buchmann and
Lindenstrom (2002) and
Faliex et al. (2008)
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7.6.2 Transcriptomic Characterization of Host Immune Response
7.6.2.1 EST Analysis to Identify Genes Involved in Host Immune Response
EST analysis is one of the most rapid methods for gene discovery and identification, providing useful data for a first insight into gene expression profiles, alternative
splicing or differential polyadenylation analysis, as well as for identification of Type
I markers. Furthermore, ESTs are the basis for comparative mapping approaches and
development of microarrays. Most published data (e.g. Gong et al. 1994, Douglas
et al. 1999, Karsi et al. 2002, Sarropoulou et al. 2005a, Bai et al. 2007, Li et al.
2007; Marine Genomics Europe 2004–2008) resulted from EST projects using nonchallenged tissues in order to obtain a baseline unigene catalogue. However, to
identify transcripts of genes expressed during immune response, ESTs have to be
retrieved from cDNA libraries of infected tissues. Studies aiming to identify and
isolate transcripts involved in fish immune response have recently been performed
for common carp (Kono et al. 2003, Sakai et al. 2005) and European sea bass
(Sarropoulou et al. 2009). In the latter, levels of gene expression were analysed
using ESTs retrieved from six cDNA libraries derived from tissues infected with V.
anguillarum (liver, spleen, head kidney, peritoneal exudate, gill and intestine) and
from four cDNA libraries derived from tissues infected with nodavirus (head kidney,
spleen, brain and liver). Genes differentially expressed upon infection were isolated
and further analysed by real-time PCR, thus confirming some of them to be biomarkers for bacterial and viral infections in fish. Altogether, the increasing availability
of sequence information from various teleost species, as well as the corresponding
functional expression data, are of importance to better understand immunity-related
mechanisms of teleost and their evolution.

7.6.2.2 Microarray Analysis to Identify Genes Involved
in Host Immune Response
DNA microarrays, which allow high-throughput expression profiling (see Section
7.2.5 Functional genomics tools), have been only used in few studies to identify genes involved in the immune response of aquacultured fish species. One of
these studies aimed at profiling gene expression, using a cDNA microarray, during the acute immune response of catfish following infection with Gram-negative
bacteria (Peatman et al. 2007). Microarray analysis revealed that expression of the
majority of typical acute phase proteins was up-regulated in catfish, together with
a set of putative teleost acute phase reactants. A similar study performed in sea
bass (E. Sarropoulou, personal communication) showed that expression of several
genes involved in iron homeostasis was strongly induced during immune response,
suggesting that limitation of free iron may inhibit bacterial growth while avoiding metal-induced cellular damage. In a follow-up study by Peatman et al. (2008)
using an oligonucleotide microarray, a detailed analysis of transcripts involved in
the MHC I pathway was performed. The authors identified a total of 131 differentially expressed genes, of which 103 were believed to be unique genes. Interestingly,
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β-actin, a supposed housekeeping gene and as such frequently used as a reference
gene in qPCR assays, was also reported to be amongst the differentially expressed
transcripts suggesting that its use under these circumstances may not be adequate.
In this study, the authors also reported the stimulation of several signalling pathways upon infection, as well as the existence of significant differences between two
closely related species, the blue and the channel catfish. Most of the transcripts differentially expressed between those two species belong to the MHC class I pathway.
More recently, microarray profiling was used to characterize the immune response
of the yellow tail Seriola quinquerdiata upon exposure to immunostimulants such
as ConA and lipopolysaccharide (LPS; Darawiroj et al. 2008). Similar studies have
been performed on the Atlantic salmon (Ewart et al. 2005, Martin et al. 2006) and
the rainbow trout (Tilton et al. 2005, Gerwick et al. 2007). Finally, MacKenzie et al.
(2008) have shown in the rainbow trout that it is possible to distinguish the immune
response against two different immune agents, i.e. a virus (IHNV) and a bacterial
cell wall component, using microarray gene expression profiling.
7.6.2.3 Real-Time PCR to Identify Candidate Markers for Disease Detection
The polymerase chain reaction (PCR), first introduced by Kleppe et al. (1971) and
further developed by Mullis and Faloona (1987) allows detection of a given transcript following amplification of a specific part of the genome. The first application
using PCR for quantifications was introduced by Higuchi et al. (1993) 10 years
later. Today quantitative real-time PCR (qPCR) is commonly used in human diagnostics and in expression studies of various biological systems (Bustin et al. 2005).
Accuracy of qPCR depends on factors such as RNA template quality, type of polymerase, primers, reference genes used and data analysis. qPCR has been used in
several studies to reveal the role of immune-related genes in the immune response
of economically important fish species. For example, qPCR analysis revealed the
role of hepcidin, an antimicrobial peptide, in the innate immunity of the gilthead
seabream following bacterial infection (Cuesta et al. 2008). Raida and Buchmann
(2007) showed by qPCR that expression of both innate and adaptive immune
response genes is temperature-dependent in the trout. qPCR has also been used to
characterize virulence mechanisms (Sepulcre et al. 2007), prophylaxis and treatment
of viral and bacterial-related diseases (Samuelsen et al. 2006).

7.6.3 How Can Genetic Linkage, RH and Physical Maps
Contribute to Shedding Light on Fish–Pathogen
Interactions?
Besides growth and stress responses, economically important traits for farming of
most fish also include immune response and host–pathogen interactions. Regions
of the genome corresponding to QTL have been identified and, in some cases,
the molecular polymorphism underlying the QTL has been identified in terrestrial
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livestock (Stear et al. 2001, Andersson and Georges 2004). However, the lack of
appropriate tools for aquaculture species has limited the application of advanced
techniques like mapping of QTL and MAS. The few QTL studies performed so far
in aquaculture species aimed at improved growth (Moghadam et al. 2007, Wang
et al. 2008) and disease resistance (Moen et al. 2007). For QTL detection, molecular tools such as genetic maps, genome maps, and sufficient genomic information
(e.g. large collections of ESTs or BAC-end sequences) are required but nowadays, recent developments in bony fishes and aquatic animals are providing the
required molecular tools. At present, genome maps of Salmonidae, Cyprinidae,
Cichlidae, Moronidae, Paralichthyidae and Ictaluridae are available (Kocher and
Kole 2008) as well as molecular markers (Bouza et al. 2007, Sanetra and Meyer
2008), BAC libraries (Matsuda et al. 2001, Whitaker et al. 2006, Wang et al. 2008),
expression data (Ewart et al. 2005, Sarropoulou et al. 2005b, Tilton et al. 2005,
Gunnarsson et al. 2007, Darawiroj et al. 2008, Darias et al. 2008, Peatman et al.
2008) and mapping panels (Gilbey et al. 2006, Houston et al. 2008). Maps and
polymorphic molecular markers are essential molecular tools to better understand
host–pathogen interactions and host immune responses at the genome level, and to
unravel genes underlying QTL determining host resistance, tolerance and susceptibility to infection. Mapping of candidate genes can significantly narrow down the
regions for QTL scanning. Analysis of channel catfish ESTs revealed that approximately 10% of them contained shorts-tandem repeats (Serapion et al. 2004a, b).
However none of these STR-containing ESTs represent immune related transcripts
or appear to be indirectly in the immune response. Therefore, mapping of immunerelated transcripts will enhance the finding of markers linked to QTL related to
immune response. Candidate markers can be identified by expression analysis studies, either by microarray technology, qPCR screen or sequencing of cDNA libraries
of infected tissues.

7.6.4 Host–Parasite Interactions in Shellfish
7.6.4.1 Improvement of Diagnostic Tools Using Molecular Approaches
Nowadays molecular biology can offer a vast number of tools that allow simple
and reliable diagnostics, replacing the more traditional time-consuming techniques
requiring greater amounts of sample. PCR has brought to shellfish diagnostic many
new advantages and improvements but mostly specificity, swiftness and reliability. PCR has been used to detect Vibrio (Hill et al. 1991, Brauns et al. 1991),
viruses (Desenclos et al. 1991, Batista et al. 2007), Listeria spp. (Jeyasekaran and
Karunasagar 1996), Bonamia ostreae (Cochennec et al. 2000), Salmonella spp.
(Dupray et al. 1997), Perkinsus spp. (Reece et al. 1997), Giardia spp. (Graczyk
et al. 1999), Marteilia spp. (Le Roux et al. 1999) and Criptosporidium spp. (GomezBautista et al. 2000). More complex methods, which use PCR as part of an integrated
approach, have been also used to detect shellfish pathogens, e.g. RFLP (Buchrieser
et al. 1995, Gomez-Bautista et al. 2000, Hine et al. 2001, Le Chevalier et al. 2003,
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Abollo et al. 2006), Enzyme Linked Immuno Sorbent Assay (ELISA; Gonzalez
et al. 1999, Schwab et al. 2001, Elandalloussi et al. 2004), or direct improvements
of PCR technique itself, like multiplexing (Shangkuan et al. 1995, Brasher et al.
1998, Penna et al. 2001) and real-time PCR (Blackstone et al. 2003, Campbell and
Wright 2003, Audemard et al. 2006). By allowing the detection of more than one
species/strain per PCR (multiplex PCR), or the precise quantification of an infection
(real-time PCR), diagnostic tools based on molecular techniques have become very
popular. Recently, a multiplex real-time PCR method has been developed to simultaneously detect and quantify infection by multiple pathogens/strains (Panicker et al.
2004, Nordstrom et al. 2007). The development of high-throughput methods will
allow in a near future rapid and simultaneous diagnostics of pathogens in a large
number of samples.

7.6.4.2 Molecular Immunity of Bivalves
Bivalves inhabit environments where they must protect themselves from an array
of commensal pathogenic and parasitic organisms. Bivalves, like other invertebrates, are deprived of an adaptative immune system (Zinkernagel et al. 1996)
and fight pathogen aggression through an innate immune response (Bachère et al.
2004). Internal defence mechanisms can be split into cell-mediated and humoral
mechanisms and it has become increasingly apparent that both are interrelated and
closely associated with hemocytes, the main immune competent cells (Cheng 1981,
Hine 1999). In order to extend our knowledge about the bivalve immune response,
genomic approaches have been developed and immune-related genes have been
characterized in several species (Gueguen et al. 2003, Tanguy et al. 2008).
Host defence response can be divided into three main steps: (i) pathogen recognition, (ii) activation of signal transduction, which induces the innate response,
and (iii) initiation of effector production mechanisms. The recognition phase is
based on the ability to discriminate between innate and exogenous agents through
receptor systems and molecules which have the ability to recognize invariant
Pathogen-Associated Molecular Patterns (PAMPs; Janeway and Medzhitov 2002).
PAMPs are exclusive to microbes and are not produced by hosts, emerging as
indispensable for microbial fitness (Nürnberger et al. 2004). Nevertheless, activation of defence mechanisms in oyster species could be triggered not only by
PAMPs but also by damage-associated molecular patterns (DAMPs), as defined
in the Matzinger damage model (Janeway and Medzhitov 2002, Matzinger 2002,
Montagnani et al. 2007). Host molecules recognizing PAMPs are called Pattern
Recognition Molecules (PRM) or Pattern Recognition Receptors (PRR; Medzhitov
and Janeway 2002, Janeway and Medzhitov 2002). In bivalves, some PRRs were
already identified, including: peptidoglycan recognition protein (PGRP; Su et al.
2007, Ni et al. 2007, Itoh and Takahashi 2008), several carbohydrate-binding lectins
(Kang et al. 2006, Wang et al. 2007a, Yamaura et al. 2008), chitin-binding lectin
(Badariotti et al. 2007), LPS-binding proteins (Gonzalez et al. 2005a, 2007, Ni et al.
2007, Bettencourt et al. 2007), receptors like Toll (Tanguy et al. 2004; Qiu et al.
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2007a) and C1q-domain-containing proteins (Zhang et al. 2008a). The interactions
between PRRs and PAMPs trigger the defence mechanisms.
In the Pacific oyster Crassostrea gigas, the characterization of six genes related
to the Rel/NF-κB pathway support the concept of a conserved signalling pathway
(Gueguen et al. 2003, Escoubas et al. 1999, Montagnani et al. 2004, 2008). In others
bivalves, components like the Toll receptor, MyD88 and Rel were also characterized
(Tanguy et al. 2004, Qiu et al. 2007a, b, Wu et al. 2007, Bettencourt et al. 2007).
The homology between Rel/NF-κB pathways in bivalves and insects suggest a role
for this pathway in the regulation of genes involved in innate defence (Lemaitre
et al. 1995, Silverman and Maniatis 2001). Similarly, TGF-β or TGF-beta pathway
could be involved in the activation of inducible defence systems (Lelong et al. 2007).
Finally, the third step of the immune response leads to the expression of effectors
characterized by an antimicrobial activity. These molecules are mainly produced
by the immune-competent cells, the hemocytes, but also by some epithelial tissues
(e.g. gills and mantle), which constitute, in bivalves, the first line of defence. Among
these effectors, inhibitors of proteases and antimicrobial peptides have been studied.
The inhibitors are known to target microorganism proteases to prevent host infection (Labreuche et al. 2006a,b). In bivalves, several of these molecules have been
identified such as α2-macroglobuline (Gueguen et al. 2003, Ma et al. 2005), serine
proteases inhibitor (serpin; Gueguen et al. 2003, Tanguy et al. 2004) and metalloprotease inhibitor (TIMP; Montagnani et al. 2001). The first antimicrobial peptides
characterized were found in Mytilus (Charlet et al. 1996, Hubert et al. 1996) and
include four families of peptides: defensin (Hubert et al. 1996, Mitta et al. 1999b),
myticin (Mitta et al. 1999a), mytilin (Mitta et al. 2000b) and mytimicin (Mitta
et al. 2000a). More recently, antimicrobial peptides were also isolated from other
bivalves (Seo et al. 2005, Gueguen et al. 2006, Zhao et al. 2007, Gestal et al. 2007,
Bettencourt et al. 2007) supporting the concept that these effectors are present in
all phyla of the living kingdom. The amplification of immune effector production in
response to infection is likely to be related to transcriptional or post-transcriptional
regulation but also to an activation of haematopoiesis, which increases the number
of hemocytes (Tirape et al. 2007).

7.6.4.3 Immune Response to Perkinsus Infection
Molecular mechanisms involved in bivalve–Perkinsus interaction remain largely
unknown. A well-characterised mechanism in bivalves is the one triggered by
lectins. Bivalves rely on lectins to recognize infectious agents and trigger resistance
mechanisms to prevent invasion. Because this recognition has proven to be highly
specific it has been used to monitor Perkinsus infection (Kim et al. 2006, 2008). For
example, Perkinsus olseni (Bulgakov et al. 2004, Kang et al. 2006, Kim et al. 2006,
2008) and Perkinsus marinus (Gauthier et al. 2004, Tasumi and Vasta 2007) are not
recognized by the same lectins in clam and oyster, respectively. A new galectin was
also recently shown to recognize P. marinus in particular trophozoites, the virulent
stage of the parasite (Tasumi and Vasta 2007).
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Extracellular proteases, in particular serine proteases, play a major role in
Perkinsus pathogenicity and virulence (La Peyre et al. 1996, Faisal et al. 1999,
Tall et al. 1999). The presence of protease inhibitors in bivalve plasma have been
proposed as a possible mechanism of defense against Perkinsus (Xue et al. 2006).
Thus, inhibitory activity of oyster plasma was weaker in C. virginica than in
C. gigas, which is also less susceptible to P. marinus infection (Faisal et al. 1998).
Furthermore, a negative correlation was reported between disease intensity and
protease inhibitory activity (Oliver et al. 2000).
Another known defense mechanism of shellfish to Perkinsus is the encapsulation of parasite cells (Navas et al. 1992, Montes et al. 1995b, Sagristà et al.
1995; Fig. 7.3). This mechanism underlies the inflammatory response described
in clam species such as R. decussatus and R. philippinarum, where P. olseni
induces a specific cellular response (Montes et al. 1995a, b) during which granulocytes are recruited and infiltrate into infected tissues. They then synthesize a
slightly glycosylated polypeptide released in a polarized manner and organized as a
capsule around Perkinsus trophozoites. This peptide is not expressed in Perkinsusfree clams or upon exposure to other micro-organisms such as bacteria or algae
(Montes et al. 1995b). Although the percentage of dead trophozoites caused by
this process is quite low (Montes et al. 1996) due to Perkinsus cell wall resistance to proteolysis, encapsulation can effectively block trophozoite dissemination
(Montes et al. 1995a, Rodriguez and Navas 1995). Nevertheless, this inflammatory reaction can also destroy the blood sinuses causing host death (Montes et al.
1995a).

Fig. 7.3 Perkinsus olseni trophozoites upon phagocytosis by a clam (Ruditapes decussatus)
hemocyte. (Figure credit: R. Leite)
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7.6.4.4 Immune Response to Vibrio Infection
As filter feeders, bivalves are constantly exposed to various pathogenic and/or
opportunistic bacteria naturally present in the microflora of coastal environments. Among these bacteria, the Vibrionaceae are the most prevalent in marine
environment (Potasman et al. 2002). Reported as commensal bacteria, vibrios
are also considered to be opportunistic pathogens associated with mortalities of
bivalves, particularly Crassostrea gigas (Paillard et al. 2004). Bivalve hemocytes
are equipped with both oxidative (Bramble and Anderson 1997, Bachère et al. 2004)
and non-oxidative killing systems related to activities of lysosomal enzymes (Hine
1999). Pathogenic Vibrio species have the ability to stimulate the oxidative burst in
hemocytes of Crassostrea gigas (Lambert et al. 2003, Labreuche et al. 2006a,b).
Moreover, the bivalve hemocytes are mobile, have a high clumping potential, show
chemiotactic activity (Prieur et al. 1990, Canesi et al. 2002) and develop spontaneously cytoplasmic extensions (pseudopods) facilitating adhesion. Hemocytes
appear to have a different migration pattern according to bacteria and bivalve species
(Howland and Cheng 1982, Kumazawa and Morimoto 1992, Fawcett and Tripp
1994). Authors demonstrated that Vibrio induced loss of pseudopods and cell rounding in Mytilus (Nottage and Birkbeck 1990, Lane and Birkbeck 1999) and reduced
the adhesive capacities of clam hemocytes (Choquet et al. 2003). Similarly, extracellular products of Vibrio affected phagocytosis and adhesion of hemocytes in
C. gigas (Labreuche et al. 2006a). Finally, lysozyme activity appears to be higher in
Vibrio-challenged clams (Allam et al. 2006). Thus, factors such as bacterial surface
ligands and soluble hemolymph components, as well as the ability of bacteria to
activate distinct signalling pathways involved in hemocyte response, are reported to
be responsible for the persistence of Vibrio in marine bivalves (Pruzzo et al. 2005).
Little is known about molecular mechanisms involved in bivalve-Vibrio interactions and associated with the immune response. An EST library was recently
generated from oyster hemocytes challenged with pathogenic vibrios (Gueguen
et al. 2003). Fifty-five sequences out of 1,142 ESTs analysed were classified
as immune genes. Among these ESTs, the tissue inhibitor of metalloproteinase
(Cg-Timp) was found to be highly represented. This gene is expressed specifically
in hemocytes (Montagnani et al. 2001) and Cg-Timp mRNA accumulation could
be induced by secretory/excretory molecules produced by Vibrio (Montagnani et al.
2007). In addition, serine protease inhibitor and serine protease were inducible by
Vibrio anguillarum in scallop (Zhu et al. 2006, 2007). From this library were also
identified four cDNAs homologous to molecules of the Rel/NF-κB signal transduction pathway in addition to the two previously characterized genes, oIKK and Cg-Rel
(Escoubas et al. 1999, Montagnani et al. 2004). Cg-MyD88, which acts as an important adapter in this pathway, is up regulated after a bacterial challenge (Tirape et al.
2007) whereas oIKK and Cg-Rel are not affected (Escoubas et al. 1999, Montagnani
et al. 2004). Moreover, a Toll receptor gene identified in scallop is up regulated
with the treatment of LPS, suggesting that this pathway is involved in immune
response to Vibrio (Qiu et al. 2007a). LPS binding proteins could play an important role in activation of the immune system. In oyster, a BPI protein (Cg-BPI)
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was identified (Gonzalez et al. 2007a). The Cg-BPI expression is constitutive in
the epithelial cells of most tissues and induced in hemocytes after bacterial challenge in adult oyster (Gonzalez et al. 2007) and during development (Tirape et al.
2007). In addition, after infection of oyster with the pathogen Vibrio aesturianus,
the expression of the antioxidant enzyme Cg-SOD, specifically produced in hemocytes (Gonzalez et al. 2005), was strongly decreased in parallel to an increase in
Reactive Oxygen Species (ROS) production (Labreuche et al. 2006b). These results
are in contrast with other works where bacteria were reported to cause a reduction of
ROS production by hemocytes (Lambert et al. 2003). Labreuche et al. (2006b) suggested that these events could lead to an oxidative stress and allow Vibrio to escape
host cellular responses. In scallop, a member of the catalase family, which includes
enzymes involved in eliminating ROS by degradation of hydrogen peroxide, was
characterized and found to be up-regulated following challenge with Vibrio (Li et al.
2008). Concerning the antimicrobial peptides, modulations of their expression were
reported after bacterial challenges (Mitta et al. 1999a, Mitta et al. 2000a,b, Zhao
et al. 2007; Gonzalez et al. 2007, Gestal et al. 2007) suggesting a possible action of
peptides against Vibrio. Thus, the specific role of effectors in the immune response
to Vibrio remains to be elucidated. It will be very interesting to understand the role
of inducible and constitutive genes in the immune system and to determine how
bivalves discriminate between pathogen bacteria and various commensal microflora.
7.6.4.5 Status of Transcriptomic Tools
Until recently, most studies aiming at elucidating bivalve-parasite interaction were
done using the Pacific oyster. Nowadays, cDNA libraries, EST collections and
genomic sequencing of a wide range of bivalve species are becoming common practices in most laboratories and research projects, thus increasing genomic resources
worldwide. Major achievements in bivalve genomics resulted from joint research
performed within the scope of large consortiums like Marine Genomics Europe
(www.marine-genomics-europe.org) or American Marine Genomics consortium
(www.marinegenomics.org), whose major purposes were the massive sequencing
of EST and BAC libraries in order to identify candidate genes with putative functions in cellular and biochemical processes. Using this approach, hemocyte genes
related with immune defense of bacteria-challenged Pacific oysters (Gueguen et al.
2003) and Perkinsus-challenged Manila clam (Kang et al. 2006) have been identified. The end of Marine Genomics Europe project in 2008 left a huge legacy in
terms of bivalve EST collections, including ESTs from C. gigas, R. decussatus,
R. philippinarum, Mytilus edulis, and Bathymodiolus azoricus (Tanguy et al. 2008).
As of August 2008, EST collections from 19 different species have been posted in
public databases (www.ncbi.nlm.nih.gov). The most represented species is C. gigas
with 29,018 ESTs available, followed by Mytilus californianus and C. virginica with
23,871 and 14,560 ESTs, respectively. Hence, the most represented organisms are
oysters, mussels, clams and scallops, all of which are farmed species. In parallel,
ESTs from 2 freshwater mussels Dreissena rostriformis bugensis and Dreissena
polymorpha, with no commercial value but becoming increasingly problematic
invasive species in many different countries, were collected in order to attempt to
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unravel useful information suitable to develop appropriate solutions. EST projects
can result not only in gene annotation, but also in the establishment of physical
linkage and comparative mapping, analysis of alternative splicing and gene duplication, and microarray development. The development of cDNA microarrays covering
genes from C. gigas and C. virginica exposed to Perkinsus and Vibrio allowed
the characterization of differentially expressed genes in a host-pathogen condition
(Jenny et al. 2006). Also within the framework of the MGE network, microarrays containing genes from oysters (C. gigas), mussels (Mytilus spp.) and clams
(Ruditapes spp.) are being developed.
In parallel, subtractive libraries provide some highly relevant information about
genes differentially expressed during host-parasite interactions. This technique
(Diatchenko et al. 1999) offers a powerful and reliable evaluation of both sides
in the pathogenic interaction, allowing a meticulous characterization of gene regulation either in the host or in the parasite. With the help of this technique, it has
been possible to identify sets of genes differentially expressed in clams exposed to
Vibrio (Gestal et al. 2007), in oysters exposed to Perkinsus (Tanguy et al. 2004) and
Vibrio (Jenny et al. 2006), and in Perkinsus exposed to clam hemocytes (Ascenso
et al. 2007). In addition to the techniques described above, which allow the gathering of consistent and abundant information on the characterization of host/parasite
transcriptomes, many other reliable tools may be accessed, such as pyrosequencing,
SAGE and MPSS, providing strong prospects in a near future.
7.6.4.6 Conclusions
Genomics, in combination with other techniques, can provide powerful approaches
and tools towards the understanding of host-parasite interactions and the control of diseases affecting bivalves. In addition to strain selection programs based
on host molecular markers, e.g. Pacific oyster selection programs to produce
Haplosporidium nelsoni resistant strains (Ford and Haskin 1987), there is currently
a worldwide effort towards the sequencing of host and pathogen genomes to understand defense and infection mechanisms, respectively. Even though important tools,
such as bivalve cell systems, massive high-throughput genomics and microarray
technology, are still missing, available data already provide important clues towards
the understanding of the immune system and physiological processes related to host
defense.

7.7 Genomic Variation, Stock Structure, Adaptation
and Traceability in Natural Fish Populations
7.7.1 The Major Issues
The diversity, structure, evolution and functioning of marine populations is determined by the environment in which they live and their individual biological characteristics. The oceanic environment is characterised by its three dimensions, spatial
continuity throughout a high-density medium and relatively moderate variation of
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the environmental variables. Hence the hydrodynamics of the habitat in which
marine organisms live shapes the ecosystem. But the environment in which marine
organisms live is also shaped by the ecosystem itself, which is defined by the community of organisms, their composition, interactions and dynamics (Scheffer et al.
2005). Predator-prey and socio-behavioural interactions, host-pathogen dynamics
and random forces influence the inhabiting species and populations and hence the
full ecosystem make-up. To some extent the influence is exerted through the phenotype of these organisms, where biological traits of importance are their life-history,
ecological niche and evolution.
Population genomics is the investigation of the genetic basis of adaptation and
speciation at the genome scale (Bonin 2008), or loosely defined it is simply population genetics on a large scale. Its foundation can be traced back to human genetics
by separating locus-specific effects from genome-wide effects. Since that time,
genomics has been shown to hold much promise for generating knowledge from the
poorly and difficult to study species of the open ocean (Derelle et al. 2006, Yooseph
et al. 2007).
We will start this section by taking a closer look at some of the key issues on
intraspecific evolution of fishes.
1. Since speciation is an ongoing and gradual process, the distinction between
species, subspecies and population is not always unambiguous. Hybridisation
between taxa is a common feature across the tree of life. This issue is further
complicated by the presence of numerous cryptic taxa across the tree of life,
including the fishes (Colborn et al. 2001; see Chapter 3 on Barcoding).
2. Fish are free-living organisms and have as a rule free-living larvae (and often
free-floating eggs). The small dimension of eggs and larvae makes that they are
associated with the plankton. Juveniles and adults in contrast, actively control
their movements. However, the behaviour of parents and larvae makes them
disperse less than expected, and show some level of retention (Jones et al.
2005). This encourages a pattern of genetic structuring, albeit subtle (see further). Frontal systems, large-scale eddies, depth, coastal topography and bottom
type shape these patterns.
3. Many oceanic fish taxa are characterised by huge census numbers (Palumbi
2004). However, recruitment is such that numbers may fluctuate between cohorts
(see further). If the breeding cycle is limited to just a few years, large differences in adult numbers may be observed. Variable recruitment results in an
effective population size that is several orders of magnitude smaller than the
census size (Hauser et al. 2002). It might make these populations less robust to
demographic changes than thought previously. “Sweepstake” survival of entire
family groups at the early stages of the life history leaves an imprint on the next
cohort (Hedgecock 1994). This fits with the classical “Match-Mismatch” hypothesis of Hjort (1914) (reformulated by Cushing 1969), which states that survival
of a cohort depends on the overlap between prey (the phyto- and zooplankton)
and predator (fish larva), or alternatively the fish larvae as prey for higher level
predators.
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4. Eggs are produced in large numbers and fertilised externally. The older
(and larger) the fish, the more eggs (often of a better quality) are produced
(Marteinsdottir and Begg 2002). The most common breeding strategy is mass
spawning: some species brood their eggs, such as nest guarding gobies, pouch
brooding (e.g. pipefishes) and live-bearers (e.g. Sebastes spp.). Despite the huge
numbers of progeny and the huge potential for population growth, adult population sizes remain relatively constant. This is largely due to the high selection
pressure at the early life stages. Eggs, larvae and young post-larvae are massively
preyed upon and even cannibalised. But infections, failed fertilisation, oceanic
drift to suboptimal “sink” habitats, maternal effects and genomic incompatibilities also cause extensive mortalities (King 1995). Typically, the contribution of
spawners to the next generation is not equally distributed between individuals
and genders. Only a few parents contribute significantly to the progeny, while
most do not contribute at all.
5. The last point to mention is that given the high level of connectivity, genetic
population structure might be real but is also weak, usually an order of magnitude smaller than in continental systems (Ward et al. 1994, Cowen et al. 2006).
“Metapopulations” conceptualise the patterns and dynamics of fish communities
(Hanski and Gaggiotti 2004). Patterns and dynamics are strongly determined by
the landscape in which they spend their early life-history, feed as (sub)adults and
mate (Jørgensen et al. 2005). An alternative perspective is the “member-vagrant”
concept (Sinclair 1988), where propagules may or may not successfully colonise
new habitats.
From the above-mentioned characteristics of marine fish and their habitat the key
questions from a genetic perspective can be reformulated as:
• What is the historical and contemporary genetic diversity, its causes and dynamics?
• What are the historical and contemporaneous genetic patterns (neutral evolution),
their causes and dynamics?
• What are the historical and contemporary patterns of adaptive evolution, be it
either natural or anthropogenic in origin? What are their causes and dynamics?
Some aspects of population genomics have great relevance for the goods and
services they deliver to society.
• The tracing of populations is a cornerstone for ecosystem-based fisheries and
conservation management.
• The tracing of food stuffs is a commonly applied tool for law enforcement and
quality assurance
• The tracing of populations and individuals is of fundamental importance to allied
research disciplines (ecology, physiology and behaviour).
• Diversity at the population level has helped to discover and understand novel
substances for biotechnological applications.
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The field of marine population genetics has received a major impetus since the
end of the last millennium. Initially restricted to a small number of viruses, bacteria, model species and man, it is now being extended to an ever growing group
of taxa or even communities (metagenomics of microbial and picoplankton communities) (see Chapter 2 on Metagenomics). Fish genomics was initially limited
to the study of developmental biology and genetic architecture of model fish such
as Japanese pufferfish (Takifugu rubripes) and zebrafish (Danio rerio). Recently,
the number of fishes for which genome wide sequence information is available has
risen steadily (Cossins and Crawford 2005, Kocher and Kole 2008). Fish population genomics was applied first in the freshwater environment (e.g. Campbell and
Bernatchez 2004) and later on in the oceans (e.g. Larsen et al. 2007). However,
relatively few studies deal with marine population genomics, which is in line with
the poor overall focus on marine biodiversity (Hendriks and Duarte 2008). The following paragraphs therefore aim at integrating key studies in the field of population
genomics to gain an understanding of state-of-the-art and future direction of marine
fish population genomics.

7.7.2 State-of the Art in the Population Genomics of Fishes
7.7.2.1 Identifying Population Structure and Dynamics
In order to manage marine fisheries resources sustainably, one of the most pertinent questions to answer is how genetic and genomic variation in exploited fish is
distributed in time and space (Carvalho and Hauser 1998). By conducting genetic
analyses throughout the targeted species distribution, it is possible to determine
whether it consists of one large genetically homogenous unit where individuals are
mating randomly, or a smaller or larger number of semi-independent populations or
“stocks”, with various degrees of reproductive isolation, and their spatial dynamics (e.g. Sinclair 1988, Hanski and Gilpin 1997, Waples and Gaggiotti 2006). At the
same time analysis of historical tissue collections available in museums and fisheries
institutions all over the world (Nielsen and Hansen 2008) can provide inferences on
the temporal dynamics of the identified population structure and the demographic
trajectories of individual populations.
Failing to recognize the evolutionary relationships among spawning groups
within a species may have dire consequences for fisheries management. It may lead
to the over-exploitation of small, isolated, slow growing populations and ultimately
to their extirpation (Dulvy et al. 2003) and associated loss of intraspecific biodiversity. Accordingly, management and conservation of fisheries resources has to be
population based. Here genetics has traditionally been playing an essential role in
delineating population structure to assist fisheries managers.
Population genetic analyses of fish have been conducted for more than five
decades. In general the number of populations and levels of genetic differentiation among populations is low for marine compared to freshwater and anadromous
fish (Ward et al. 1994). This may be attributed to higher levels of migration and
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associated exchange of genetic material (gene flow) among populations. Population
genetic theory predicts that the level of genetic divergence among populations is
positively correlated with the degree of reproductive isolation. For most species the
“genetic distance” (Fst 1 ) is below 3%. As such, subtle genomic variation is the rule
more than the exception (e.g. European eel: Maes et al. 2006; bluefin tuna Rooker
et al. 2007; Atlantic herring: Ruzzante et al. 2006), although cases of relatively
strong genetic differentiation have been documented (e.g. in Atlantic cod, Nielsen
et al. 2003; Atlantic killifish, Duvernell et al. 2008). Accordingly, population genetics of marine fish has constantly been hovering on the brink of detection of a true
signal of population differentiation (Waples 1998). The statistical power for inferring population structure in marine fish can be improved by using large samples
of individuals and checking for temporal stability. In many cases, however, strong
inferences of the mere occurrence of population structure or the relationships among
putative populations cannot be made with the limited number of genetic markers
commonly employed at present. For example, Koskinen et al. (2004) found that the
median number of genetic markers (nuclear microsatellites or SSR) was only six!
The theoretical recommended number for unambiguous determination of relationships and distance among populations is at least 30 but could reach several hundreds
(see Takezaki and Nei 1996, Pollock et al. 1998). In practice, Koskinen et al. (2004)
showed that increasing the number of microsatellite genetic markers from 6 to 17
provided a massive improvement of the power for determining the correct genetic
relationships. Obviously, a switch to genomic methods, where hundreds of markers
are commonly employed, might revolutionize the field of research. An additional
problem relates to determining the evolutionary properties of the genetic markers employed. State of the art genetic markers such as microsatellites are a priori
assumed to represent neutral genomic variation, i.e. not subject to direct or hitchhiking selection. Recent cases have shown that microsatellites subject to selection
are not uncommon in population genetic studies of fish (Nielsen et al. 2006, Larsson
et al. 2007). Accordingly, demographic inferences on migration rates and population sizes based on “neutral” population genetic theory are expected to be biased.
In contrast, scanning the genome using multiple genetic markers spread throughout the genome would allow a statistical evaluation of the evolutionary dynamics of
individual marker loci (Beaumont and Nichols 1996, Schlötterer 2002) enabling the
establishment of a neutral baseline applicable for providing demographic inferences
(Luikart et al. 2003). Markers subject to selection on the other hand could be used
for inferring local adaptations to specific environmental conditions experienced by
local populations (see next paragraph).
Although we are aware of many ongoing studies using large genomic datasets
for inferring population structure of marine fish, the number of published studies is
relatively scarce. As in many other fields of fisheries science, salmonid research is
1F

st is the proportion of the total genetic variance which can be ascribed to population differences.
Fst can attain values between 1, when populations are completely isolated, and 0 when there is no
apparent reproductive isolation among samples. Intermediate values represent different levels of
migration among populations.
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leading the way due to the high value of commercial and recreational fisheries but
probably most importantly due to their additional importance for aquaculture breeding and associated development of genomic resources (see Section 7.2 on Genomic
tools and resources). For example, Hayes et al. (2007) identified 2,507 SNPs from
the alignment of Atlantic salmon ESTs, which can be readily used for population
genomic studies.
An example of improving the performance of the number of genomic markers in salmonids can be found in Smith et al. (2007). They compared estimates of population differentiation among 16 collections of Chinook salmon
(Oncorhynchus tshawytscha) using traditional allozyme loci (22 loci), small tandem
repeats/microsatellites (nine loci) and 39 newly developed nuclear SNP loci. The
larger number of markers allowed testing for “outlier loci” (Beaumont and Nichols
1996) identifying five SNPs likely to be influenced by selection. Exclusion of these
loci, and three other, which had previously been suspected to be under selection,
provided a reduction in the estimates of differentiation and an associated increase in
the estimated migration among putative populations. Similarly, slight differences in
relationships among populations were apparent when comparing results from different marker classes, where SNPs generally, even after exclusion of outliers, displayed
higher levels of genetic differentiation. In conclusion, better estimates of population
structure could be achieved for this species by increasing the number of markers to,
in genomic terms, a relatively modest level.
Also for “classical” marine fish, i.e. widespread species with large population
sizes, high fecundity and pelagic eggs and larvae, examples of population genomics
has started to emerge. Moen et al. (2008b) identified and characterised 318 SNPs
in Atlantic cod from alignment of EST sequences. Overall their results demonstrate
and substantiate that Norwegian Coastal Cod and North-East Arctic cod represent
two highly isolated populations, which differ not only in neutral genes due to the
lack of migration, but have also diverged on a genomic level by adaptation to the
differences in local environment that they experience.
As can be seen from the examples above, SNPs are becoming the marker class
of choice for population genomic studies of marine fish. Although large numbers
of microsatellites are isolated (e.g. Karlsson et al. 2008) the attention of genomic
resource development for population genetics is turning more towards SNPs. They
possess several attractive features for ecology, evolution and conservation in general (see Morin et al. 2003) but for fisheries management in particular. First of
all management of most marine fish species are transnational and management
advice is delivered by international bodies such as ICES (International Council for
Exploration of the Sea). Accordingly, there is a need for easy calibration of markers among national fisheries labs to provide concerted data sets and help with the
validation. Since SNP genotyping is qualitative (i.e. different bases represent different alleles) compared to microsatellite scoring, which is quantitative (i.e. fragment
length is translated into alleles with different numbers of base-pairs) calibration
is much facilitated. On the down side, SNPs are less variable than microsatellites
(fewer alleles, commonly two) requiring 4–12 times more loci than microsatellites to attain the same statistical power (Liu et al. 2005a, Smith and Seeb 2008).
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But cases have been reported where eight microsatellites have the same information content as 18 SNPs (Artamonova 2007). This can, however, be compensated
for by the high and widespread genomic abundance facilitating huge numbers of
markers with good genomic coverage to be developed. Slightly more problematic
is the “ascertainment bias” (see Clark et al. 2005 and references therein), which is
the selection of loci from an unrepresentative sample of individuals or the use of a
method which provides a biased sample of loci. Ascertainment bias may not represent a major obstacle for SNP application in marine fish, as it is generally expected
to be particularly serious for highly structured species (see Chapter 3).
The development of new and more numerous genetic markers is not the only way
that the genomic revolution can contribute to our understanding of population structure in marine fish. Other methods such as the analysis of population differences in
gene expression can provide important pieces to the puzzle (Cossins and Crawford
2005). Microarrays for transcriptional analysis are an example. They have been
developed for a number of marine fish, primarily for model or aquaculture species
(see Wenne et al. 2007 and references therein) and have also been used to investigate gene expression in natural populations (e.g. killifish, Oleksiak et al. 2002).
This approach may provide new insights into the population structure of managed
species. Larsen et al. (2007) used a microarray to investigate potential differences
in gene expression between individuals from the North Sea and the Baltic Sea, two
different physical and biological environments, however with low levels of genetic
differentiation. A high number of genes were differentially expressed between fish
from the two populations experiencing similar conditions, thus strongly suggesting
population subdivision despite low levels of neutral genetic divergence. The results
suggest that population based management of marine fish should be enforced even
when migration rates appear to be relatively high.
7.7.2.2 Selection and Adaptation in Natural and Exploited Populations
The description of the demography of wild populations has been the primary
focus of population and conservation genetics for the last few decades (Beaumont
2005). Although the first genetic studies of marine fish were using markers such as
haemoglobin (Sick 1965) shown to be under selection, the quest for demographic
information to feed into the current management system of fisheries resources (see
section above), has also meant that (presumed) neutral markers are the choice
for marine fish species. However, the focus of the whole scientific field is shifting from studying neutral genetic variation alone to include inferences from gene
loci known – or suspected – to be under selection. The reasons for this change are
many. Generally, it can be said that adaptive variation represents the other side of
the evolutionary coin. That is, in order to understand the evolution of a species
it is crucial to know both how the genetic diversity is affected by demographic
processes (migration and genetic drift), and how traits and the underlying genes
are subject to selection, in turn improving the individual s chances of survival and
reproduction. Much has been learned from directly studying trait variation in natural
populations in the wild or under controlled conditions. However, many such studies
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have been confounded by the difficulty of disentangling environmental from genetic
effects (Endler 1986). Accordingly, there has been a great interest in identifying the
footprints of selection at the molecular level. Three issues come to mind, namely
genomic inferences on (1) the genetic basis and architecture of local adaptations; i.e.
the genomic basis of why resident individuals commonly have higher fitness than
individuals from other environments (Kawecki and Ebert 2004), (2) demonstrating
and understanding the genomic basis of evolution in response to the on-going global
change (Reusch and Wood 2007, Gienapp et al. 2008), but also studies of (3) the
evolutionary impact of selective harvesting (Coltman 2008, Allendorf et al. 2008).
All three issues are highly relevant in relation to marine fish evolution as well as for
the management of genetic resources in marine fish. First of all, if marine fish are
locally adapted then conservation of the local populations is essential, not only to
maintain adaptive genetic diversity within the species, but also to assure the survival
of the species in particular geographical areas/habitats and to maximise productivity.
Immigrant non-adapted fish would have lower survival and/or growth; reproduction
would be strongly impeded. Secondly, global change is expected to alter the distribution and abundance of many marine species and related fisheries (Roessig et al.
2004, Dulvy et al. 2008). Little is known whether the fish populations will be able
to adapt genetically over this – in an evolutionary context – rather short period with
rapidly changing environmental variables such as temperature (Davis et al. 2005).
Finally, fisheries induced evolution has been inferred based on changes in age and
size at maturation for fish (Jørgensen et al. 2008), albeit without direct genetic evidence of change at the molecular level. If fisheries are altering important life-history
traits, fitness under natural conditions as well as population productivity may be
strongly reduced.
A number of studies have demonstrated environmental selection on single protein markers (e.g. Sick 1965, Christiansen and Frydenberg 1974) or DNA markers
(e.g. Case et al. 2005, Hemmer-Hansen et al. 2007) suggesting genetic adaptations
to the local environment. Although such studies have provided valuable insights
into the evolutionary processes in marine fish, they, nevertheless, only infer selection of a particular gene, i.e. not at the genomic level. Instead general information
is warranted about the proportion and types of genes subject to selection, and
the genetic architecture (number, function and interplay among genes) of phenotypic traits. Therefore, genomic approaches allowing simultaneous assessment of
many genes potentially subject to selection would provide a major leap forward
in relation to understanding adaptation to natural and anthropogenic drivers of
evolution.
Selection in space and time can subsequently be identified by a number of different approaches. The “candidate gene approach” exclusively investigates variation in
genes thought to play a major role for particular adaptive traits of interest. Common
relatively long genomic sequences are generated from individuals from different
populations and subjected to statistical methods which enable the identification of
molecular footprints of selection (Guinand et al. 2004). Such a directed approach has
many advantages when investigating particular traits with very good “candidates”. A
historical example is the characterisation of the natural variation and physiological
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impact of the Leucine Aminopeptidase (LAP) gene involved in the osmoregulation of bivalves (e.g. Milkman and Koehn 1977, Koehn and Immermann 1981).
However, the number of loci which can be assessed is relatively limited and many
candidates may turn out not to be subject to selection and therefore unsuitable. A
good example of the inherent problems of using a candidate gene approach can be
found in Ryynanen and Primmer (2004), who examined variation in and around the
Growth Hormone (GH) gene in Atlantic salmon. Despite extensive sequence analysis of one of the most prominent candidates for growth differences in fish (De-Santis
and Jerry 2007), they were not able to find any genetic variation in exons, which
could be subject to differential selection among populations. Therefore “genome
scans” (e.g. Storz 2005) of large numbers of gene associated markers such as SNPs
and SSRs has become the preferred genomic tool for identification of adaptive divergence among populations (Beaumont 2005). Loci that display elevated levels of
genetic divergence among populations (high Fst ) are most likely subject to selection.
The genes included can be completely random, thus providing evidence of the proportion and types of genes involved in local adaptation. For example, Lemaire et al.
(2000) detected in European sea bass caught in inshore and offshore habitats, six loci
(all allozymes), among 6 microsatellite and 18 allozymes, with above average Fst
values. Alternatively, the scan can be “directed” by combining the genome scan with
a candidate gene approach, preferentially including genes with known function and
suspected to be involved in adaptation. This approach allows the information content
of the scan to be maximised and inferences on the genetic architecture of adaptive
traits to be made. Mäkinen et al. (2008) conducted a genome scan among seven
marine and freshwater populations of the three-spined stickleback (Gasterosteus
aculeatus). They found strong signatures of directional selection for two of the EST
derived microsatellites and the Eda associated indels, thus strongly suggesting local
adaptation. Likewise, Vasemägi et al. (2005) conducted a genome scan among populations of adult Atlantic salmon from different habitats (i.e. freshwater, brackish
and marine). They found that nine EST-associated microsatellites displayed highly
divergent patterns of genetic differentiation, and were thus likely to be candidate
genes for local adaptation in Atlantic salmon. Still the genome scans presented here
are based on a relatively small number of gene markers and could be vastly improved
by applying new large-scale sequencing methods such as “sequencing by synthesis”
(e.g. 454 sequencing). Naturally, genome scans are not restricted to spatial analysis, but can also be applied on a temporal scale to study potential evolutionary
change mediated by global change or selective fisheries. No large-scale temporal
genome scans have been published to date. However, Nielsen et al. (2007) investigated potential temporal selection on the Pan I (Panthophysin) gene in Atlantic cod.
By extracting DNA from up to 69 year old otoliths, they were able to compare levels
of genetic differentiation at the Pan I locus with a suite of microsatellites and found
that the temperature change in the investigated time period and area was too small
to have had any profound effect on Pan I allele frequencies. With the increasing
awareness of global change and the need to understand evolution in order to predict
the distribution and abundance of marine fish in a changing world, we expect temporal genome scans to play an increasingly crucial role. We also expect that in the
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future genome scans will be imbedded in a framework of landscape or “seascape”
genetics (Galindo et al. 2006, Joost et al. 2007), i.e. where the patterns of selection observed are statistically tested for associations with particular environmental
variables. Obvious candidate drivers of selection and local adaptation are temperature, salinity and oxygen content. However, a number of other factors such as
pollution, infections and predator/prey interactions are also very likely to be driving
local adaptation.
The identification of differential selection among populations does not only rely
on assessment of variation in the genome, but can also be evaluated through expression phenotypes. Investigating differences among populations in gene expression,
by conducting quantitative PCR or microarray studies under controlled conditions,
can provide good indications of genetically based gene expression differences
among populations. For example, Lucassen et al. (2006) investigated the effect
of cold acclimation on RNA expression of mtDNA genes in two populations of
Atlantic cod maintained at identical conditions, but experiencing different temperature conditions in their native habitat. They found clear differences among
populations, which were ascribed to genetic variation at functional sites between
the two populations. Finally, gene expression profiles can also be used to detect
evolutionary changes in hatchery-reared fish compared to their wild conspecifics.
Roberge et al. (2006) found strong differences in gene expression between wild and
farmed salmon using a microarray with 3,557 genes, but patterns of parallel evolution between two farmed populations. Consequently, this highlights the need for
avoiding escapes of hatchery-reared fish into the wild, since hybridisation can have
large and unexpected effects on gene expression (Roberge et al. 2008).

7.7.2.3 Tracing Natural Populations for Fisheries Enforcement
and Traceability
Probably the most serious obstacle for obtaining sustainable fisheries is illegal,
unreported and unregulated (IUU) fisheries. Therefore, there is a huge demand for
methods which can establish the species and area of origin of fish in all links of
the chain, i.e. from catch fisheries or aquaculture to the plate of the consumer. This
information can be used for forensic purposes, allowing genetic evidence to be presented in court-cases relating to illegal fishing and or mislabeling of fish products.
A number of methods are available which can provide information on catch origin such as lipid composition (Falch et al. 2006), isotope analysis (Guelinckx et al.
2008) and elemental analysis (Campana and Thorrold 2001). As DNA is found in all
cells it allows analysis from all types of tissue in fish, even partly degraded samples
such as processed food (Rasmussen and Morrissey 2008) and historical samples
(Nielsen and Hansen 2008). Accordingly, genetic methods are generally considered the most versatile means for classification of fish to species or local population
origin (e.g. Hansen et al. 2001). Species identification is relatively straightforward
commonly requiring sequencing of just one gene (see also Section 9.5.5). An example is the COI (Cytochrome Oxidase I) gene, which is the chosen marker for the
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“Barcoding Of Life” initiative (www.fishbol.org; see Chapter 3). However, inferences on the population of origin of a sample of fish and/or individual fish rarely rely
on fixed genetic difference among populations, since they are connected by gene
flow. Instead they have to use statistical methods for calculation of the most likely
population of origin. Most commonly the genome is used, but also the transcriptome may identify populations (Larsen et al. 2007) or separate wild from culture
fish (Roberge et al. 2006). The two most widely used methods for GSI (Genetic
Stock Identification) are “Individual Assignment” (IA; see reviews by Hansen et al.
2001 and Manel et al. 2005) and Mixed Stock Analysis (MSA; Pella and Masuda
2001).
The principle of IA is that an individual is assigned to the population, out of a
number of potential populations of origin, where its multi-locus genotype has the
highest likelihood of occurring. For example, Nielsen et al. (2001) were able to
almost unambiguously assign individual cod form the North Sea, Baltic Sea and
Barents Sea to their population of origin. This ability has subsequently been used
in a court case, where a Danish fisherman was accused of fishing illegally in the
North Sea, while he claimed that the fish were legally caught in the Baltic Sea.
DNA analysis of five cod from the catch and subsequent assignment tests using 10
microsatellites revealed that all fish were assigned to the North Sea. The fisherman
was subsequently convicted (E.E. Nielsen, personal communication). Likewise,
Primmer et al. (2000) used assignment tests to exclude an unusually large Atlantic
salmon presented at a fishing contest in Lake Saimaa (Finland) as a local fish. Its
genotype was 600 times more likely to correspond to populations commonly sold
on fish markets in Finland. When confronted with the evidence the angler confessed
to the fraud.
In contrast to IA, MSA estimates the most likely proportions of individuals, in a
potentially mixed sample, originating from each of a number of sampled base-line
populations. Ruzzante et al. (2006) used MSA to estimate the most likely origin of
mixed population aggregations of herring in Skagerrak. They found that the proportions of fish from the North Sea, Skagerrak and Kattegat/Western Baltic varied
among juveniles and adults and summer/winter, while the results between years
were remarkably stable. It is now possible to manage fisheries in the area, to avoid
overfishing of vulnerable populations by targeting specific areas and time periods
where thriving populations are abundant. MSA has also been employed in forensic
cases, in particular for Pacific salmonids. Withler et al. (2004) reported 17 forensic cases of illegal fishing or selling of Sockeye (Oncorhynchus nerka) and Chinook
salmon from the Fraser River, Canada. Microsatellite analysis and subsequent use of
both MSA and IA for fish sampled at the harvester as well as in restaurants revealed
fraud most of the time. An additional application of genetic methods for traceability
and forensics is for the identification of individuals, parentage and families as used
in livestock (Dalvit et al. 2007). Identification of individual fish in wild populations
of marine fish is not common, but could be highly relevant for large and/or particularly valuable specimens such as tuna or whales. For example, Baker et al. (2007)
assessed unique genotypes of North Pacific minke whales (Balaenoptera acutorostrata spp.) sampled at 12 surveys of fish markets in the Republic of South Korea
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to estimate the total number of minke whales entering the trade. Using a capturerecapture model they estimated that the most likely number was approximately
double of the officially reported number.
These examples are representative of the potential of genetic methods for
fisheries enforcement and traceability. However, the genetic analyses are often
hampered by the low levels of genetic differentiation commonly found among populations of marine fish. Accordingly, the statistical power for determination of the
origin of individual or samples of fish rarely suffices for forensic purposes. Since
the power for GSI is ultimately linked to the number of loci applied and the levels
of genetic differentiation at marker loci (e.g. Koljonen et al. 2005 and references
therein) there are large perspectives for future application of genomic methods.
7.7.2.4 Integrating Evolutionary and Ecological Functional Genomics
with the Environment
Divergent selection should act to reduce gene flow and hence contribute to speciation (Coyne and Orr 2004). However, how adaptations identified at the genomic
levels relate to the external phenotype in terms of life-history, behavioural and physiological traits, and likewise to the genetic architecture of adaptive trait variation
remains largely unknown. Most arguments have been theoretical with surprisingly
little empirical knowledge about the genetic basis of adaptation and the role of
selection (Orr 2005). Evolutionary and Ecological Functional Genomics (EEFG)
explores the evolutionary mechanisms that underlie ecological traits and how these
traits affect evolutionary fitness (Feder and Mitchell-Olds 2003). It requires a rather
challenging simultaneous use of molecular, cellular, organismal, population and
ecological approaches. Initially integrated studies were limited to a few classical model species (e.g. the plant Arabidopsis thaliana). The biology of these taxa
was sufficiently well known at the various organizational levels to allow an EEFG
approach. Understandably, the study of evolution in a natural setting requires more
and different types of “model” organisms. Fortunately, the number of taxa with
a dense genomic background has increased. Following the ecological models of
three-spined stickleback (Kingsley et al. 2004) and mummichog Fundulus heteroclitus (Oleksiak et al. 2002), a growing number of fishes relevant to fisheries (and
aquaculture) complement the list: the salmonids rainbow trout Oncorhynchus mykiss
(Rexroad et al. 2005), Atlantic salmon (Moen et al. 2008a), brown trout Salmo trutta
(Gharbi et al. 2006) and whitefish Coregonus clupeaformis (St-Cyr et al. 2008), the
perciforms European sea bass (Volckaert et al. 2008), gilthead seabream Sparus
aurata (Sarropoulou et al. 2005b) and Nile tilapia Oreochromis niloticus (Cnaani
and Hulata 2008), the gadid cod Gadus morhua (Symonds and Bowman 2007), the
flatfishes European flounder Platichthys flesus (Williams et al. 2003), olive flounder
Paralichthys olivaceus (Kang et al. 2008) and turbot Scophthalmus maximus (Bouza
et al. 2007), and the channel catfish Ictalurus punctatus (Liu et al. 2008).
Adaptive radiation is most classically studied on external phenotypes and lifehistory traits, often a single trait at a time. A prime example among fishes where an
impressive body of knowledge of fast evolution has accumulated is the three-spined

7

Genomic Approaches in Aquaculture and Fisheries

261

stickleback (McKinnon and Rundle 2002). Stickleback populations have invaded
repeatedly freshwater habitats after the last ice age throughout the northern hemisphere causing rapid genetic divergence. This leads to systematic adaptations of
phenotypic traits. For example, the reduction in the pelvic spine (Shapiro et al. 2006)
and body armour (Peichel et al. 2001) has been attributed to the Ptx1 and Eda genes
respectively. Interestingly, the trait body armour has been lost in freshwater populations many times in parallel due to the sorting of a rare allele of the Eda gene
in ancestral marine populations (Raeymaekers et al. 2007). The gene seems to give
a growth advantage, but it remains unclear whether it affected additional traits or
whether linked loci play a role (Barrett et al. 2008). Also mate choice (Boughman
2001), feeding (Schluter 1995) and parasite resistance (Kalbe and Kurtz 2006) have
diverged rapidly and in parallel. Parasite resistance in stickleback has been attributed
to a trade-off between innate immunity (MHC class I and II) and acquired immunity (Wegner et al. 2007). Increasingly, the significance of the gene cluster MHC has
been acknowledged; MHC diversity has been linked to many fitness traits, including
mate choice (Milinski et al. 2005).
Further developments of genomics and better insights into the genetic architecture of model organisms have made studies of multi-locus and multi-trait
adaptations in non-model organisms feasible. The above mentioned studies by
Oleksiak et al. (2002) and Larsen et al. (2007) using natural and managed populations, respectively, represent the first cases in marine fish where transcription
profiling was used to discriminate among populations. There is also interest for evolutionary models of parallel adaptive differentiation in physiological and behavioral
functions between species and among ecotypes. The dwarf morphotype of the whitefish Coregonus clupeaformis and the cisco C. artedi locally occupy sympatrically
the same limnetic ecological niche in North American freshwater lakes. C. clupeaformis has apparent adaptations to the limnetic trophic niche channeled through
transcriptional changes in functional genes involved in muscle contraction and energetic metabolism relative to the sympatric normal ecotype (Trudel et al. 2001). As
evidenced by a transcriptome analysis of both species using a heterologous microarray, each had the same genes involved in muscle contraction and energy metabolism,
but regulation was different (Derome and Bernatchez 2006).
A more detailed analysis of the mechanisms driving adaptive radiation in the
dwarf limnetic and normal pelagic ecotype of the whitefish C. clupeaformis was
involved in the analysis of physiological and behavioural traits. First, a comparative linkage analysis of the dwarf and normal ecotype showed a different genetic
architecture between the two types. Rogers et al. (2007) concluded that allopatric
divergence during the Pleistocene glaciations caused divergence and that subsequent ecological speciation occurred sympatrically. In a next step a QTL analysis of
a F1 backcross family combined with a genome scan of both natural ecotype pairs
showed distinct differences in adaptive divergence and the role of divergent natural selection of traits. Significant QTL were associated with swimming behaviour
(which is important for habitat selection and predator avoidance), growth rate,
morphology (number of gill rakers and condition) and life history (more specifically the onset of maturity and fecundity). The natural sympatric pairs revealed a
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signature of selection at 24 loci, of which eight loci showed a signature of selection
in the mapping families (Rogers and Bernatchez 2005, 2007). From complementary
transcriptome (expression) profiling (eQTL), six candidate genes related to white
muscle modulating swimming activity in the dwarf ecotype of white fish and the
sympatric cisco turned out to be upregulated (Derome et al. 2006, see above). Four
genes were upregulated in cisco, pointing to its greater physiological potential to
exploit the limnetic trophic niche. A follow-up study on the sympatric pairs of dwarf
and normal whitefish in two natural lakes through transcriptome analysis of the
liver showed that 6.45% of significantly transcribed genes showed regulation either
in parallel or in different directions. Dwarf whitefish showed consistently significant overexpression of genes potentially associated with survival through enhanced
activity. The normal ecotype showed more overexpressed genes associated with
growth. These original results show a first mechanistic genomic basis for major life
history trade-offs in both ecotypes. In short, enhanced survival through active swimming increases energetic costs translating into slower growth and reduced fecundity
in the dwarf morph (St-Cyr et al. 2008).

7.7.3 A Vision of the Future
Although the concepts of population genetics have been with us for a long time,
molecular tools for testing evolutionary hypotheses under challenging oceanic
environmental conditions were largely missing. Technological development has progressed to such an extent that the genome, transcriptome and proteome have become
accessible for hypothesis testing in species and populations of key ecological relevance under field and laboratory conditions alike. Therefore it is interesting to have
a concise look at future developments.
Fundamental knowledge on fish and fisheries genomics is likely to benefit from
the advances in genomics. The technical capacity of genomics keeps on progressing towards higher throughput at a lower cost per base pair (Gupta 2008).
Hence many hypotheses of population genetics might finally be testable. If genome
based monitoring is linked to the latest developments in seabed and water column based monitoring and tracking (Delaney 2007), much is to be expected from
real-time genotyping. This will of course vastly increase the amount of data generated. Bioinformatics is foreseen to play an increasingly important role for data
management and analysis.
Genomics holds great promise for future applications to identify management
units in marine fish. Gene flow is generally high and accordingly, spatial and
temporal patterns of genetic differentiation are subtle. The information signal on
evolutionary separated units originating from neutral genomic variation is too subtle
to understand the full picture of dispersal and connectivity among local populations. The recent focus on adaptive traits holds great promise for understanding
the dynamics of population structure in space and time (e.g. Pogson and Fevolden
2003, Larsen et al. 2007). Full genomes of populations adapt to their environment,
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but in the first place selection is identified at specific genomic sites, where crucial
genes or gene complexes are lodged. It provides great promise for understanding
the genomic imprint of man’s actions, such as “fishing down the food web” (Pauly
et al. 1998), for modifications to the trophic cascade (Scheffer et al. 2005), and for
defining biologically meaningful management units and marine protected areas. The
incorporation of genomics allows for realistic “genetic monitoring” of populations
as an integral part of fisheries management.
The analysis of phenotype in the natural environment was historically limited
to the morphotype and some ecophysiological traits. That picture is increasingly
complemented now by a well-documented transcriptome and proteome phenotype
in a number of species. This will aid to understand the functioning and evolution
of fish and their communities. Accordingly, understanding the function and origin
of an ecological adaptation has become feasible (Feder and Mitchell-Olds 2003).
Unfortunately, fully understanding those patterns remains a tedious process. The
bottleneck to fast progress is that information has to be collected from diverse
fields of research and put together in a comprehensive model framework. Still, these
novel insights will benefit the sustainable resource management of fisheries and the
optimisation of aquaculture.
Phenotype is a major focus in aquaculture, where animals ideally feature traits
of preference to the producers (e.g. low food conversion, high survival and long
shelf life) and consumers (e.g. shape, colour and taste). There are two main strategies to achieve this. First, animals can be selected through the well-established and
classical strategies of trait selection (most efficiently through some kind of family
selection). Genetic background information on relatedness, origin and diversity can
be incorporated to support breeding. Second, a genomics supported breeding strategy of marker-assisted selection may accelerate the domestication process. Here
molecular genetic information closely linked to genes of interest serves as selection
target. As most fish have a relatively short history of domestication, few traits have
been maximised for aquaculture production. Using markers linked to well characterised QTL should speed up the process of domestication. Understanding how
genes function and chromosome segments impact traits is high on the breeding
agenda, although few cases have reached the demonstration level in fish breeding
(A. Sonesson, personal communication).
Globalisation of the food market has raised concerns about food quality. Huge
efforts are devoted to monitoring the flow of animal products, including fish and
fisheries products, from “field to fork”. Customers look for certification of origin
and composition; traders and processors prefer guarantees of quality and ownership
(see Section 7.5). It is foreseen that routine monitoring and forensic applications
in fisheries will vastly expand. It involves a legal and organisational framework,
including sampling, genotyping, statistical analysis and interpretation. Genomics
will contribute to the increasing use of DNA based methods as it allows for the
simultaneous analysis of many samples for a high number of loci, and the identification of selected loci with elevated levels of genetic differentiation. So far no
genomic studies of GSI and traceability have been published for marine fish, but
genomics will revolutionise the field of fish forensics in the near future.
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We may conclude this overview on the population genomics of bony fishes with
the observation that the understanding of evolutionary processes in natural and
cultured populations is expected to increase in the near future. This will facilitate
sustainable management, hopefully assisting to curb global overfishing and assure
that the growing world population continues to have fair access to fish protein.
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Chapter 8

Marine Biotechnology
Joel Querellou, Jean-Paul Cadoret, Michael J. Allen, and Jonas Collén

Abstract Biotechnology based upon genes from the marine environment (sometimes referred to as “blue-biotechnology”) has a considerable, if hitherto relatively
unused, potential because of the enormous phylogenetic diversity of marine organisms and the potential for novel undiscovered biological mechanisms, including
biochemical pathways. The increasing knowledge of marine genomics has started
to have a major impact on the field of marine biotechnology. The advent of the
sequenced genome and the development of important metagenomic resources is
providing new access to the metabolic diversity of the oceans and is thereby greatly
facilitating the development of new products derived from marine biotechnology.
This chapter is a brief description of the field of marine biotechnology describing
some of the products that have been realised and an analysis of how new genomic
resources are being acquired and how they will change the landscape of future
marine biotechnology.

8.1 A Brief Description of the Field of Marine Biotechnology
A simple definition of marine biotechnology is: the use of marine organisms or
their components to provide goods or services. Within this chapter we will review
several aspects of marine biotechnology with an emphasis on domains other than
food production. Rather than providing a generic introduction to marine biotechnology, we will aim to highlight areas where, in our opinion, the interaction between
genomics and biotechnology represents a powerful approach to address future
challenges.
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There are several reasons for believing that marine biotechnology will be an
exciting, and more importantly fruitful, domain in the coming years. Life started
in water and has existed in the sea for approximately 3.8 billion years. In addition,
there is significantly more phylogenetic diversity in the sea than on land; for example, of the 36 animal phyla, 14 are found only in the marine environment and, in
comparison, one is endemic to the terrestrial environment (Gray 1997). One consequence of the combination of phylogenetic diversity and long evolutionary history
is an enormous diversity with regards to metabolic processes. The marine environment is also extremely variable and has certain characteristics and properties that
further serve to increase metabolic diversity; for example, hydrothermal vents represent high temperature environments with very special chemical composition and the
intertidal area the dynamic meeting point between the terrestrial and marine environments. Seawater also contains high concentrations of halides, including bromide
and iodide ions, which are used by many marine organisms in their metabolisms.
The metabolic diversity of marine organisms is poorly characterised and relatively
little effort has been invested so far in the marine area compared to the terrestrial
domain. We believe that genomics is a powerful tool to explore this diversity and
discover new marine biotechnology applications.
Marine biotechnology is a relatively recent concept, drug discovery begun with
the identification of nucleosides in the sponge Tethya crypta, which served as
models for the development of antiviral drugs in the fifties and which were later
important for the development of drugs such as AZT and Acyclovir (Newman
and Cragg 2004, Leary et al. 2009); the first marine antibiotic [2,3,4-tribromo5(1 hydroxy, 2 ,4 –dibromo phenyl)pyrrole] derived from the marine bacterium
Pseudomonas bromoutilis was described in the sixties (Burkholder et al. 1966).
Yet, marine biotechnology remains at an early stage of development. Despite the
overwhelming distribution of marine habitats on Earth and the promise of novel
products from the organisms living there, the derived revenues have been modest. In 2006 the sales of pharmaceutical products were approximately 650 billion
USD with less than half of a percent of this being derived from marine natural products despite the fact that 27% of all products were of biological origin.
The enzyme market represented approximately 50 billion USD and showed a
similar ratio (Leary et al. 2009). Furthermore, of the 15,000 registered marine
R
R
and Yondelis
, with
products, presently only two registered drugs exist, Prialt
an additional 50 (approximately) under various phases of development (Newman
and Cragg 2004, www.marinebiotech.org/pipeline.html). A more effective use of
genomics could change this situation, providing new enzymes for biotechnology,
opening new avenues for the treatment of disease and monitoring health, increase
the efficiency of aquaculture, and develop new resources for industrial materials and processes. This could be, for example, a compound from a coral used
as an anti-inflammatory drug (Mayer et al. 1998), new anticancer drugs derived
from marine algae (Fuller et al. 1992, 1994) and other marine sources (Amador
et al. 2003) or bacteria that digests up oil spills (Head et al. 2006). One factor that will, in our opinion, increase the interest in marine biotechnology is
REACH, the new European Community Regulation on chemicals and their safe

8

Marine Biotechnology

289

use (http://ec.europa.eu/environment/chemicals/reach/reach_intro.htm) which will
increase the emphasis of finding new enzymes and processes that will allow for a
more efficient and less polluting chemical industry.

8.2 How Genomics Impacts on the Various Fields
of Marine Biotechnology
Until now marine genetic resources have been scarcely valorised with only 135 relevant patents found in an “indicative” survey between 1973 and 2007 (Leary et al.
2009). One reason for this limited number of patents is that hitherto, research for
new compounds from the marine environment has been either fortuitous, large scale
or guided by physiological or ecological knowledge, an example of the latter being
searches for bioactive compounds in organisms that are rarely predated, epiphytised, or grazed (Sennett 2001). An increased knowledge in genomics will provide
us with a powerful guide to the genetic basis of the complex metabolic activities
in the marine environment and will allow for a multitude of discoveries and the
development of commercial products.
Many marine microorganisms are difficult to keep in culture, making it difficult
to exploit them for the production of new products. Metagenomics on organisms or
communities that are presently difficult or impossible to culture can give insights
into physiological mechanisms that are difficult to obtain with other methods (see
below). Indeed, the coupling of metagenomics with an appropriate screen can prove
to be a powerful tool in modern day biotechnology. The high demand for biocatalytic enzymes has generated a wide range of specific and useful screens that can
be easily exploited using libraries of marine origin, one of the most common being
a screen for esterase function. Using marine metagenomic libraries from the South
China Sea and Arctic sediment four novel esterases have been identified and characterised in the last year alone (Jeon et al. 2009, Chu et al. 2008). Hydrolytic
enzymes, such as esterases, are useful biocatalysts because of their extensive
versatility for industrial application: they generally have broad substrate specificity
and are stereoselective.
Increased genomic knowledge can facilitate gene discovery, making it easier
to go from protein to sequence (and vice versa). If, for example, an interesting
biological activity has been found and the corresponding protein or enzyme has
been purified it is much simpler, with a known genome, to find the relevant gene.
Comparison of a gene of known function with sequences in the same or other
organisms allows similar genes to be identified. This provides access to a diversity of genes encoding a protein of interest. For example, recently a new family
B DNA polymerase from Thermococcus thioreducens (an archaeon isolated from
the Rainbow hydrothermal vent field) was cloned, expressed, purified and characterised. This novel DNA polymerase was shown to perform well under a range of
PCR conditions, being faster, more stable and more accurate than many commonly
used enzymes (Marsic et al. 2008). Conversely, the absence of a gene in an organism
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could also be a reason to not look for an activity or, if the activity is vital, a reason
to look for alternative enzymes with similar activities.

8.3 Expanding Gene Resources Through Microbial-Community
Genomic Projects, Complete Genomes of Isolated Organisms
and Data Mining
Gene resources for biotechnology have been increasing exponentially during the last
decade owing to improved sequencing technology and the resulting increase in the
number of genome projects. However, the databases are filled with human-centric
genomic information with model species, (including human, rat, mouse, rice) as
well as their associated pathogens (both human and agricultural) constituting the
bulk of genome projects. Nevertheless, several marine species and marine communities have directly benefited from the genomic revolution either because their
position in the tree of life is strategic or for their potential in biotechnology.
The first genome-scale information was obtained directly from isolated and cultured species of interest, already available in microbial culture collections. However,
the vast majority of archaeal and bacterial taxa remain uncultivated (Amann et al.
1995, Rappé and Giovannoni 2003). In addition, analyses of marine viromes have
demonstrated that most marine virus genes are unrelated to those in the current
databases (Breitbart et al. 2002, Angly et al. 2006) and of course, they are massively unexploited. Gaining access to the almost unlimited microbial gene resources
from various marine environments is an exciting task. It relies mainly on two complementary approaches: metagenomics and single-cell genomics. A third approach
aiming at developing high throughput protocols for isolation and culture of previously uncultured (the vast majority) microorganisms has largely been ignored during
the last ten years, despite its obvious interest and some pioneering work in this area
(Giovannoni and Stingl 2007).
Many metagenomic projects are based on the sequencing of large DNA libraries
constructed from environmental DNA as exemplified by the Sargasso Sea project
(Venter et al. 2004). In order to obtain a more complete picture beyond random
examples, the exploration of microbial diversity needs to be carried out in a rational manner. The development of appropriate methods and strategies to estimate
the sampling effort necessary for a particular marine environment is in progress
(Quince et al. 2008). Despite the obvious limits of metagenomics, this approach has
aroused a considerable interest and it has been suggested that it might be possible
in the future to gain access to most of the gene resources of the biosphere, including those of rare species, by applying high-throughput sequencing methodology.
A single metagenomic project, the Sorcerer II Global Ocean Survey, nearly doubled the number of known proteins in the databases (Rusch et al. 2007). One major
consequence of metagenome projects is the radical change in our understanding of
microbial diversity in samples of marine environments like sediments and deep-sea
vents (Sogin et al. 2006, Huber et al. 2007, Quince et al. 2008). Strategies to fully
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exploit the huge reservoir of genes in these types of environments have still to be
refined, in particular to gain access to rare phylotypes or species.
In spite of considerable efforts to develop novel bioinformatic methods, the
assembly and analysis of discrete microbial genomes from complex communities
is still a difficult task. This has triggered the development of alternative approaches
among which single-cell genomics is becoming increasingly popular. This method
involves a first step based on single cell isolation followed by whole-genome amplification using ϕ29 DNA polymerase in a reaction called multiple displacement
amplification (Dean et al. 2002). It opens interesting perspectives in various cases,
notably when the targeted species are still uncultured or when the amount of DNA
available is extremely limited.
The overall result of sequencing projects dedicated to both specific genomes and
to metagenomes is the unprecedented access to unique gene sequences. To put this
novel gene resource to good use is the major challenge of modern day genomics. The
traditional combination of in silico analysis (data mining) and functional screening
is still the cornerstone for discovery in biotechnological applications. Yet with the
increasingly large and complex datasets being generated, we are at a stage where
we will soon be drowning in data whilst still thirsting for knowledge. In the future,
novel multidisciplinary approaches will need to be developed to efficiently exploit
our increasing genomic knowledge.

8.3.1 Complete Genomes
For a long time it was thought that the sequencing of the complete genome of a
type species would give access to the majority of the gene pool of this species and
that a few dozen representative genomes from the bacterial and archaeal domains
would describe most of the gene pool of the microbial world. This is clearly
not the case. The genomic variation within a single species was inferred from
comparative genomics of pathogens including E. coli and Streptococcus agalactiae
(Bielaszewska et al. 2007). These studies demonstrated that it is not possible to characterize a species from a single genome sequence and that the number of genome
sequences (pan-genome) needed to describe a species may vary depending on the
species. As a consequence, for some important pathogens, the number of strains
undergoing genome sequencing is increasing rapidly (for example: 2 complete and
14 incomplete sequences for Vibrio cholerae, and probably more than 50 within 2
years). Until now, all genome sequences of marine species of biotechnological interest have been obtained from single clonal cultures established from single cell. In
the process, part (possibly, most!) of the variability has been lost and the corresponding set of genes may not be easily retrieved by genome analysis and data mining.
This is why functional screening is still needed, in parallel with data mining, to
explore strain variability. In the near future, as with pathogens, projects dedicated to
genome sequencing of several strains belonging to a single species of biotechnological interest, are likely to become widespread. This is already the case for the fungi
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Penicillium chrysogenum, with two genome sequences currently being completed
(www.genomesonline.org/gold.cgi).
The microbes whose complete genome have been sequenced up to date (August
2008) are mostly from the Bacteria (684 in NCBI Entrez Genome Database; 696
in Genomesonline Database), followed by Archaea (52–53). Fungi, despite being
present in many marine habitats, are underrepresented in the list of complete
genomes. The ratio of marine to terrestrial species varies considerably depending
on the domain of life (Table 8.1).
Table 8.1 Status of genome sequencing projects in the three domains of life and in marine species
(compiled from genomesonline.org, and modified, August 2008)
Bacteria
Genome status
Complete and
published
Complete
Incomplete
Targeted
ALL

A ll

Archaea

Marine

690

74

13
1573
302
2578

1
184
8
267

Ratio
(%)
11
7.7
11.7
2.6
10.4

Eukarya

Marine

Ratio
(%)

50

19

38

1
69
22
142

1
10
6
36

–
14.5
27
25

All

Marine

Ratio
(%)

94

6

6.4

28
547
6
675

1
2
?
9

–
–
–
1.3

All

From these data, it is clear that eukaryotic marine species are under-represented.
The picture is to some extent more satisfactory for bacteria, with 10% of the
sequencing projects dedicated to marine species. Finally, the best figure is observed
for Archaea. The total number of sequencing projects for Archaea is rather low,
but the proportion of marine species is as high as 38% for the published projects
and 27% for the targeted projects. Globally, the trends for marine species are currently low despite the increase in the number of genomes available in absolute terms.
This does not reflect the huge interest of marine species both for basic research
(notably for evolution and development) and for biotechnology. In addition, no
more that 4% of sequencing projects deal with extremophiles that have industrial
applications.
Among the various completely sequenced genomes with already proven or potential interest for biotechnology different clusters emerge; the archaeal group of
Pyrococci and Thermococci is significantly overrepresented. Numerous species of
these two genera combine interesting DNA processing enzymes (DNA polymerases,
DNA ligases) with a rich repertoire of thermostable hydrolases displaying interesting properties (reviewed by Egorova and Antranikian 2007) with respect to the
degradation of starch, cellulose and chitin, in biofuel production, and in the degradation of complex or recalcitrant proteinaceous substrates, including keratin and
prion protein (Tsiroulnikov et al. 2004). Up until the end of the nineties, all the
thermostable enzymes from these species were obtained by biochemical methods
based on functional screenings. Following the subsequent publication of several
complete genomes (Kawarabayasi et al. 1998, Maeder et al. 1999, Cohen et al.
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2003), functional screens were combined with genome data mining. In some cases,
the initial research step was an in silico analysis and searches for specific targets
were followed, when successful, by biochemical characterization. The characterization of Pyrococcus abyssi thermostable nitrilase is a good example of this procedure
applied to enzyme discovery (Mueller et al. 2006).
The recent oil crisis emphasized the need for the development of alternatives to
fossil fuels. A recent review of “bioenergy genomes” (Rubin 2008) listed the species
already known as biomass degraders or fuel producers whose genomes have been
completely sequenced or for which projects are under way. This list highlights the
small contribution of marine genomes to this huge project. This does not mean that
marine species are inappropriate in this context, we have already underlined the
presence of thermostable amylases, cellulases, xylanases, etc. in hyperthermophilic
archaea (Table 8.2), but it is likely that a strong bias toward terrestrial species
underlies these choices (see also below).

8.3.2 The Growing Contribution of Metagenomes
The title of a review published in the Biotechnological Journal and entitled
“Metagenomics: an inexhaustible access to nature’s diversity” summarizes a common opinion about the potential contribution of metagenomes to biotechnology
(Langer et al. 2006). Marine metagenomics is mostly based on techniques and methods developed from the study of soil metagenomics. It emerged as the combination
of extraction and digestion of bacterial DNA from soil (Torsvik 1980), the generation of gene libraries from environmental DNA (Pace et al. 1986), the conception
and generation of marine plankton environmental DNA libraries (Schmidt et al.
1991). The term metagenome was proposed by Handelsman to describe the entire
set of sequences of organisms living in a defined habitat (Handelsman et al. 1998).
The biotechnological potential of this novel approach was soon recognised (Short
et al. 1997). The initial goal of marine metagenomics was the inventory of microbial
diversity in the oceans, with the aim of providing access to the functions of previously hidden key players and their role in the main geochemical cycles. However, it
was only at the beginning of the twenty-first century, following the introduction of
large sequencing facilities, that this approach was used on a large scale by C. Venter
and his team during the Sargasso Sea metagenome investigation (Venter et al. 2004)
and the Sorcerer II/GOS expedition (Rusch et al. 2007).
The principal advantage of metagenomics is that it allows the current limits of culture-dependent methods to be bypassed. This is especially interesting
when microbial samples are recovered from highly complex communities and
from “metaorganisms” (usually one eukaryote and its associated microbiome), like
sponges where the vast majority of the microbial community remains uncultured.
Marine environments are extremely diverse on Earth and their exploration
and exploitation offer untapped gene resources for biotechnology. Metagenomic
approaches, combined with heterologous expression, appropriate high throughput
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Table 8.2 Marine microbial genomes of biotechnological interest

Incomplete (proteases) (unpublished)
Proteases (Kawarabayasi et al. 1999)
Peptidases (Brügger et al. 2007)
∗ (unpublished)
Glycoside-hydrolases, proteases (Fitz-Gibbon
et al. 2002)
DNA processing; starch, cellulose, xylan
degrading; proteases (Cohen et al. 2003)
DNA processing; starch, cellulose, chitin
degrading; proteases (Vanfossen et al.
2008, Jenney and Adams 2008)
DNA processing; starch degrading; proteases,
hydrogenases (Kawarabayasi et al. 1998)
Starch, xylan degrading (unpublished);
Thersmostability/pressure; organic solutes
(unpublished); (Gonçalves et al. 2008)
Starch processing, protease, DNA processing
(unpublished)
Starch, cellulose degrading, proteases (She
et al. 2001)
DNA processing; starch degrading enzymes;
hydrohenases (Fukui et al. 2005, Kanai
et al. 2005)
Proteases, starch degrading, pressure
(unpublished)
DNA polymerase, Proteases, starch
processing (unpublished); (Lim et al. 2007)
DNA processing, proteases (unpublished)

Targets, type of enzymes, type of
applications References (genomes;
biotech) Archae
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3116

∗

3523

indicates unpublished

Vibrio fischeri ES114
Zobellia galactanovorans Dsij

Marinitoga camini MV1075
Nitratiruptor sp SB155-2
Rhodhopirellula baltica SH1
Thermotoga maritima MSB8

Marinoboacter
hydrocarbonoclasticus VT8
Marinitoga piezophila KA3

1843
7325
1858

4061

1877
7145
1860
4478∗
∗
∗

∗

∗

∗

∗

NC_000853
NZ_ABIH00000000

NC_009662
NC_005027

∗

2000

∗

NC_006138

NC 002570

NC_000918

NC_008740

1529

Bielefeld Univ

Institution

CNRS-SBR

JAMSTEC
MPI, MPI-MM
JCVI
JCVI

JVI
JGI

Diversa, Univ
Illinois
JAMSTEC
JCVI
Epidauros Biotech.
JGI

NZ_AAOD00000000 JCVI

NC_008260

NCBI Ref

Table 8.2 (continued)

3858

4326

∗

4202

Bacillus halodurans C-125

Dehalobium chlorocoercia DF-1
Desulfotalea psychrophila ESV54

4066

1551

Aquifex aeolicus VF5

4163

4236

Alteromonas macleodii DSMZ 17117

2755

Orf s

3120

Size(kb)

Alcanivorax borkumensis SK2

Organism

Bacteria

Oil hydrocarbon degradation (Schneiker
et al. 2006)
Exopolysaccharide production
(Ivars-Martinez et al. 2008)
Glucan branching, molecular biology
(Deckert et al. 1998)
Starch, pullulan and xylan degrading
(Takami et al. 2000)
PCB dechlorination (unpublished)
Psychrophilic enzymes (Rabus et al.
2004)
Recalcitrant hydrocarbon sources
degrading (unpublished)
Piezophilic thermostable enzymes
(unpublished)
Thermostable proteases (unpublished)
Virulence factors (Nakagawa et al. 2007)
Sulfatases (Glockner et al. 2003)
Thermostable glycosides hydrolases
(Nelson et al. 1999, Vanfossen et al.
2008)
Luminescence (Ruby et al. 2005)
Sulfatases, sulfotransferases, food
industry (unpublished)

Targets, type of enzymes, type of
applications References (genomes;
biotech) Archae
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screening procedures and directed evolution have been applied with success by several research groups and SMEs as well as larger corporations (Diversa, Genencor,
Degussa, Henkel, etc.) to different targets, enzymes and/or novel natural products.
Table 8.3 gives an overview of the most significant metagenomic contributions
during the recent years.
Though limited to ocean surface microbes, the Sorcerer II/GOS expedition represented a milestone for metagenomics and the team predicted more than six million
proteins in the GOS data, approximately twice the number of proteins present at
that time in the databases (Yooseph et al. 2007). The practical utility of the Sorcerer
II results for marine biotechnology is hard to estimate and their exploitation for
that purpose will take many more years to come to fruition. One of the primary
goals of the Sorcerer II studies was to understand the rate of discoveries of protein
families with the increasing number of protein predictions. From the relationship
observed, they concluded that their sampling of the protein universe is far away
from saturation, meaning that many more protein families remain to be discovered.
This conclusion is subject to controversy and Koonin (Koonin 2007) suggested comparing not only the increase in the number of protein clusters with the number of
sequences observed in the Sorcerer II data but also adding the rate of increase of
orthologs. The virome (viral fraction of the microbiome in a given habitat) of several marine regions has been studied and this has also revealed a completely novel
diversity of proteins (Breitbart et al. 2002, 2004, Angly et al. 2006). The results from
genomics projects dedicated to Archaea viral proteins with unknown functions have
shown that marine viruses represent a reservoir of interest for the discovery of new
folds and novel structures and therefore novel protein families (Vestergaard et al.
2008).
With the advent of metagenomic approaches, the microbial diversity is increasingly accessible and we might expect an exponential growth in the number
of biocatalysts potentially useful for the industry, as already demonstrated by
some recent work on nitrilases, lipases and esterases (Robertson et al. 2004,
Bertram et al. 2008), at least when functional screens are efficient. Note, however, that in contrast to global marine metagenome surveys, these results were
obtained in direct collaboration with industry, with clearly defined biotechnological
goals.
There are two main obstacles to the biotechnological exploitation of marine
extremophiles. Screening methods (sequence-based and activity-based screens) represent the first limitation. The second is that, in some extreme environments, cell
densities are so low that the amount of DNA available for cloning is extremely
small, implying additional steps like whole genome amplification. Sequence-based
screens are limited to already known gene families and cannot identify completely
new genes frequent in metagenome databases like CAMERA (Seshadri et al. 2007,
http://camera.calit2.net). Moreover, many genes in metagenome libraries can not be
expressed successfully in organisms such as E. coli and therefore, cannot be detected
by activity-based enzymatic screens. Attempts have been made recently to circumvent these limitations and these have led to the development of innovative methods
like substrate-induced gene expression screening (SIGEX) (Uchiyama et al. 2005).

Methods

Diversity

Breitbart et al.
(2002)
Venter et al.
(2004)
Rusch et al.
(2007)
Yooseph et al.
(2007)

Rondon et al.
(2000)
Henne et al.
(2000)
Uchiyama et al.
(2005)
Kalyuzhanya
et al. (2008)

Authors

C1 substrates

Lake sediment

Sargasso Sea
surface
Atlantic, Pacific
Oceans
Atlantic, Pacific
Oceans

Microbial diversity
Microbial diversity
Microbial diversity

–
–
–

Viral diversity

SIGEX

–

Method, aromatic hydrocarbon
degradation
Group diversity/function

Function based

Soils (meadow,
field)
Groundwater

Surface seawater

Enzymes, antibacterial, hemolytic
activity
Lipases, esterases

Main targets

Function based

Screening
method

Soils

Origin of
sample(s)
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–

–

–

–
–
Patent
–

Industry

Reference

8
Marine Biotechnology
297

Weiner et al.
(2007)
Lee et al. (2008)
Robertson et al.
(2004)
Bertram et al.
(2008)

Short (1999)

Short et al.
(1997)

Schirmer et al.
(2005)
Fieseler et al.
(2007)
Chu et al. (2008)

Authors

Information
missing

Sponge
Discodermia
20 sponge
species
Surface seawater,
China
Diverse incl.
plankton
Whale bone,
picoplankton
Pacific Ocean
picoplankton
Deep-sea
sediment
>600 biotopes

Origin of
sample(s)

Function based

Lipases, esterases (350 novel
enzymes)

Nitrilases (137 novel enzymes)

Function based

Function based

Oxidative enzymes (epoxidases,
P450) :
Fibrinolytic Metalloprotease

Function based

Function based

Function based

Hydrolases (notably
thermostables)
Hydrolases

Identification of pharma relevant
PKS genes
Lipases, esterases

Sequenced/PCR
Function based

Polyketide synthases (PKS)

Main targets

Sequenced/PCR

Screening
method

Verenium

Diversa

Patent

WO2008056840

US2007231820

US5958672

Diversa
Diversa

WO9704077

Reference

Diversab

?

Kosan

Kosana

Industry

b Diversa

Biosciences is now a subsidiary of Bristol-Myers;
is currently a branch of Verenium. Patent data were compiled from the European Patent Office (http://ep.espacenet.com/). In August 2008, a
query with metagenome as keyword led to 8 entries, most of them dedicated to soil metagenomes and cow rumen.

a Kosan

Biotechnology
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SIGEX is designed to select the clones that harbour catabolic genes induced by various substrates coupled with GFP and sorted by fluorescence-activated cell sorting
(FACS). This high throughput method was successfully applied to isolate aromatichydrocarbon-induced genes from a metagenomic library. In spite of its advantages,
it suffers from several limitations (such as the orientation of genes in the cloning
vector or genes with terminators and consequently poor yield with large inserts)
(De Lorenzo 2005, Yun and Ryu 2005).
The search for various biocatalysts from natural sources can be facilitated by the
addition of various substrates to the environment to enrich the microbial community
in strains able to degrade these substrates. In the same manner, an approach that
might considerably reduce the sequencing effort required by metagenomics would
be to sort the DNA of interest from the bulk DNA. Considerable progress has been
done in that direction in the last years using stable isotope probing (SIP). Applied to
lake sediments, targeting specifically methylothrophs (metabolism of organic compounds containing no carbon-carbon bonds), through 13 C-labeled C1 compounds,
it was possible to extract DNA from the microcosms and separate the labelled
fraction containing the genes of interest (Kalyuzhnaya et al. 2008). This method,
though developed mainly for analysis of the functions of the different components
of a microbial community, can be used in metagenomics of complex communities
to enrich DNA fractions to be sequenced in a define gene profile and therefore,
contribute to biotech research.

8.4 Contribution of Marine Biotechnology to the Discovery
of Natural Products, Novel Pharmaceuticals
and White Technology
Numerous natural products and enzymes have been discovered in marine organism; some examples are given here from bacteria, archaea, marine fungi, metazoans,
virus and algae. This is by no means a complete listing of all products found in the
marine environment, only a few products are indicated from each group to demonstrate the potential of the different taxa. The absence of certain phylogenetic groups
should be seen as an indication that an important unexplored metabolic diversity
may be found, for example, in the amoebozoa, rhizaria and among the excavates.

8.4.1 Viruses
Marine viruses represent perhaps the greatest untapped biotechnological resource
on the planet. With an average of 106 viruses/ml of sea water and an estimated 1030
in our oceans, this is a massively under-studied and under-utilised resource (Suttle
2007). Historically, enzyme and natural product discovery has depended upon
culture dependent approaches, approaches that are more complicated for viruses
which require a suitable host for propagation. Thus, the advent of the metagenomic
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era and its associated culture independent approaches has opened up the field of
marine virology for exploitation. No one gene is common to all viruses and random sequencing of the viral fraction of the ocean has revealed a plethora of genetic
diversity that has so far been inaccessible (Angly et al. 2006).
In the past, viruses were thought of as simple, self propagating bags of genes.
The discovery of giant viruses in particular has turned this notion on its head and
has shown that viruses can often have the ability to manipulate and control complex
metabolic pathways using enzymes encoded on their own genomes (Raoult et al.
2004, Wilson et al. 2005, la Scola et al. 2008). For example, proteins of viral origin
feature heavily in the molecular biologists armoury. Proteins from bacteriophage T4
(which infects E. coli) such as its DNA ligase, polynucleotide kinase, DNA polymerase are all commercially available for cloning purposes. RNA polymerases from
T7, phi6 and SP6 are in common usage. Reverse transcriptase (RNA-directed DNA
polymerase, a function only found in viruses thus far) from Avian Myeloblastosis
Virus and Moloney Murine Leukemia Virus are standard enzymes for making cDNA
from RNA templates. Whilst none of these viruses are marine in origin, these examples demonstrate that viruses harbour useful, efficient and exploitable enzymes.
Few marine viruses have been studied intensively, yet the handful that have been
have revealed considerable biotechnological potential (Allen and Wilson 2008).
For example, the coccolithovirus EhV-86 has a genome that appears to encode a
near complete ceramide synthesis pathway (a transferase, elongation protein, phosphatase and three desaturases) (Wilson et al. 2005, Han et al. 2006). Ceramides are
components of the plasma membrane and has been made use of as anti-aging component commonly found in cosmetics. This newly discovered viral pathway is being
investigated not only for its academic relevance but also for potential commercial
exploitation. Also found on this genome are a lipase and esterase (as well as numerous nucleases and proteases) which may have biocatalytic applications (Allen et al.
2006b). Yet, even with the briefest of glimpses at viral genetic diversity, we have
realised how little we know about how these organisms function: typically 80% of
newly derived sequence of viral origin can be unique and have no known function
associated with it (Suttle 2005). Clearly, the vast majority of these novel genes must
be of some use to viruses and yet we have no clues as to their function and relevance (Yin and Fischer 2008). As the functions of these genes are unravelled, we
predict new and exciting biotechnological applications exploiting novel biochemical
pathways and reactions.
Inteins have gained increasing attention since their discovery (Gogarten and
Hilario 2006). An intein is a self splicing segment of a protein which has the ability
to excise itself and rejoin the adjacent segments of the protein with a peptide bond.
They have important biotechnological applications for protein expression, synthesis,
purification and labelling (Perler 2002). Inteins have been found throughout all kingdoms of life, but are now being found to be increasingly common in marine viruses.
Inteins have been found in Heterosigma akashiwo viruses (Nagasaki et al. 2005), in
some strains of coccolithoviruses (Allen et al. 2006a; Goodwin et al. 2006), as well
as in the mimivirus (Ogata et al. 2005), relatives of which (with intein fragments)
have been found in the Sargasso Sea metagenome dataset (Ghedin and Claverie
2005).
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8.4.2 Archaea and Bacteria
Bacteria and more recently archaea are important organisms in biotechnology
including the prokaryotes of marine origin. Complete genomes of hyperthermophilic bacteria and archaea have opened novel avenues for enzyme discovery.
Examples include enzymes used in research such as thermostable enzymes from
deep-sea hyperthermophilic Archaea, some of them already in common use in
molecular biology. Potential applications range from biomass processing in order
to produce ethanol and biofuel to organic chemistry and biohydrogen production.
Examples of the exploration of bacteria include Rhodopirellula baltica and
Zobellia galactanovorans. The first one was known to be densely associated with
“marine snow” in coastal waters and presumed to be an efficient degrader of organic
compounds. The second is frequently associated with macroalgae and potentially
involved in cell-wall degradation. Complete genome sequencing identified unprecedentedly high numbers of enzymes belonging to the sulfatase (Glockner et al. 2003)
and sulfotransferase families in both species (unpublished data). Based on these
results, functional genomics projects emerged in order to characterize both the
various substrates and the corresponding enzymes.

8.4.3 Algae
The marine algae, including cyanobacteria, is an extremely divergent group with
members from archaeplastida, chromalveolates and eubacteria (see Algal chapter)
and thus with an extensive metabolic diversity. Despite this, examples of genes
from marine algae that are used in biotechnology are sparse, but one success story
is the hexose oxidase gene from the red alga Chondrus crispus which has been
over-expressed in heterologous systems for the production of a commercial product. When added to food products hexose oxidase limits the Maillard reaction
and thereby limits coloration and can strengthen the gluten network (Hansen and
Stougaard 1997). Polyunsaturated fatty acids are also a good example of the role
of marine biotechnology and hence marine genomics since there is no significant
source of these important lipids outside of the marine world. Phytoplankton is considered as one of the major source for e.g. EPA and DHA. Algal genes involved
in fatty acid synthesis have indeed attracted some interest. Genes from the diatom
Thalassiosira have already contributed to research and commercial efforts aimed
at producing very long chain polyunsaturated fatty acids in transgenic crop plants
(Tonon et al. 2004a, b, 2005). An example of the use of algal products is the
use of purified laminarin from Laminaria digitata to elicit defence reactions in
tobacco (Klarzynski et al. 2000). This was the base for the development of Iodus by
Goëmar as a partial replacement product of fungicides in commercial cultivation of
cereals.
Indeed, one area that has attracted a lot of interest recently is algal biofuels and
marine genomics can potentially make an important contribution in this domain. The
world investment in biofuels research has risen dramatically in the last few years,

302

J. Querellou et al.

and is predicted to reach the sum of over a billion USD. Microalgae show some
advantages compared to terrestrial plants: unicellular algae can under favourable
conditions achieve photosynthesis rates greatly exceeding that of higher plants.
Marine microalgae offer two other main advantages: their exploitation does not
need to be in conflict with fresh water or food supply. Compared to higher plants,
the culture in controlled ponds or photobioreactors allows a fine regulation of the
metabolism by adjusting on line the level of entering nutrients. In addition, culture
of these photosynthetic organisms requires the supply of CO2 and nutrients such
as nitrogen and phosphorous which further explains the rising number of programs
dealing with gas abatement and wastewater management. It is important to distinguish the production in controlled photobioreactors with illuminations or natural
light, which allows for very high productivities with high costs from productions
in natural environment in open ponds for which costs are lower. Indeed, extensive cultivation in outdoor ponds offers the best competitiveness with the major
drawback that these cultures are more “natural” and thus more difficult to control.
With the exception of cultures in extreme media such as high salt or high pH, the
pollution with local endemic species is very likely to occur as well as the contamination with various grazers. However, where the usual terrestrial crops yield around
a gram per square meters per day, the average yield for microalgae lies between
10 and 30 g/m2 /day. Algal cultivations have thus the potential to produce substantial amounts of biofuels, without competing with the food production industry in
terms of use of arable land and fresh water. There are, however, several technological challenges that need to be overcome in order to produce algal biofuels at
competitive prices (Cadoret and Bernard 2008).
The four main suggested alternatives for biofuel production from algae are: production of biodiesel, hydrogen and ethanol as well as biomass for fermentation
(Chisti 2007).

8.4.4 Algae for Biodiesel Production
Some algae and especially microalgae stock lipids as energy reserve. Among 3,000
contenders studied by the National Renewable Energy laboratory, NREL (Sheehan
et al. 1998), candidates were identified with an oil content of up to 75% of dry
weight (Schenk et al. 2008). The normal yields are usually around 40% for most
of the best candidates (Rodolfi et al. 2009). To produce biodiesel algae are grown
under conditions that induce lipid production; the algae are harvested; the lipids are
extracted and converted to a useful fuel. It has been calculated that the production
of more than 100 m3 biodiesel per hectare per year is theoretical feasible and 10–50
m3 /ha/year, beyond the 6 m3 /ha/year of the oil palm (Chisti 2007). To achieve high
biodiesel production, it will be necessary to improve our knowledge of the biochemistry of lipid synthesis in different algae as well as increasing our understanding of
the physiology of lipid metabolism. The diatom Phaeodactylum tricornutum can
contain up to 31% of dry weight as lipids (Sheehan et al. 1998) and its genome has
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been completely sequenced (Bowler et al. 2008). In this species, therefore, genomic
approaches can give important insights into the biology and the biochemistry of a
high lipid producing algae.

8.4.5 Algae for Ethanol Production
An alternative approach for biofuel production is to use the photosynthetic products of cyanobacteria to produce ethanol in vivo. The feasibility of the approach
was demonstrated by Deng and Coleman (1999) who used Synechococcus sp. PCC
7942 transformed with pyruvate decarboxylase and alcohol dehydrogenase from
the bacterium Zymomonas mobilis. The transformed cyanobacterium synthesised
ethanol from photosynthetates, which diffused into the culture medium. The system is claimed to be ready for commercial scale-up and the companies Algenol
and BioFields have committed 100 million USD for the construction of a full
scale factory (www.algenolbiofuels.com). The company Algenol now also claims
that the technique has been adapted for cyanobacteria growing in seawater. This
is an interesting example of one potential future for marine genomics in which
marine organisms and “terrestrial genes” (and vice versa) are combined to produce
promising products.

8.4.6 Algae for Hydrogen Gas Production
Many cyanobacteria and some green algae contain enzymes capable of producing
hydrogen gas (Tamagnini et al. 2002, Schütz et al. 2004, Melis and Happe 2001). In
this case the photosynthetic energy is converted directly to a useful high energy fuel
without the need for extraction since the hydrogen gasses off and can be collected.
Research on green algae has so far concentrated on Chlamydomonas reinhardtii,
which has an efficient but oxygen sensitive hydrogenase (Hankamer et al. 2007).
This constraint was partially overcome by Melis et al. (2000) by cycling between a
state of active photosynthesis and an anaerobic hydrogen producing state induced by
sulphur starvation. Strains have been developed with potential for increased hydrogen production for example in a work by (Surzycki et al. 2007) or with the selection
of strains with smaller light harvesting complexes (Polle et al. 2003) or a strain with
high starch content (Kruse et al. 2005). In cyanobacteria hydrogen can be formed
as a by-product of nitrogen fixation by nitrogenase. The hydrogen is normally oxidized by an uptake hydrogenase (for reviews see Tamagnini et al. 2002, Sakurai
and Masukawa 2007). As with hydrogen production in green algae, production by
cyanobacterial is inhibited by oxygen since the nitrogenase is oxygen sensitive.

8.4.7 Algae for Biomass Fermentation
It is also possible to grow or harvest microalgae and seaweeds for fermentation of
biomass. This fermentation could be either for ethanol or for biogas. In this case it
would be important to either achieve high growth rates or to increase the fractions
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of easily fermentable compounds, such as starch and lipids. One example of an
approach that could use algae in this way is the exploitation, of high starch strains
of Chlamydomonas reinhardtii (Kruse et al. 2005).

8.4.8 Marine Genomics and Algal Biofuels
What can marine genomics contribute to biofuel production? The genomes of a
number of algae have been fully sequenced. These include eukaryotes like the
green algae Chlamydomonas reinhardtii, Ostreococcus lucimarinus, and O. tauri,
the red alga Cyanidioschyzon merolae, and the diatoms Thalassiosira pseudonana
and Phaeodactylum tricornutum (Bowler et al. 2008) and several cyanobacteria,
for example, Synechococcus spp (Six et al. 2007). These genomes can provide
important insights into different areas relevant to biofuel production. For example, Ostreococcus tauri is the world’s smallest free-living autotrophic eukaryote has
already contributed to our knowledge about small genomes and will undoubtedly in
the future increase our knowledge about organisms with minimalistic genomes and
thus possibilities of efficient growth since fewer resources are used for non-essential
purposes. Another example is Cyanidioschyzon merolae, a red algal extremophile
which also has a small genome but is adapted to high temperature and low pH. The
genomes of different strains and species of Synechococcus include strains that are
adapted to factors such as different light intensities and these have already provided
insights into antennae structure and function (Six et al. 2007).
The idea of using microalgae as a source of biofuel is relatively new, the strains
that are used are mostly wild-type strains (Sheehan et al. 1998). There is therefore a
considerable room for improvement of the strains used. Strain improvement could
be done both by classical approaches and by genetic modification of the organisms.
In both cases an improved knowledge of their genes and genomes would be a major
advantage in order to direct classical genetics and to optimise genetic modifications.
Below (Table 8.4) are some more general areas that we believe can greatly benefit
from genomics.

8.4.9 Algae as a Cell Factory
Algal transformation to produce so-called “green cell factories” represents a booming area of research with broad implications not only for biofuels, but also speciality
chemicals, high value compounds, food additives and bioremediation (Rosenberg
et al. 2008). Natural substance extraction still constitutes the primary source for a
great number of pharmaceutical molecules. However, as it is possible to identify
genes responsible for the development of a protein, these can then be introduced
into cells in culture, as part of “cell factories” which manufacture on demand, the
desired products. This strategy – the expression of molecules with high added value
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Table 8.4 Research areas where marine genomics can play a key role
Research area

Comment

Increasing growth rates

Growth rates vary enormously between algal species and
strains
Reducing antennae size would reduce internal shading and
diminish photoinhibition allowing higher densities in
culture
Allowing for high inorganic carbon concentration in
cultures will be a technological challenge; therefore traits
such as C4 like mechanisms, high activity of carbonic
anhydrase, or bicarbonate pumps could be utilized
It is important to tolerate variable CO2 concentrations and
pH. Extremophiles such as Galderia sulfuraria and
Cyanidioschyzon merolae can provide insights
High rates of photosynthesis need to be achieved even at
high light intensities. Different strains of cyanobacteria
with different light adaptation can guide the search for
relevant genes
Intensive cultures causing increased concentrations of O2 ,
inducing photorespiration and pseudocyclic
photophosphorylation that need to be compensated by
efficient antioxidative systems
Temperature can be a problem in cultures; C. merolae and
G. sulfuraria could be important thermophilic models
Important lessons can be learned from "minimal organisms"
such as Ostreococcus tauri

Reducing photo-synthetic antenna
size
More efficient inorganic carbon
uptake

Wider range of tolerance to CO2

Increasing resistance to
photoinhibition

Increasing tolerance to oxidative
stress

Increasing thermotolerance
Effective channelling of
photosynthetates

in controlled cellular systems – offers extraordinary perspectives in a very promising biotechnology market of several tens of billions dollars according to different
sources (Gasdaska et al. 2003, Schmidt 2004). The production systems available
today are bacteria, yeasts, animal cells or terrestrial plants genetically modified to
ensure the production of insulin, growth hormones, antibodies monoclonal and other
therapeutic proteins. Each system has its advantages and disadvantages, among
which the costs, the safety of production, the extraction facility, purification and the
degree of complexity of the produced molecules. (Leon-Banares et al. 2004; Walker
et al. 2005, Cadoret et al. 2008). Restricted to mostly non-marine strains such as
Chlamydomonas it is only a matter of time before stable transformation systems
are developed for marine strains of microalgae. Currently, the stable manipulation
of the algal system remains the major limitation but as our genetic knowledge and
understanding of the systems increases this will soon be solved. There are examples of successful transformation of green, red and heterokont algae (Cadoret et al.
2008). Stable expression of transgenic proteins in green algae has been shown in
the freshwater species Chlamydomonas reinhardtii, Volvox carteri (Rosenberg et al.
2008), Chlorella sp (Dawson et al. 1997) in the marine species Dunaliella salina
(Geng et al. 2003), Haematococcus pluvialis (Teng et al. 2002), Ostreococcus tauri
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(pers comm). Transformation with homologous recombination has been demonstrated in the red microalga Cyanidioschyzon merolae (Minoda et al. 2004). Among
the heterokonts, transformation has been reported in, for example, the diatoms
Thalassiosira pseudonana and Phaeodactylum tricornutum (Poulsen et al. 2006,
Kroth 2007) and in the brown kelp Saccharina (Laminaria) japonica (Jiang et al.
2002, 2003).

8.4.10 Marine Fungi
Terrestrial fungi are important sources of biomolecules such as antibiotics and there
is also a growing interest in marine fungi as a rich source of anticancer, antibacterial,
anti-parasite, anti-inflammatory and antiviral agents (see reviews by Bhadury et al.
2006 and Raghukumar 2008). Examples of products from marine fungi include alkaloids with possible anticancer compounds from Penicillium citrinum (Tsuda et al.
2004), Fusarium sp (Ebel 2006) and Apiospora montagnei (Klemke et al. 2004) all
isolated from seaweeds. Another example is the polyketide ascosalipyrrolidinone-A
isolated from the Ascochyta salicorniae (Osterhage et al. 2000) with potential antimalarial activity. One marine fungi, also present in cheese and dairy products, has
been sequenced, the marine yeast Debaryomyces hansenii (Dujon et al. 2004). This
yeast has, for example, been studied for its xylose metabolism (e.g. Sampaio et al.
2004).

8.4.11 Metazoans
One outstanding example of the possibilities of marine biotechnology is the discovery, description and development of fluorescent proteins as important tools in
cell biology research. Osamu Shimomura, Martin Chalfie and Roger Y. Tsien were
awarded the Nobel Price in chemistry in 2008 for their research on the green fluorescent protein. The first fluorescent protein was discovered in the jellyfish Aequorea
victoria (Shimomura et al. 1962); the gene for this protein was later cloned by
Prasher et al. (1985) and used by Chalfie et al. (1994) to study gene expression
in E. coli and C. elegans. Fluorescent proteins were later found in other marine
organisms such as hydrozoans, anthozoans and copepods. These fluorescent proteins have been modified to generate numerous commercial products with different
spectral characteristics (Mocz 2007).
Sponges and their associated microorganisms produce numerous compounds
with bioactive potential; however supply of biological material has been a limiting factor. The use of an approach of heterologous expression of genes found with
metagenomics approach, the cultivation of associated microorganism in the absence
of sponges, and the establishment of sponge cell lines have the potential to solve the
problem of supply (Wijffels 2008).
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Antimicrobial peptides from marine invertebrates have lately attracted attention, for example peptides from Tachypleus tridentatus (Japanese horse shoe crab)
showed activity against Leishmania braziliensis and Trypanosoma cruzi (Löfgren
et al. 2008), peptides from Ciona intestinalis showed antibacterial activity (Fedders
et al. 2008), as well as peptides from mussels (Mitta et al. 2000).

8.4.12 In Closing
Clearly, the marine environment offers great potential for biotechnological exploitation. As this review shows, this under-utilised resource has been tapped in to
infrequently, but with highly successful results. The recent explosion of interest
in marine genomics combined with the societal shift in opinion towards a greener
living, reducing carbon and environmental footprints, and increased technological efficiency indicates a bright future for marine biotechnology. With 70% of the
planet covered in water, it is obvious that the marine environment will hold the long
term answers to our increasing demands on the Earth’s resources. The potential has
already been shown, what is needed is increased funding for research and a concerted effort by marine scientists to exploit opportunities as they arise. Nature has
taught us to expect the unexpected, and there is no doubt that the marine environment will continue to amaze us with its diversity of function. As biotechnologists,
we must endeavour to capitalise on this wherever and whenever we can.
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Chapter 9

Practical Guide: Genomic Techniques and How
to Apply Them to Marine Questions
Virginie Mittard-Runte, Thomas Bekel, Jochen Blom, Michael Dondrup,
Kolja Henckel, Sebastian Jaenicke, Lutz Krause, Burkhard Linke,
Heiko Neuweger, Susanne Schneiker-Bekel, and Alexander Goesmann

Abstract In recent years, modern high-throughput techniques in genome and postgenome research have made a marked impact on the marine sciences. Today,
massively parallel DNA sequencing and hybridization approaches allow the identification of not only the gene repertoire but also the gene regulatory networks that
function within an organism. The huge amounts of data acquired from such experiments can only be handled with intensive bioinformatics support that has to provide
an adequate infrastructure for storing and analysing these data. Bioinformatics has
to deliver efficient data analysis algorithms, user-friendly tools and software applications, as well as extensive hardware infrastructure to deal with these genome-scale
analyses.
The following chapter briefly introduces not only the most relevant topics of bioinformatics for functional and structural genomics but also addresses the practical
aspects of other steps of a genome project such as sequencing or data management
issues. The chapter will take the reader through the different technical approaches
that can be applied in marine genomics projects.
In the first part, we will mainly focus on data generation, introducing classical
genome sequencing approaches such as the Sanger method and the shotgun technique. Moreover, a short overview of the current status of the next generation
of sequencing techniques will be given. In the second part, we briefly introduce
the concept of data management for bioinformatics applications. In the third part,
we describe the basic principles of genome sequence analysis and address topics
like EST clustering and genome assembly, gene prediction, gene function assignment and classification as well as whole genome annotation. In the fourth part of
this chapter, we present an overview of transcriptome data analysis using microarray hybridization technology. After a brief introduction to microarray technology
we describe state-of-the-art methods for image processing, data normalization,
significance testing and cluster analysis.
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9.1 Sequence Data Generation
In the early days of genetics, scientists did not have the resources to look at more
than a few genes at a time. Nowadays microbial genome analysis is in a phase of
enormous growth. Since the publication of the first completely sequenced bacterial
genome Haemophilus influenzae (Fleischmann et al. 1995) in 1995 the genomes of
hundreds of bacteria have been sequenced. By January 2008 about 700 complete
genomes had been published and 3,250 ongoing genome projects were listed in the
Genomes OnLine Database (GOLD) [http://www.genomesonline.org]. Regarding
the latest GOLD reference from September 2007 (Liolios et al. 2008), the total number of recorded archaeal and bacterial projects was 1950 projects, while the advent
of new sequencing technology platforms such as pyrosequencing has significantly
contributed to the increase in the number of new microbial sequencing projects.
The GOLD site reports 134 projects using the 454 technology platform as part of a
Whole Genome Shotgun (WGS) sequencing project (Liolios et al. 2008).

9.1.1 Classical Genome Sequencing Approaches
Although several different sequencing techniques are available, the DNA sequencing method using chain termination inhibitors reported by Sanger et al. (1977) has
remained the basis for genome sequencing for more than 25 years.
9.1.1.1 The Sanger Method
Classical DNA sequencing is accomplished by the chain termination inhibitor
method (Sanger et al. 1977). This method essentially involves copying one strand of
a piece of DNA using a short DNA primer, which is complementary to the DNA
strand you want to sequence, an enzyme called DNA polymerase and the four
nucleotides. The Sanger method employs a mixture of normal nucleotides dNTPs
and special dideoxy-nucleotides (ddNTPs). These ddNTPs lack a hydroxyl-group at
the 3 carbon of the ribose sugar. This prevents new nucleotides from being added to
a DNA strand after a ddNTP has been incorporated. Thus, once a ddNTP is inserted
into a growing DNA strand, synthesis of that strand is stopped. In addition, different
fluorescent tags are attached to the four types of ddNTPs providing a means of identifying which ddNTP nucleotide has been incorporated (Prober et al. 1987). After
many repeated cycles of synthesis all the possible lengths of DNA are represented,
each piece of synthesized DNA containing a fluorescent label at its terminus.
Amplified DNA can then be separated according to size using gel electrophoresis. Early Sanger sequencing technology used vertical polyacrylamide gels to carry
out this electrophoresis step. These gels need to be prepared manually. Nowadays
capillary-electrophoretic sequencers, in which the fragments migrate through a resin
within an individual capillary, carry out this step of the process. The machine uses an
ultraviolet laser to detect the fluorescent labels that have been incorporated during
the polymerisation reaction. The most recent machines, such as the ABI3730XL,
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can analyse as many as 96 samples at a time. The signal generated by the laser
detection system constitutes a sequence trace file in which the intensities of fluorescence of the four dyes corresponding to the four bases are plotted as a function of
speed of migration (which is equivalent to fragment size and therefore provides a
position within the sequenced region).
9.1.1.2 Shotgun Technique
The Sanger sequencing method generates sequence data for regions of up to about
one kilobase. A strategy is therefore needed to apply this method to the sequencing
of an entire genome. For bacterial genomes and small eukaryote genomes whole
genome shotgun sequencing is the method of choice. This technique involves fragmentation of the genomic DNA into pieces of a defined length, cloning them into
sequencing vectors, and introducing them into an E. coli host strain. A random selection of the resulting recombinant clones is then sequenced and the sequence reads
are assembled into contiguous regions (contigs) based on sequence overlaps. For
larger genomes the hierarchical shotgun approach provides an alternative method
(Green 2002). In this approach, a genome is decomposed into larger fragments, for
example large fragments cloned into Bacterial Artificial Chromosomes (BACs). The
BACs are then ordered into a minimal tiling path using Polymerase Chain Reaction
(PCR) or labour-intensive hybridization techniques. The selected subset of clones
(the minimum tiling path) are then individually sequenced using a shotgun approach
for each piece of DNA (Kaiser et al. 2003).
9.1.1.3 Bacterial Genome Assembly and Finishing
Several bioinformatics tools were developed at the same time as the first genome
sequencing projects were carried out. Examples include the basecalling and
sequence trace file quality clipping program PHRED (Ewing et al. 1998), the DNA
sequence assembly programs PHRAP (Green, 1996) and CAP3 (Huang and Madan,
1999) and the genome sequence finishing program Consed (Gordon et al. 1998). In
2003 the Bioinformatics Resource Facility at the university of Bielefeld developed
an optimized approach for whole genome shotgun sequencing (Kaiser et al. 2003),
which combined the advantages of fast high throughput shotgun sequence data generation with a sequence finishing and validation phase driven by large insert BAC or
fosmid clone libraries. The objective of this approach was to produce high quality
bacterial genome sequences in a time- and cost-effective manner. This sequencing
strategy consists of two main steps: (i) high-throughput generation of shotgun reads
using Sanger sequencing (up to an eight-fold coverage is performed) and (ii) a manually driven sequencing and linking phase, using end sequences of large insert BACor fosmid- libraries and finishing reads generated by primer walking.
To monitor the fist step, the high-throughput shotgun sequencing phase, a new
bioinformatics tool called SAMS (Sequence Analysis and Management System)
was developed (Bekel et al. 2009). SAMS processes raw sequence data (e.g. .scf
files) as follows: first a normalizing step involving basecalling and quality clipping
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(see also Section 9.3.1) is carried out using PHRED (Ewing et al. 1998), followed
by BLAST-based (Altschul et al. 1990) vector clipping (see also Section 9.3.1). To
determine the overall progress of the project, subsets of the given sequence data are
assembled. Lander-Waterman-like (Lander and Waterman 1988) statistical analysis
graphs are created, which plot the number of gaps over the number of sequencing
reads using data generated by the CAP3 and PHRAP assembly tools.
For the second sequencing and linking step, involving sequence editing and manual assembly inspection, the Consed software package (Gordon et al. 1998) is used.
To link and polish the existing contigs, a tool called Autofinish (Gordon et al. 2001)
is applied. The tool BACCardI is used to guide the linking of contigs (Bartels et al.
2005). This latter program is able to automatically generate BAC or fosmid maps.
This optimized approach for whole genome shotgun assembly guided by a bioinformatics pipelines was successfully applied to a variety of complete bacterial
genome projects such as those of the Competence Network “Genome research on
bacteria relevant for agriculture, environment and biotechnology”, which included
the genomes of the oil-degrading marine bacterium Alcanivorax borkumensis
(Schneiker et al. 2006), the plant pathogens Clavibacter michiganensis (Gartemann
et al. 2008), Xanthomonas campestris pv. vesicatoria (Thieme et al. 2005) and pv.
campestris B100 (Vorhölter et al. 2008), the plant growth promoting bacterium
Azoarcus (Krause et al. 2006) and the biotechnologically relevant 13Mbp bacterium
Sorangium cellulosum (Schneiker et al. 2007).
The high-throughput shotgun sequencing phase is now being superseded by massively parallel sequencing techniques but sequence assembly and genome finishing
remain an important issue for genome sequencing projects.

9.1.2 Next Generation of Genome Sequencing
Sanger-based sequencing technology cannot be improved indefinitely. Cloning bias
and difficulties with sequencing regions of a genome that exhibit strong secondary
structures (“hard stops”) limit the quality of the assemblies obtained with the Sanger
method. Some of the most promising new sequencing technologies are based on
massive parallelization. The emulsion PCR method for in vitro clonal amplification is used in the pyrosequencing technology published by Margulies et al. in 2005
(commercialized by 454 Life Sciences, acquired by Roche), the polony sequencing
method (Shendure et al. 2005) and the SOLiD system (developed by Agencourt, and
later acquired by Applied Biosystems). Another method called “bridge PCR” is used
in the single base extension system distributed by Illumina. The 454 GS20 sequencing platform from 454/Roche has been proven to be efficient for the sequencing
of whole bacterial genomes (Goldberg et al. 2006) as well as for environmental
samples (Edwards et al. 2006) by eliminating many of the cloning problems that
are associated with metagenomics. At present three platforms for massively parallel
DNA sequencing are in use. These are the Roche/454 GS FLX system (standard and
titanium series) offering longer reads than the GS20 machine, the Illumina/Solexa
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Table 9.1 Genome sequencing technologies comparison (next generation technologies according
to Millar et al. 2008)
Genome sequencing technologies
Second or Next generation

Company
Machine

Read length
Number of
reads/run

R
Roche

R
Illumina

Genome
Genome analyser
Sequencer
FLX (standard
series)
Emulsion PCR of Solid-phase
bead anchored
-anchored
oligos and
oligo bridge
pyrosequencamplification
ing using light
and
emission
sequencing
with reversible
dNTP
terminators
∼250 bp
∼50 bp
400,000
40,000,000

Raw data

100 MB/run/7.5 h 1 GB/run/
67–91 h

Future prospects

500 bases reads;
1 GB per run
(Titanium
series, since
October 2008
on the market)

> 6 GB per run

First generation
Applied
R
Biosystems

Applied
R
Biosystems

SOLiD gene
sequencer

3730xl DNA
analyser

Paired-end oligo
cloning.
Emulsion PCR
of beadanchored
oligos.
Fluorescent
oligo ligation
and detection
∼35 bp
85,000,000
(mate-pair
run)
1 GB/run/4 days
for fragment
library, 8 days
for paired
library
50 bp single
read; 6 Gb/run

Sanger dideoxy
chemistry and
capillary array
electrophoresisbased DNA
analyser

∼900 bp
96

1 MB/day and
system

Up to 1,100

Genome Analyser and the Applied Biosystems SOLiDTM system. Table 9.1 provides a comparison of these three massively parallel sequencing technologies with
first generation sequencing using the Sanger sequencing technology and capillary
electrophoresis as described in Section 9.1.1.
Massively parallel DNA sequencing techniques have helped to reduce the cost
and time associated with sequencing a genome. Each method will be presented
briefly in the following paragraphs.
Readers who would like to have further information on next generation sequencing approaches are referred to recent reviews such as Mardis (2008) and Millar
et al. (2008), which provide a detailed overview of the emerging field of sequencing
technologies.
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9.1.2.1 Pyrosequencing or 454 Sequencing
R
Corporation, USA has developed a scalable, highly paralThe 454 Life Sciences
lel sequencing system. The 454 pyrosequencing method was described in detail by
Margulies and colleagues (2005). Briefly, the initial version of the apparatus (GS20)
used a novel fibre-optic slide of individual wells and was able to sequence 25 million bases, at 99% or better accuracy, in one 4-h run. The machine used an emulsion
method for DNA amplification (called emulsion polymerase chain reaction – short
emPCR) (Nakano et al. 2003) of bead-anchored oligonucleotides (Dressman et al.
2003). The technologies applied included pyrosequencing and an instrument for
sequencing by synthesis using a pyrosequencing protocol (Ronaghi et al. 1998)
optimized for solid support and picoliter-scale volumes (Margulies et al. 2005).
In pyrosequencing, each incorporation of a nucleotide by DNA polymerase results
in the release of pyrophosphate, which initiates a series of downstream reactions
that ultimately produce light by the firefly enzyme luciferase. The amount of light
produced is proportional to the number of nucleotides incorporated (Mardis 2008).
For more details regarding the utility, throughput, accuracy and robustness of the
454 system refer to the Margulies et al. publication (2005). The 454 pyrosequencing
method has experienced rapid growth since its partnership with Roche Diagnostics
and release of its GS20 sequencing machine in 2005 and the Genome Sequencer
FLX machine in 2007 (Table 9.1). The new GS FLX system Titanium series
generates up to one Million reads and 1 GB of data per one 10 h sequencing run.
For more detailed information and recent developments regarding the 454
R
GS FLX machine refer to the following
sequencing technology and the Roche
website http://www.454.com

R
Sequencing Technology
9.1.2.2 Illumina
R
Illumina
sequencing technology is based on massively parallel sequencing of
millions of fragments using a reversible terminator-based sequencing chemistry
(Ju et al. 2006). The technology relies on the attachment of randomly fragmented
genomic DNA to a planar, optically transparent surface, and solid phase amplification also called bridge amplification (Adams et al. 1997, Fedurco et al. 2006) to
create an ultra-high density sequencing flow cell with >50 million clusters, each
containing ∼1,000 copies of the same template. These dense clusters of dsDNA
are sequenced using reversible fluorescent dNTP terminators with removable fluorophores yielding about 1 GB of raw data (Table 9.1). This novel approach ensures
high accuracy and true base-by-base sequencing, eliminating sequence-context specific errors and enabling sequencing through homopolymers and short repetitive
sequences.
After completion of the first read, the templates can be regenerated in situ using
the Paired-End Module to enable a second > 36 bp read from the opposite end of the
fragment. This paired-end methodology leads to an increase of the yield to > 3 GB
of paired-end data.
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R
For more detailed information regarding the Illumina
sequencing technology
R

and the Illumina Genome Analyser and recent developments please refer to the
R
website http://www.illumina.com/. The Illumina sequencing platform
Illumina
includes merged technology from Solexa, Lynx and Manteia SA.

9.1.2.3 SOLiDTM System
R
Applied Biosystems
(ABI) have developed the SOLiDTM System (Supported
Oligonucleotide Ligation and Detection System), which is a genetic analysis
platform that enables massively parallel sequencing of clonally amplified DNA
fragments linked to beads. The SOLiDTM sequencing methodology is based on
sequential ligation with dye-labelled oligonucleotides. The company claims that
this technology provides unmatched accuracy, ultra-high throughput and application
flexibility. The SOLiDTM System features di-base encoding, a proprietary mechanism that interrogates each base twice. The SOLiDTM System generates more than
one gigabase of mapable data per run (Table 9.1). Increased bead yields, improved
bead enrichment methods, higher density bead packing, and improved featurefinding software will allow for rapid gains in throughput from the same system. The
di-base encoding algorithms filter out errors in the raw data following sequencing,
providing built-in error correction.
For more detailed information and recent developments regarding the
SOLiDTM technology and the ABI SOLiDTM system refer to the Applied
R
website https://products.appliedbiosystems.com/index.cfm or http://
Biosystems
solid.appliedbiosystems.com

9.1.3 Other New Advanced Approaches to DNA Sequencing
In August 2007 the National Institutes of Health (NIH) issued a news release
announcing several new grant awards to boost efforts towards next generation
sequencing technologies (http://www.genome.gov). Shendure et al. (2008) have provided a recent overview of DNA sequencing strategies, including approaches such as
microelectrophoresis and mass spectrometry. Here a short overview is presented of
three distinct approaches to DNA sequencing based on two articles from Shendure
et al. (2004, 2008): polony sequencing, sequencing-by-hybridization, and nanopore
sequencing.
9.1.3.1 Open-Source “Polony Sequencing” System
Using the “polymerase colony (polony) Cyclic Sequencing by Synthesis” method it
was possible to resequence an evolved strain of Escherichia coli with less than one
error per million consensus bases (Shendure et al. 2005). The polony resequencing method involves the amplification of short DNA fragments on one-micrometer
magnetic beads using the emulsion polymerase chain reaction (see Section 9.1.2,
pyrosequencing part). The beads are then immobilized in a polyacrylamide gel and
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subjected to another enzymatic method of sequencing called “sequencing by ligation”. The wavelength of fluorescence emission from each bead is detected by
a four-colour (e.g., red: adenine, green: cytosine, blue: guanine, yellow: thymine)
epifluorescence microscope, which follows each cycle of ligation. The “polony
sequencing” method is available as an open-source platform and has also been
licensed for further development to Agencourt/Applied Biosystems.
9.1.3.2 Sequencing-by-Hybridization
In contrast to the other methods described so far in this section, sequencing by
hybridization is a non-enzymatic method using the differential hybridization of target DNA to an array of immobilized oligonucleotide probes. This technique has
recently been used successfully in resequencing approaches.
R
arrays were used for resequencing two Saccharomyces cerevisae
Affymetrix
strains (Gresham et al. 2006) allowing the detection of approximately 30,000
known single-nucleotide polymorphisms (representing more than 90%) between the
two strains. Another study of five Escherichia coli strains was carried out using
NimbleGen resequencing arrays (Herring et al. 2006) in order to monitor spontaneous mutations that conveyed a selective growth advantage during adaptation to a
glycerol-based growth medium.
9.1.3.3 Nanopore Sequencing
Both Agilent and several academic research groups are developing nanopore
sequencing. The aim with this method is to sequence a single molecule of DNA
with no need for amplification by driving it through a small channel or nanopore
using an applied electric field. This technology is at the development stage and does
not yet seem to be capable of measuring single bases accurately.

9.1.4 Conclusion
The field of DNA sequencing is changing rapidly. We have therefore attempted to
provide a snapshot of the techniques now available. We have been concentrated
on established and widely used technologies, but nonetheless we have mentioned
emerging technologies even if these methods are probably far from becoming
“standard” sequencing technologies within the next years.
Whatever sequencing technology is used, the development of bioinformatic tools
which allow the analysis of the huge amount of sequencing data that will be
generated will continue to be a critical factor in the coming years.
The available budget for a particular study and the type of study that will be carried out (de novo, resequencing, metagenomics, gene expression via sequence tags,
etc) will also dictate which DNA sequencing technology will be used. A hybrid
strategy combining high coverage provided by the new generation of sequencing
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technologies, together with a lower coverage using Sanger sequencing is often
optimal. This provides on the one hand sequence depth and on the other hand a
scaffold for assembly and finishing steps.

9.2 Data Management for Bioinformatics Applications
The ongoing developments of new sequencing technologies result in large amounts
of sequence data being generated. Together with the derived data that is created
from those sequences, processing of sequence data has become a task that not only
requires considerable computing resources, but also a large amount of data storage
capacity.
This section will provide an overview of the most important aspects that need to
be considered when planning genomic sequencing projects.

9.2.1 Data Modelling and Storage
A structured and well-organized data storage system is essential for data that are
frequently accessed. This involves not only the development of a formal data
description model, associated metadata and existing entity relationships that have
to be stored, but also an estimation of the amount of data that will be generated and
the allocation of required storage resources.
In a typical scenario, nucleotide or protein sequences can easily be saved to “flat”
files that contain only the sequence data arranged sequentially. Metadata like indices
are often created to allow faster access to individual records. But this approach,
while perfectly valid for this type of data, is generally unfeasible for other information like annotation data for genomes. When numerous relations exist within
the data, a relational database management system (Codd 1990) or another type of
structured storage is likely to be more appropriate.
For data that are frequently updated and changed, a centralized storage system
is preferred over keeping distributed copies of the data locally on each system.
However, such a centralized storage system might easily become a bottleneck when
stored data have to be accessed by a large number of systems (e.g. in a cluster
environment with many computers accessing a central sequence database). So it is
necessary to consider all the potential downsides and pitfalls that any solution might
have.
For data that are infrequently accessed, it might even be easier to recreate them
on demand and not to store them at all. Another option is to extract the relevant
details and to only store a subset of the original data for further processing.
Another important aspect that has to be considered is the availability of the data.
This includes not only implementing an access control scheme, which defines by
whom and how the data may be accessed, but also making a decision about the
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retention time for the data. It is crucial to determine how long the storage of the
data will be required and what will happen once that period expires. The possible
options range from deletion of the data to the transfer to another medium for long
term archiving.

9.2.2 Data Access
Access to stored data can happen by various means. The data might only be processed by locally installed applications, or it could be made available to non-local
users through a web site or some kind of application programming interface (API)
such as Web Services.
Typically, data access is provided by standalone applications installed on computer systems that process or extract the desired information using locally stored
data such as sequence databases or other data sources like microarray data.
While straightforward, this approach has several disadvantages: both the software itself and the associated data impose a certain maintenance cost on the user,
e.g. when newer versions of the software become available and updates need
to be deployed, or with software relying on frequently changing databases. This
maintenance imposes an increasing problem when such tools have to be used in
environments involving different system architectures and operating systems.
In such a typical environment with different operating systems and software
being used web-based applications allow for platform-independent collaboration
among researchers. This allows them to work on common projects with the data
being stored in a centralized location. Furthermore, web interfaces are commonly
used to make newly developed tools available to the public in situations where publishing the tool itself is not desirable (e.g. due to license restrictions) or impractical
(tools operating on large or frequently updated data).
Web Services provide a standardized method to access information or perform
computations over a network via the exchange of XML-based messages. As a simple means of accessing remote resources, Web Services are becoming increasingly
popular in the bioinformatics field, allowing computationally expensive calculations
to be executed without having to provide the necessary hardware infrastructure,
or providing access to e.g. large sequence databases without the necessity of having to store the data locally (Fig. 9.1). In contrast to web-based interfaces, Web
Services can easily be integrated into other applications, thus extending their functionality. Since Web Services can be accessed from almost any system with a
network connection, they combine the advantages of web-based applications with
a lower maintenance cost in comparison with locally installed tools. The large
amount of different publicly offered Web Services gives researchers easy access
to a wide range of tools and information, helping them to analyse and evaluate their
data. The BioMOBY system (Wilkinson and Links 2002) for example, integrates
a wide range of data sources and data analysis tools that can be accessed as web
services.

Fig. 9.1 The Web Services server provides access to stored data or compute resources. Clients can access these resources by exchanging XML-based messages
with the Web Services server
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9.2.3 Common File Formats
Various different file formats have been developed in order to fulfil the requirements
of bioinformaticians and to provide a practical opportunity to share data between
different parties.
The FASTA format, originally specified by the National Center for Biotechnology Information (NCBI), has become the de-facto standard for the exchange
of raw sequence data. A FASTA file contains one or several sequences, with each
sequence being preceded by a single description line initiated with the “>” character. The subsequent lines contain the actual sequence data in human-readable
format; each nucleotide or amino acid is represented by a single letter following
the IUBMB/IUPAC standard code (http://www.chem.qmul.ac.uk/iupac/jcbn/).
Other commonly used file formats include the EMBL and GenBank format. Both
can contain more than simply the sequence data and are typically used to store e.g.
nucleotide or protein sequence data of a genome together with relevant annotation
information (see Section 9.3.5.1).
Several frameworks such as BioJava or BioPerl (Mangalam 2002) have been
developed in the bioinformatics field for the most common programming languages,
which offer an easy and convenient way to access and manipulate data contained in
these file formats.

9.3 DNA Sequence Analysis
In this section, we will present some bioinformatics tools available to marine biologists that want to use genomic approaches. Firstly we will consider eukaryotic EST
(Expressed Sequence Tag) processing as bacterial genome sequencing has already
been presented in the sequence data generation chapter. Then we will focus on gene
prediction, one of the first steps of the annotation of newly sequenced genomes. The
next step in working with genetic sequences is the prediction and analysis of the
functions and roles a gene or assembled EST might have. We use multiple methods
and information resources for sequence annotation such as InterPro. We will then
continue with an introduction to comparative genomics and functional classification, where the goal is to identify functions of particular regions of sequence data.
We will close this section by presenting the major public sequences databases and
other resources, which aim to provide a comprehensive coverage of sequences and
annotation available to the scientific community.

9.3.1 EST Processing
Many genome projects generate thousands of Expressed Sequence Tags (ESTs) or
shotgun reads. ESTs are generated by reverse transcribing mRNA into complementary DNA (cDNA), which is subsequently sequenced. ESTs provide a fast and
inexpensive manner to identify segments of DNA (a few hundred nucleotides) that
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code for proteins and are expressed in a certain cell state or cell type. Several steps
are necessary to provide high quality sequences, as well as to get an overview of
their content. The analysis of EST sequences consists of the following steps:
• Pre-processing
• Clustering and assembly
• Functional analysis
(a) General Concept
EST pre-processing: After the sequencing step, the raw EST sequences are stored
as sequence trace files. These files are converted into FASTA files. The trimming
procedure removes low quality sequences at both ends of a read (quality clipping).
After quality clipping, the remaining parts of the cloning vector have to be
removed from the sequences, so that only the transcribed regions of the gene are left.
Therefore a BLAST search against a special database (containing vector sequences)
is performed and the vector sequences are removed (vector clipping).
EST clustering and assembly: To reduce redundancy, the EST sequences are grouped
(clustered) based on comparisons carried out at the DNA sequence level using a
clustering tool (e.g., TGICL – a clustering tool from The Institute for Genome
Research – TIGR) (Pertea et al. 2003). Different parameters have to be selected
for the clustering, including the length of the high-scoring segment pair (HSP), the
unmatched overhang length of the sequences, and a value for the identity of the
HSPs (see Fig. 9.2).
All EST sequences are searched for homology against all other ESTs using
MegaBLAST (Zhang et al. 2000) to determine which ESTs belong to each cluster.
The clusters are then assembled into Tentative Consensus sequences (TCs) (assembly). This procedure is carried out by a bioinformatics tool like CAP3 (Huang and
Madan 1999). It is possible to cluster and assemble ESTs from more than one
EST library together, so that genes occurring in different libraries (and therefore
expressed in different tissues/under different conditions) are assembled into one TC.
Figure 9.3 shows a schema of the clustering and assembling of ESTs to TCs. The
resulting TCs can be analysed functionally subsequently.

Fig. 9.2 This figure shows the overlap of two EST sequences. For the clustering procedure, the
high-scoring segment pair (HSP) length, the length of the unmatched overhang and the percentage
of the identity of the sequences have to be defined
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Fig. 9.3 This figure shows the processing steps to create TCs from the ESTs. The ESTs are
clustered according to the similarity of their nucleotide sequence. The clusters are assembled afterwards to produce TCs plus singletons. The different colours indicate the different EST libraries

Functional analysis: Functional gene analysis is a technique to predict the function of a certain gene. The tools for the prediction are mostly homology based (e.g.
Blast or InterProScan) and search within existing databases (like SwissProt or NR,
the Non-redundant protein database at NCBI) for genes that have similar structures.
The genes are then functionally annotated, assuming that similar genes have similar
functions.
(b) SAMS: An EST Application Tool
SAMS (Sequence Analysis and Management System) is an annotation system for
sequence data. It provides an environment that allows a variety of tools to be run
on each read/EST and presents the results on a web interface (Bekel et al. 2009).
The SAMS EST pipeline covers the four essential parts of EST analysis: preprocessing, clustering, assembly and functional analysis. The parameters of the
pipeline tools can be adjusted and new tools can be integrated. As the functional
analysis is the essential part, several graphical and interactive options are integrated
into SAMS, such as KEGG-maps (Kyoto Encyclopedia of Genes and Genomes,
see Section 9.3.4.4) displaying the genes found in the assembly, or an expression analysis tool (SteN – Statistical electronic Northern Blot) for differentially
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expressed genes. The sequence and annotation data can be exported in various file
formats. SAMS uses an object-oriented backend and a relational database management system MySQL, connected by an object relational mapping developed by the
Bioinformatics Resource Facility at Bielefeld University.
Users need to have a username and password. Access to the project can be
restricted to any number of users, so that the data are kept confidential.
SAMS can be accessed via a web browser (http://www.cebitec.uni-bielefeld.
de/groups/brf/software/sams/). Passwords can be requested via the login page.
Using SAMS for the analysis of EST sequences is possible in an easy and comfortable way. Firstly, a library needs to be selected for the sequences. The user
creates or specifies a library in which to store the sequence data. Then the sequences
are imported using the import function. This involves several consecutive steps.
First, the user selects the locally stored file to upload to the SAMS server. Several
formats are supported but raw data files are recommended. In the second step, raw
chromatogram files or trace files are uploaded and the program PHRED is used for
the quality clipping. The user can select the quality that is required (e.g., PHRED 13
gives a base-calling accuracy of 95%, the probability that the base called is wrong
is 1 in 20; PHRED 20 gives you 99% and a probability of 1 in 100). Finally, if the
sequences still contain remaining vector sequences, the user has the possibility to
remove them using the integrated vector clipping option.
Note that sequences shorter than 50 bp are removed after these procedures. Once
the import is finished, the sequences will be listed as ESTs in the SAMS library. The
user can then start a clustering procedure to reduce redundancy in the sequence data.
For that, standard parameters are suggested, but can be changed if required. The
standard clustering parameter set is the TIGR default parameter set (HSP length:
40, identity: 0.95, unmatched overhang length: 20). SAMS uses a clustering component, which is a TGICL-like implementation of the TIGR clustering approach.
After clustering, the sequence data is assembled into Tentative Consensus sequences
(TCs) using the program CAP3. In SAMS it is possible to cluster and assemble
the same sequence data more than once to test different parameter settings. When
the user is satisfied with the results of the clustering, the assembly task needs to
be performed in order to visualise the TCs and singletons, which are stored in the
database.
Functional analysis in SAMS: The goal of this part of the analysis is to achieve
the annotation of TCs. An automatic annotation pipeline called Metanor (Goesmann
et al. 2005) can be used for this, after the assembly procedure has been completed. This pipeline consists of several bioinformatics tools that are run for each
TC, EST and singleton. The tools use BLAST (Basic Local Alignment Search
Tool) to search for homology between the sequences and sequences contained in
different databases, like the NT (Non-redundant nucleotide database from NCBI),
NR (Non-redundant protein database from NCBI), KEGG, KOG/COG (clusters of
euKaryotic Orthologous Groups or Clusters of Orthologous Groups, see Section
9.3.4.4), and SwissProt databases (see Section 9.3.5.2). In addition, InterProScan
(see Section 9.3.3.3) is performed for all six reading frames. The results are stored
as “observations” in the database for further usage.
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Once all the tools have been run, an automatic consensus annotation is generated, providing the EC number, gene name, KOG/COG groups and putative gene
functions. TCs, ESTs and singletons can be manually annotated using an annotation dialog window, which displays all the results of the previously calculated tools.
Backups of all annotations are kept and previous annotations can be restored within
seconds. All sequences, annotations and tool results can be exported via the SAMS
web interface in various file formats.
SteN – Statistical electronic Northern Blot: SteN is a tool to analyse gene expression using EST data. It compares the number of ESTs from each of several different
libraries that have been incorporated into TCs. Using SteN it is possible to filter
TCs according to the composition of ESTs from different libraries. In this way it
is possible to identify TCs for the genes that are expressed specifically in certain
libraries. EST collections from several cDNA libraries corresponding to different
time-points and/or tissues are needed for this analysis. After the TC filtering procedure, a statistical evaluation of the expression data is carried out and a list of results
is presented.
An alternative to SAMS: ESTexplorer: An alternative to SAMS is the
ESTexplorer application (Nagaraj et al. 2007), freely available for academic use at
the following website: http://estexplorer.els.mq.edu.au/estexplorer/main_page.php.
Once the data have been uploaded, vector clipping, repeat masking, and assembly procedures are performed with the following tools: SeqClean (Chen et al. 2007),
RepeatMasker (http://www.repeatmasker.org), and CAP3. Several bioinformatics
tools for annotation can be run using BLAST and Blast2GO (Conesa et al. 2005)
at the gene level, ESTSCAN (Iseli et al. 1999), InterProScan (see Section 9.3.3.3)
and KOBAS (Wu et al. 2006) at the protein level. The results are stored and once
the pipeline is completed, the results can be downloaded for 1 week, all files being
deleted after this time. There is no user management system to identify the user via
a login and password. Instead each user gets an id to access his files (like John_123).
It should be noted that there is a danger with such a system that, if a user guesses
the id of another user, the complete dataset can be accessed. The quantity of data
that can be uploaded and analysed is limited. A comparison between SAMS (Bekel
et al. 2009) and ESTexplorer (Nagaraj et al. 2007) can be found in Table 9.2.

Table 9.2 Comparison SAMS vs. ESTexplorer
SAMS vs. ESTexplorer
Function\system
User authentification
Permanent data storage
Clustering and assembly
Automatic annotation
Manual annotation
Export of sequences and annotations
Expression analysis

SAMS
Yes
Yes
Yes
Yes
Yes
Yes/yes
Yes

ESTexplorer
No
No
Yes
Yes
No
Yes/no
No
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Within Marine Genomics Europe (MGE), SAMS was successfully used to analyse 44 EST projects, including ESTs from the following species: Fucus serratus and
Fucus vesiculosus, Dicentrarchus labrax (Sea bass), Emiliania huxleyi, or Balanus
amphitrite.

9.3.2 Gene Prediction
The prediction of tRNA, rRNA, and protein encoding genes from raw genomic
sequences is one of the first essential steps during the annotation of newly sequenced
genomes. This section focuses on the computational strategies and existing software for the automated identification of protein encoding genes (coding sequences,
CDSs) in genome sequences. For gene prediction, two different approaches are
applied: intrinsic and similarity based methods. Intrinsic methods analyse sequence
properties of genomes to discriminate between coding and non-coding regions.
These methods exploit the different compositional properties of coding and noncoding sequences, mainly caused by a bias in codon usage in CDSs, which optimizes
the translation efficiency in protein biosynthesis (Gouy and Gautier 1982).
Intrinsic gene finding methods frequently employ a statistical model representing the frequencies of short oligonucleotides1 in coding and non-coding sequences.
Generative models with Markov properties (Durbin et al. 1998), such as fixed-order
Markov chains on nucleotides (Delcher et al. 1999, Larsen and Krogh 2003) or
codons (Badger and Olsen 1999), are often applied to represent the sequence composition. Additional features, such as ribosome binding sites or overlaps between
adjacent genes, can also be integrated into a probabilistic framework, if hidden
Markov models (HMMs) are used to describe the context of a gene (Delcher et al.
1999).
Similarity based methods predict genes by searching for stretches of DNA sharing a significant similarity to reference sequences, including genomes from close
relatives, phylogenetically related proteins, or gene transcripts. Several similarity
based approaches discriminate conserved coding sequences from conserved noncoding regions based on their synonymous substitution rate (Badger and Olsen
1999, Moore and Lake 2003, Nekrutenko et al. 2003). This is based on the fact
that, to maintain the amino acid sequence of an encoded protein, coding sequences
show a much higher number of synonymous mutations, i.e. mutations that do not
modify the encoded amino acid, than conserved non-coding regions.
9.3.2.1 Gene Finding in Prokaryotes
In prokaryotes (Bacteria and Archaea), protein encoding genes are open reading
frames (ORFs), which are sequences of codons beginning with a start codon, ending
with a stop codon, and without an internal stop codon. The task of predicting protein
1 Usually

frequencies of oligonucleotides of length between 3 and 12 bp are modelled.
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encoding genes in prokaryotic genomes can therefore be regarded as a two class
classification problem: Discriminating coding sequences from the majority of noncoding ORFs, which correspond to genomic regions that are not transcribed and
translated in vivo.
For prokaryotes, many different gene finding software tools have become available that use either intrinsic or a combination of intrinsic and similarity based
methods to automatically discover genes from raw genomic sequences. While these
methods in general achieve impressive accuracy values, the correct identification
of short genes, genes with atypical sequences properties and translation start sites
are still challenging tasks. Short genes are more difficult to identify because their
sequences carry less information that can be evaluated for identification (Skovgaard
et al. 2001, Larsen and Krogh 2003, Ou et al. 2004). Moreover, genes from the same
organism may exhibit divergent sequence properties, owing to expression dependent
codon usage (McHardy et al. 2004b), leading/lagging strand-related biases (Lafay
et al. 1999), or the transfer of genes between different bacterial species, called horizontal gene transfer (Smith et al. 1992). In such cases, intrinsic methods may have
difficulties in identifying the different gene classes. This issue has been addressed
by the inclusion of an additional model for genes with “atypical” sequence composition or by the unsupervised discovery of CDS classes prior to the prediction phase
(Lukashin and Borodovsky 1998, Krause et al. 2007).
Among the most widely used intrinsic gene finding programs are Glimmer
(Delcher et al. 1999, 2007) and Genemark (Lukashin and Borodovsky 1998).
Glimmer is fast, easy to install locally, and detects about 99% of “certain” genes
with known functions on average. However, Glimmer-2 has been reported to produce a rather high number of false positive predictions (McHardy et al. 2004a,
Krause et al. 2007). In the latest version (Glimmer-3) this has been addressed by
selecting a set of highest-scoring predictions consistent with the maximal allowed
overlap during a post-processing phase. Genemark, which uses a hidden Markov
model (Besemer et al. 2001, Besemer and Borodovsky 2005) also achieves a high
prediction accuracy, with a sensitivity of up to 99% and a specificity2 of about 93%
(Delcher et al. 2007). The program can easily be executed via a web-interface.
Similarity based methods in general are much slower and more difficult to install
than intrinsic approaches but more reliable predictions are obtained. Moreover, in
a combined approach, similarity supported predictions provide a reliable initial
training set to train a genome-specific intrinsic model. For example, by combining a Pfam-based search for conserved protein family members with an intrinsic
approach, the gene finder GISMO is able to identify up to 99% of genes with known
functions (Krause et al. 2007). GISMO also produces highly reliable predictions
with a specificity of more than 94% and achieves high accuracy levels for the identification of short genes and for finding genes in GC-rich genomes. For intrinsic

2 Specificity measures the reliability of the predictions. It is defined as the fraction of correct gene
predictions, i.e. the fraction of predicted genes that corresponds to known genes.
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gene identification, GISMO employs a Support Vector Machine, which is able to
learn sequence properties of different classes of genes in an unsupervised manner.
Several programs have been devised for the prediction of translation start sites,
including GS-Finder (Ou et al. 2004), RBS-Finder (Suzek et al. 2001), and Tico
(Tech and Meinicke 2006), which have all achieved accuracy values of more than
90%. However, owing to the limited number of experimentally confirmed translation initiation sites that were available for a performance evaluation, these accuracy
values cannot be generalized.
The online resources REGANOR (Linke et al. 2006) and RAST (Aziz et al. 2008)
provide easy means to automatically predict tRNA, rRNA and protein encoding
genes in prokaryotic genomes via a web-interface. REGANOR achieves sensitivity values of up to 98% for “certain” genes with known gene function and a
specificity of 95% (McHardy et al. 2004a) by combining the gene finders Glimmer2 (Delcher et al. 1999) and CRITICA (Badger and Olsen 1999). The RAST
server on the other hand combines evidence from different sources to identify
protein-encoding genes, including Glimmer-2 predictions, homology searches for
conserved protein families (FIGfams), and a BLAST search versus a large protein database. Additionally, RAST provides an automated functional annotation
of all genes that are detected. Both the REGANOR and RAST server employ
the programs tRNAscan-SE (Lowe and Eddy 1997) and SearchForRNAs (Niels
Larsen et al., unpublished), which allow the automated identification of tRNA and
rRNA genes in raw genomic sequences. The REGANOR server can be accessed at
https://www.cebitec.uni-bielefeld.de/groups/brf/software/reganor/, the RAST server
at http://rast.nmpdr.org/.
In summary, the gene finding web-servers REGANOR and RAST provide high
quality gene predictions and are easy to use. The public gene finders GLIMMER
and GISMO on the other hand can be installed locally, enabling their integration
into existing genome annotation pipelines. While Glimmer is easy to use and timeeffective, GISMO is slower and more difficult to maintain, but provides highly
accurate gene calls. tRNAscan-SE (Lowe and Eddy 1997), SearchForRNAs and
RNAmmer (Lagesen et al. 2007) allow the automated identification of tRNA and
rRNA genes (Table 9.3).

9.3.2.2 Gene Finding in Eukaryotes
Although improvements in eukaryotic gene finding programs have been made during recent years, prediction of gene structure in eukaryotic genomes is still a highly
difficult task. The main challenges are the complex structure of eukaryotic genes and
the low fraction of chromosomes corresponding to protein encoding exons (Mathe
et al. 2002, Zhang 2002, Brent 2007). While about 90% of prokaryotic genomes
encode proteins, eukaryotic exons are embedded in vast amounts of non-coding
DNA. The task is further complicated by the fact that eukaryotic genes may have
alternative splice and polyadenylation sites, as well as alternative transcription and
translation initiation sites.

–
+

+
+
+
+

+

+
+
+

+

EasyGene (Larsen and Krogh 2003)

GeneMark.hmm/S (Lukashin and
Borodovsky 1998, Delcher et al. 1999)
Gismo (Krause et al. 2007)

Glimmer-3 (Delcher et al. 1999)

MetaGene (Noguchi et al. 2006)

Rast (Aziz et al. 2008)

Reganor (McHardy et al. 2004b)

RescueNet (Suzek et al. 2001)
SearchForRNAs (Niels Larsen et al.,
unpublished)
tRNAscan-SE (Lowe and Eddy 1997)

ZCurve (Guo et al. 2003)

SVM: Support Vector Machine; SOM: Self-Organizing Map

–

+

+

+

–

+

+

+

Critica (Badger and Olsen 1999)

S

I

Program

Gene finding programs

D+O

Predicts tRNA genes using
covariance models
Employs LDA. Performs
Z-transformation of DNA

D

D

O

O

D+O

D

D

O

O

D

A

Uses SOM
Identifies rRNA genes

Employs interpolated context
model. Uses dynamic programming to reduce overlapping
genes and to refine gene starts
Employs pre-trained, GC content
dependent codon-usage model.
Applicable also for metagenomic fragments and draft
genomes
Combines Glimmer-2 with
homology searches
Combines Glimmer-2 and Critica

Combines Pfam search with SVM

Identifies genes based on
synonymous substitution rate
Employs HMMs, training set
derived by BLAST search
Uses HMMs

Comments

http://tubic.tju.edu.cn/Zcurve_B/

http://lowelab.ucsc.edu/tRNAscan-SE/

https://www.cebitec.unibielefeld.de/groups/brf/software/reganor/
http://bioinf.nuigalway.ie/RescueNet/
Available from author upon request.

http://rast.nmpdr.org/

http://metagene.cb.k.u-tokyo.ac.jp

http://www.cebitec.unibielefeld.de/brf/gismo/gismo.html
http://www.cbcb.umd.edu/software/glimmer/

http://exon.gatech.edu/GeneMark/

http://www.cbs.dtu.dk/services/EasyGene/

http://www.ttaxus.com/software.html

URL (in 12.2008)

Table 9.3 Existing bacterial gene finding software. The implemented strategy is depicted as I (intrinsic) and S (similarity based), the availability as D (available
for download) or O (accessible online via web-interface)

334
V. Mittard-Runte et al.

9

Genomic Techniques and How to Apply Them to Marine Questions

335

At present, the most reliable gene structure predictions are obtained by mapping
the sequence of gene transcripts onto the genome of interest. Many different programs have been devised for this task, including EST_GENOME (Mott 1997), AAT
(Huang et al. 1997), SIM4 (Florea et al. 1998), GENESEQUER (Usuka et al. 2000),
BLAT (Kent 2002), and GMAP (Wu and Watanabe 2005). The main disadvantage
of this approach is that genes that are expressed at a low level or those expressed
only in specific tissues or under specific conditions are likely to be missed.
Dual or multi-genome gene finding algorithms, such as SGP2 (Parra et al. 2003),
SLAM (Alexandersson et al. 2003), TWAIN (Majoros et al. 2005), N-SCAN (Gross
and Brent 2006), and TWINCAN (Korf et al. 2001) analyse the pattern of sequence
conservation between two or more genomes of evolutionary related organisms.
In cases where gene transcripts have not been sequenced, but genomes of close
relatives are available this class of programs can provide accurate exon predictions. However, dual and multi-genome gene finding methods may achieve only
a modest accuracy for the prediction of complete gene structures, miss genes without sequence homologies, and frequently mistake pseudogenes as functional. The
latter problem has recently been addressed by combining a comparative method
with a pseudogene detection using PPFINDER (van Baren and Brent 2006). If the
sequence of a closely related genome is not available, gene finding methods using
alignments with known proteins can be used to reliably identify exon locations
(Huang et al. 1997, Slater and Birney 2005). The popular GENEWISE (Birney et al.
2004) for example employs a Hidden Markov model that incorporates a model for
the alignment of protein sequences to a genome and a model of eukaryotic gene
structure.
To complement alignment based approaches, intrinsic methods allow the identification of genes based on the evaluation of compositional sequence properties.
The majority of these programs, such as GENSCAN (Burge and Karlin 1997),
GENEMARK.hmm (Lomsadze et al. 2005), GLIMMERHMM (Majoros et al.
2004), FGENESH (Salamov and Solovyev 2000) and AUGUSTUS (Stanke and
Waack 2003), employ HMMs or generalized HMMs (GHMMs) to partition genomic
sequences into introns, exons, and intergenic regions. By using HMMs or GHMMs
with states for introns, exons, intergenic regions, start and stop codons, splice sites,
and polyadenylation signals, diverse sequence features can be combined into a
coherent, probabilistic model. Before intrinsic methods can be applied to novel
genomes, they need to be trained so that they learn the genome specific compositional sequences properties, such as codon usage and splice site patterns. While most
intrinsic methods require supervised training on known genes, SNAP (Korf 2004),
and GENEMARK.hmm ES (Lomsadze et al. 2005) are able to discover sequence
properties of novel genomes in an unsupervised manner. For many of the already
sequenced eukaryotic genomes, pre-trained intrinsic models are publicly available.
In general, intrinsic gene finding programs perform fairly well when the identification of exons is considered, but they are still far from perfect when it comes to
reconstructing the exon-intron structures of complete genes. Furthermore, owing to
the high number of false positives produced, predictions that are not supported by
external evidence, such as sequence similarities, are unreliable.
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Several eukaryotic gene finding algorithms are able to exploit different types
of evidence. Programs like N-SCAN, N-SCAN_EST (Wei and Brent 2006),
TWINSCAN, AUGUSTUS, and GENIE (Reese et al. 2000) employ HMMs to
incorporate intrinsic and extrinsic information into a single probabilistic model. The
eukaryotic gene finder EUGENE (Schiex et al. 2001), which has been used for the
annotation of Arabidopsis thaliana, employs a comparable approach. In EUGENE,
intrinsic and extrinsic information is combined in a weighted directed acyclic
graph, the most likely gene structure of the analysed DNA sequence is determined
by the shortest path in that graph. Other programs, such as JIGSAW (Allen and
Salzberg 2005), EXONHUNTER (Brejova et al. 2005), GLEAN (Elsik et al. 2007),
EXOGEAN (Djebali et al. 2006), EVIDENCEMODELER (Haas et al. 2008), and
AGUSTUS-any (Stanke et al. 2006), mimic the human gene identification process
by evaluating evidence from diverse sources.
The accuracy of eukaryotic gene finding methods in general increases as the
number and size of introns decreases. Accuracy levels of up to 70% are achieved
for the de novo prediction of complete gene structures in compact genomes using
comparative methods. For genomes of mammals with high proportions of intergenic
regions, complex gene structures and alternative splice sites, usually a considerably
lower accuracy is obtained.
In 2005 the EGASP project was launched to evaluate the accuracy of existing gene finding methods on the ENCODE regions of the human genome (Guigo
and Reese 2005, Guigo et al. 2006). The best programs correctly predicted at
least one transcript for almost 70% of the annotated genes. However, when alternative splicing variants were taken into account, the accuracy dropped to values
between approximately 40 and 50%. At the coding exon level, the best evaluated
methods achieved a sensitivity and specificity of more than 80%, and close to
90% at the coding nucleotide level. Programs relying on diverse information, in
particular sequences of gene transcripts or proteins, were the most accurate, followed by methods relying on sequence comparisons across two or more genomes.
Algorithms evaluating only intrinsic sequence features achieved the lowest accuracy. The performance for predicting non-coding exons was low for almost all
evaluated programs.
To conclude, the best contemporary eukaryotic gene finding methods
achieve good accuracy levels in general for the identification of exons,
but the prediction of complete gene structures in complex genomes is still
highly challenging. To obtain predictions of the highest possible quality it is
recommended to combine programs that detect repetitive regions and pseudogenes with methods that rely on a mapping of gene transcripts and dual,
multi-genome, and intrinsic gene finders. Several popular gene finding algorithms can easily be run via a public web-interface, including: AUGUSTUS
(http://augustus.gobics.de/), GENEMARK (http://exon.gatech.edu/GeneMark/),
TWINSCAN/NSCAN (http://mblab.wustl.edu/software/twinscan/), GLIMMERM
(http://www.tigr.org/tdb/glimmerm/glmr_form.html) and GLIMMERHMM (http://
nbc9.biologie.uni-kl.de/framed/left/menu/auto/right/glimmerhmm/).
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9.3.3 Genome Annotation and Beyond
With either gene prediction or EST assembly being finished, the next step in working
with genomic sequences is the prediction and analysis of the functions and roles a
gene or assembled EST might have. Almost all in-silico methods are based on the
correlation between gene sequences, their corresponding amino acid sequence, its
two- and three-dimensional structure and the function the protein may carry out.
Since a large number of sequences from different sources are already known and
their function has been identified and described in scientific publications, searching
for similar sequences has proven to be a good method for analysing novel genes and
genomes.
9.3.3.1 Introduction to Sequence Similarity
Comparing sequences requires an exact measure for the level of similarity and the
degree of difference between them; without this measure a computer is unable to
automate the processing. In Bioinformatics “alignments” are used to describe the
similarity of sequences. They represent the necessary steps to convert one sequence
into another sequence. Each single step may either be (i) match or mismatch of an
amino acid or nucleotide base, (ii) insertion of an amino acid or nucleotide base,
(iii) deletion of an amino acid or nucleotide base.
Combined with a metric that scores the steps in an alignment, e.g. by putting a
penalty on insertions and deletions and rewarding preservation, the best or “optimal”
alignment may be deduced. In the simplest implementation all possible alignments
are generated and scored to find the optimal one; unfortunately the number of alignments grows exponentially with the length of the sequences, tripling the number of
alignments for each nucleotide base or amino acid added to the process.
Thus a software implementing algorithms for sequence similarity has to filter out
most alignments and reduce them to the best one, depending on how the quality of
alignments is estimated. This may involve the use of simple scores for the different
steps up to highly sophisticated models that include mutation events, recombination
and other events that change sequences. In 1970 Needleman and Wunsch (1970)
described a dynamic programming algorithm whose processing time grows in relation to the product of the length of the two sequences, thus making the alignment of
two large sequences feasible. These “global” alignments work well if the sequences
are well conserved. In 1981 Smith and Waterman presented a similar approach for
“local” alignments that works well if parts of the sequences are not conserved (Smith
and Waterman 1981).
With the amount of published sequences growing, efforts were made to collect them in central repositories and make them available to the community. While
the first release of “GenBank” in 1982 contained about 600 entries, the repository
size has grown in an exponential manner, and in 2008 it now contains 80,000,000
DNA sequences. The first widely used program to search the repositories for similar sequences was “FASTA”, released by Pearson and Lipman (1988). This program
uses special optimizations of the Needleman-Wunsch algorithm that made working

338

V. Mittard-Runte et al.

with large sequence repositories feasible. In 1990, Altschul et al. published the first
release of “BLAST”, the basic local alignment search tool. BLAST implements a
fast algorithm to find similar sequences in repositories based on a local alignment
(Altschul et al. 1990).
Although other methods for searching for similar sequences in large repositories
exist, FASTA and BLAST are still the most well known examples for sequence
similarity based tools, and almost every large genome sequencing and annotation
effort is based on them.
9.3.3.2 From Gene Annotation to Genome Annotation
Using the various bioinformatics tools available, the analysis of a novel gene and the
prediction of its function based on similarity are quite easy. Many institutes provide
services for analysing single genes with BLAST or other tools, with easy to use web
interfaces and nice graphical post processing of results.
Things change dramatically if a gene set of a complete genome or a collection of
ESTs has to be analysed. Running all the necessary prediction tools by hand is not
feasible if several thousand sequences need to be processed. Data management and
automation are the keys to successfully annotating a complete genome or a large
set of EST sequences. Several integrated systems exist that aid biologists to carry
out the annotation process, manage data, handle the various tools and present the
results in a well-arranged manner. Based on the stored information most of the systems also offer higher-level functionality like metabolic reconstruction, integration
of experimental data and comparisons with other genomes.
An easy to use example for a genome annotation system is “Artemis”, developed
at the Sanger Centre and published in 2000 (Rutherford et al. 2000). It offers visualisation and annotation of local sequence data, provided in simple sequence files,
tabular files or structured files that already contain information about genes and their
annotation. Installation is simply a matter of downloading and unpacking a file. It
also allows the integration of various function prediction tools and adaptation to
the local computer systems. Due to the focus on local files Artemis does not allow
multiple users to work on the same genome at the same time.
The multiple user problem is addressed by annotation systems like GenDB
(Meyer et al. 2003) and SAMS (see also Section 9.3.1.b). Sequences and information about genes, tool results and annotations are stored in a central relational
database. Access is provided by a web interface, making a locally installed software unnecessary. Support from large computer clusters and pipeline processing
make GenDB and SAMS powerful tools, and a well defined and open programming interface allows developers to add functionality with ease. Both systems
support complete automated annotation of sequence data and may also guide manual
annotation by a group of users.
Most large sequencing and bioinformatics centres have developed their own processing pipelines and are offering other institutes access to their systems. Much of
this development has been carried out in the context of large eukaryotic genome
projects. The Ensembl system is a good example of this kind of system (Flicek
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et al. 2008). It acts as a central repository for annotated eukaryotic genomes, ranging from Saccharomyces cerevisiae to human. The web interface allows the genome
to be browsed on several different levels, starting at the chromosomes and ending at
single bases. It also includes a sophisticated data mining mechanism.
The systems described here are only examples. Many more systems exist, with
new and improved systems being published every year. Almost every large sequencing project also offers its own web site with background information and specialized
databases.
9.3.3.3 Protein Annotation Tools
A protein function is often associated with the presence of a particular signature
or motif. Understanding the function of a protein is also often correlated with the
determination of its subcellular location. Consequently it is better to use multiple
methods and information resources for protein sequence annotation than a single
sequence similarity search tool such as those presented in the previous section.
In the first part, we will focus on InterPro, an integrated database for protein
function and structure analysis and InterProScan, a search tool, which combines the
protein signature recognition methods from the InterPro database and allows the
user to query an unknown sequence against the database in one step in order to aide
prediction of protein function.
In the second part, we will present two reliable prediction programs used for the
determination of the subcellular location: TMHMM for the detection of membranespanning segments and topology, and SignalP for the detection of signal peptides.
(a) InterPro and InterProScan
InterPro (Mulder et al. 2007) stands for Integrated Resource of Protein Families,
Domains and Functional Sites. Proteins or protein domains belonging to a particular
family usually share conserved regions often in correlation with evolution. Some
are directly important for function and some play a role in the preservation of the
protein 3D structure. The identification of such areas of sequence similarity allows
the determination of a unique signature for a particular protein family or domain.
The different proteins belonging to a protein family can then be distinguished from
other proteins from another family by their signature.
The InterPro consortium is currently composed of eleven member databases
located in Europe and the USA: UniProt (see also Section 9.3.5.2), PROSITE, Pfam,
PRINTS, ProDom, SMART, TIGRFAMs, PIRSF, SUPERFAMILY, Gene3D, and
PANTHER. The member databases have been constructed with different internal
representations such as profiles or position specific scoring schemes (Table 9.4).
Apart from protein signatures from the ProDom database, which are automatically
generated from the UniProt sequence database, the protein signatures from the other
member databases are manually curated. Refer to the member database homepages
for further details on the methodology and criteria they utilize.
By combining several protein signature databases with different strengths
and weaknesses, InterPro provides an integrated tool for protein function and
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Table 9.4 Two categories of methods used by the member databases for building the protein
signatures
Sequence cluster
method

Sequence-motif methods
Regular expression
and profiles

Motifs

Hidden Markov
models or HMMs

PROSITE

PRINTS

Pfam, SMART,
TIGRFAMs,
PIRSF,
SUPERFAMILY,
PANTHER,
Gene3D

Sequence clustering
derived from the
UniProtKB
database
ProDom

structure analysis as well as for sequence annotation. Each InterPro entry is manually curated and composed of one or more protein signatures from one or several
member database. For example, two signatures predicting the same domain of a
protein will be assigned to the same InterPro entry. There are different ways of integration within InterPro. More information about this can be found in the user manual
on the InterPro website.
InterPro release 17.0 contains 16,583 entries representing domains, families,
post-transcriptional modifications or PTMs, repeats, and active, binding or conserved sites.
An example of an InterPro entry is shown at this link: http://www.ebi.ac.uk/
interpro/DisplayIproEntry?ac=IPR000719
An InterPro entry is divided into eight fields:
•
•
•
•
•
•
•
•

Protein matches (UniProt matches, accession number, type, signatures)
InterPro relationships (parent/child, contains/found in)
InterPro annotation (abstract, structural and database links)
Taxonomic coverage
Overlapping InterPro entries
Example proteins (graphical view)
Publications
Additional reading

The protein matches or hits can be represented as a table, a simple graphical overview, a detailed graphical view (with specific colours for each member
database), or as an InterPro domain architecture view (a very useful display for
visualising the organization of multi-domain proteins). The structural information is available at the bottom of the view representing the mapping of SCOP
and CATH structural domains to UniProt protein sequences. This information
is based on the InterPro, UniProt, and Macromolecular Structural Database or
MSD (http://www.ebi.ac.uk/msd/) collaboration. The InterPro graphical interface
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shows the location of structural domains on a sequence via the residue-by-residue
mapping between the PDB (Protein Data Bank, see also Section 9.3.5.4) chain(s)
and the UniProt sequences obtained using data from the MSD. Only the PDB chains
representing non-overlapping regions are shown. Although protein structure is more
difficult to determine than sequence, representative structures are currently known
for about 2,000 protein families. Structures are more conserved than sequences,
and often reveal evolutionary relationships, which are hidden at the sequence level.
Structural data is also essential for providing detailed insights into a protein’s
function, catalytic mechanism and interactions with other proteins.
How can these annotations of known proteins (within the InterPro database)
be used to investigate the functions of novel protein sequences? That is where
InterProScan comes into use. InterProScan (Quevillon et al. 2005) is a sequence
search tool, which searches against the signature databases (as opposed to BLAST
or FASTA which look for similarity to individual sequences in the databases;
see Section 9.3.3.1). The input protein sequence format should be either free
text/raw, in FASTA format or in the UniProt format. Input nucleotide sequence format used is either free text/raw, FASTA, or DDBJ/EMBL/GenBank format. You
can use InterProScan via the European Bioinformatics Institute (EBI) web interface (http://www.ebi.ac.uk/InterProScan/) or the standalone version of InterProScan
(ftp://ftp.ebi.ac.uk/pub/databases/interpro/iprscan/) by downloading and installing it
locally on your computer.
Two tutorials from the 2can website (the bioinformatics educational resource
from the EBI) provide help with using InterProScan as a tool to characterize and
annotate sequences: http://www.ebi.ac.uk/2can/tutorials/
(b) TMHMM and SignalP
TMHMM is dedicated to the identification of transmembrane proteins, whereas
SignalP detects signal peptides. TransmembraneTM proteins are polypeptide
chain(s) that pass through the lipid bilayer. They are involved in a wide variety
of cellular functions such as transport and inter and intra-cellular communication.
The majority of proteomes are predicted containing between 20 and 25% of transmembrane proteins. The two major classes are: alpha-helix bundle proteins, which
are found in any type of membrane, and beta-barrel proteins, which are present
mostly in the outer membranes (of gram-negative bacteria, but also mitochondria
or chloroplasts). The identification of TM domains is not easy as few 3D structures are available. There are currently less than 1,000 TM protein 3D structures
among the almost 52,000 3D structures available in the Protein data bank (PDB) as
of July 2008. Hydrophobic regions of precursor proteins are also often mistaken for
TM regions and aliphatic helices are not always recognized as a TM region. The
most reliable prediction program used for the detection of membrane-spanning segments and topology is TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM/),
which is based on a hidden Markov model. It predicts the location and orientation of alpha helical regions (Sonnhammer et al. 1998, Krogh et al. 2001).
Unfortunately, transmembrane topology prediction programs sometimes predict signal peptides as transmembrane segments near the N-terminus. A signal peptide
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contains a hydrophobic core and can therefore be misclassified as the putative first
TM segment.
A signal peptide is a short peptide chain that directs the transport of a protein
out of the cytosol of the cell. Different types of signal peptides exist, depending
on the destination in the cell. SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/)
is a tool that can predict the presence of a signal peptide and thus provide information about subcellular location. SignalP can predict the cleavage site within the
signal peptide in both in eukaryotic and prokaryotic sequences (Bendtsen et al. 2004,
Emanuelsson et al. 2007). Unfortunately, signal peptide prediction programs sometimes identify N-terminal TM segments as signal peptides. The Phobius web server
(http://phobius.binf.ku.dk), which combines transmembrane topology and signal
peptide prediction, was developed to address this problem (Kall et al. 2007).
The Table 9.5 summarizes the prediction programs presented in this section.
Other prediction programs have been developed by G. Von Heijne’s group such
as ChloroP (Emanuelsson et al. 1999), which identifies the presence and location
of chloroplast transit peptides, and TargetP (Emanuelsson et al. 2007). TargetP predicts the subcellular location of chloroplast transit peptides, mitochondrial targeting
peptides, or secretory pathway signal peptides.
Table 9.5 Programs that provide a reliable prediction of subcellular location
Prediction
program

TMHMM 2.0
(Phobius server)

SignalP 3.0
(Phobius server)

Subcellular
location
Organism

Transmembrane
helices
Prokaryotes and
eukaryotes

Signal peptide
cleavage sites
Prokaryotes and
eukaryotes

ChloroP

TargetP

Chloroplast
transit peptide
Plants

Any N-terminal
presequence
Eukaryotes

9.3.4 Comparative Genomics and Functional Classification
With the exponential growth in the number of completely sequenced prokaryotic
and eukaryotic genomes available, there is clearly a need for accurate, consistent
and automated annotations of gene functions.
9.3.4.1 Homology and Similarity
Chothia et al. proposed that most proteins have been formed by gene duplication,
recombination, and divergence (Chothia et al. 2003). In order to describe the evolutionary relation of proteins, the terms homology, orthology, and paralogy are used.
In this context, homology means that two proteins or sequences share a common
ancestor. Homology among protein or DNA sequences can only be concluded on
the basis of sequence similarity, because the true evidence for homology would
require the analysis of the common ancestor and all intermediate forms (Reeck et al.
1987). If two genes have an almost identical DNA sequence, it is likely that they
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are homologous. However, homology is not in all cases the reason for sequence
similarity. Short sequences may be similar by chance or sequences may be similar
because both were selected to bind to a particular protein, such as a transcription factor. Two principal types of homology can be distinguished. Orthologous sequences
are homologous sequences that were separated by a speciation event. A gene that
existed in an ancestral species, which then diverged into two species, will then exist
as two copies. These copies are called orthologues and will typically have the same
or a similar function.
Homologous sequences that have been separated by a gene duplication event
in an ancestral genome are called paralogous. Paralogous genes may mutate and
acquire new functions because the selective pressure is reduced. The three terms
and their relation are depicted in Fig. 9.4.

Fig. 9.4 Relation of the terms homology, orthology and paralogy. Genes that have a common
ancestor are homologous, orthologous genes are separated by a speciation event. A gene duplication event generates two paralogous copies of a single gene. This figure is based on the figure at
the following website: http://www.ncbi.nlm.nih.gov/Education/BLASTinfo/Orthology.html

Functional annotation of genomes can be described as the process of identifying the functions of particular regions of sequence data that would otherwise be
almost devoid of information (Overbeek et al. 2005). By assigning functions to coding regions, the understanding of a complete genome is extended. The most direct
and reliable method to obtain the function of a coding region is to carry out biological experiments. This approach is time consuming and expensive and therefore not
practical for the vast amount of genomic data that has been generated.
Proteins that are encoded by genes with similar sequences often have a similar
three-dimensional structure. Since the three dimensional structure determines the
function of a protein, the assumption can be made that genes with a similar sequence
encode proteins with a similar function. The connection between the sequence of a
gene and the function of the corresponding gene product can be exploited to obtain a
functional annotation for an unknown gene. For this purpose, its nucleotide or amino
acid sequence is compared to the sequences of genes with known and verified function. If a relevant sequence similarity can be found, the function of the known gene
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can be assigned to the unknown gene. A variety of computational tools for detecting sequence similarity are available with the Basic Local Alignment Search Tool
(BLAST) (Altschul et al. 1990) being one of the best known and most widespread.
9.3.4.2 Protein Domains
Protein sequences can also be analysed in detail for the presence of conserved
domains. Domains can be seen as the functional building blocks of proteins.
Specialized databases such as that constructed by the InterPro Consortium have
been established for this task (see Section 9.3.3.3).
Sequence analyses and similarity searches against databases produce evidence
that support the functional annotation of a gene. If the detected sequence similarity
is low or the evidence is contradictory, an assignment of the function of a gene is difficult and requires human interaction. Otherwise, a propagation of false annotations
may be introduced in the genomic databases. Functional annotation is in general
thought to be of best quality when performed by a human expert.
9.3.4.3 Use of Gene Clusters in Functional Annotation
As described before, sequence similarity can be used to determine the function of
genes. The results derived from sequence analyses can be enriched by incorporating
the evidence of higher-level analyses of the genomic data. The order of genes on
the chromosome of an organism often yields additional information about functionally related genes, particularly for prokaryotes. In bacteria the sequence of genes
on the chromosome (gene order) is well preserved at close phylogenetic distances
(Tamames et al. 1997), but the order and composition of genes in two diverging
organisms changes over time. Events like duplication or loss of genes as well as horizontal gene transfer change the composition of genes in the genome. Translocation,
transposition, inversion, and chromosome fission and fusion affect the gene order.
Interestingly, sets of genes with strong conservation of composition and order
can also be detected in distantly related species. The term “gene cluster” was used
for the first time by Bauerle and Margolin (1966) who described the tryptophan
gene cluster in Salmonella typhimurium. Through the detection of further occurrences of the tryptophan cluster in other organisms, Tatsuov et al. (1996) showed
in the mid-90s that, although gene order is generally under no selective pressure in
prokaryotic genomes, certain genes tend to conserve their chromosomal neighbourhood. This circumstance can be explained by evolutionary advantages that derive
from the chromosomal neighbourhood of the respective genes for the organisms.
Functionally related genes occur in close proximity for example, if they are collectively regulated in an operon in prokaryotic genomes. If their gene products interact,
it is advantageous for the cell to produce them at a close distance (Dandekar et al.
1998).
Another reason for conserved gene order across phylogenetic distances is the
occurrence of horizontal gene transfer (Lawrence and Roth 1996). It is reasonable
to use the information present in the chromosomal context of the gene as presented
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in Overbeek et al. (1999) to infer functional coupling of genes and thereby generate
additional evidence for functional annotation. Especially, if a gene with unknown
function is found in a conserved cluster among several genomes, this contextual
information can support a potential gene function (Tamames et al. 1997).
9.3.4.4 Existing Resources for Comparative Analyses
A variety of annotation systems have been developed to support the process of
genome annotation (see Section 9.3.3.2). With the availability of more than 1,000
completely sequenced genomes the comparative genome annotation strategy has
become of major interest. It incorporates existing genomic data from related or all
available genomes for the annotation of a novel genome. Here we present some
annotation systems that support this strategy as well as relevant ontologies and
databases.
MAGPIE: MAGPIE is an annotation system developed by Gaasterland et al.
(2000). It provides a graphic interface that annotators can use to navigate a genome
and it assists in automated data collection, analysis, and annotation. The system
uses the internal HERON tool to generate automated annotations based on evidence
from homology searches. The decision process of a human annotator is modelled in
a protocol that tries to select the best annotation from the description lines of high
scoring matching sequences.
ERGO: The ERGO genome analysis and discovery suite integrates data from
genomics, biochemistry, high-throughput expression profiling, genetics, and peerreviewed journals (Overbeek et al. 2003). 500 genomes at various levels of
completion have been integrated into the system. The functional assignment of
genes is supported by evidence derived from comparative analysis including coregulation, fusion events, chromosomal neighbourhood of functionally related
genes. Reconstructions of cellular pathways are contained in the database for
genomes from all three domains of life. The system is no longer publicly available
and is only accessible through a fee-based subscription.
The SEED: The SEED (Overbeek et al. 2004) system provides the functionality
to annotate the exponentially growing number of completely sequenced genomes.
It is an open source successor to the commercial WIT (Overbeek et al. 2000)
and ERGO annotation systems. The SEED system replaces the one-genome-at-atime annotation strategy with an approach involving simultaneous annotation of all
available genomes. The annotation process is supported by comparative analyses.
The sequences of organisms that are available to the public are present in the
system’s database and an all-against-all similarity matrix for the genomic features
is pre-computed and allows the detection and visualisation of chromosomal clusters
and functional coupling of genes. Furthermore, the pre-computed similarity information present in the database enables the annotator to find sets of orthologous
genes and annotate them consistently across the complete set of organisms. The
system also provides functionality to organize related genes on a higher level. The
SEED system was the first to introduce the concept of subsystems (Overbeek et al.
2005).
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KEGG and KOBAS: The Kyoto Encyclopedia of Genes and Genomes (Kanehisa
and Goto 2000) combines databases that represent molecular interaction networks
in the context of biochemical pathways. These feature enzymes, compounds, and
connection points to related pathways. The recently published KOBAS (Mao et al.
2005) system uses the KEGG Ontology (KO) to produce automated annotations of
large sets of genes. KO is a controlled vocabulary similar to the Gene Ontology
(Ashburner et al. 2000) that offers the connection of genes to metabolic pathways present in the KEGG database. KOBAS is an automated annotation system
written in Python, which is able to identify and annotate complete pathways in
sets of sequences. KO terms are assigned to query genes if they show a high
sequence similarity to genes that are already annotated and connected to KEGG
maps.
STRING: The STRING (von Mering et al. 2005) database stores information
about genomic associations between genes. The most relevant associations between
two genes are conserved chromosomal proximity of genes in phylogenetically
distant organisms and gene fusion events. In addition, information about similar
expression patterns in microarray experiments and the co-occurrence of gene names
in the literature are included in the database. The combined information can be used
to predict unknown protein–protein interactions. The database is a pre-computed
global resource for the exploration of functional interactions between genes and is
available online.
COG: The COG database (Clusters of Orthologous Groups of proteins) (Tatusov
et al. 2003) was created by Tatusov and co-workers in 1997. It was designed to classify genes from completely sequenced organisms based on their common origin.
Initially a set of 21 complete genomes was used and an all-against-all sequence comparison was performed. Clusters of Orthologous Groups were created by applying
the criterion of genome specific best hits to a comparison of all coding sequences.
The COG categories were derived from the clusters. They act as a controlled hierarchical vocabulary that can be used to describe the function of proteins. For the
initial creation of the database, 2,091 COGs could be created that included up to
83% of the gene products of a single organism. The clusters have continuously been
extended with the genes of novel sequenced organisms.
GO: The Gene Ontology (GO) project was started as a collaborative effort to
address the need for consistent descriptions of gene products in different databases
(Ashburner et al. 2000). Driven by the fact that functional conservation of genes
can be found across all three domains of life, a common language for the annotation of gene products has been established. Thereby, the interoperability of genomic
databases is simplified. Three structured controlled vocabularies (ontologies) have
been defined that describe gene products in terms of their associated biological
processes, cellular components, and molecular functions in a species-independent
manner. The Gene Ontology can be found online at http://www.geneontology.org,
existing terms and their relations can be browsed via the AmiGO ontology
browser.
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9.3.5 Major Public Sequences Databases and Other Resources
This section presents the major public sequence databases and other resources that
aim to provide a comprehensive coverage of sequences and annotations available to
the scientific community.
In the first part, we will initially introduce the three leading nucleotide sequence
centres and explain how to access the collected data. Following this, the different
procedures of submission required by these centres, depending on the type of data
being submitted, are described. The second part focuses on UniProt, which is a
database for protein sequences. Finally, an introduction is provided to some other
resources that may be useful to marine biologists.
9.3.5.1 Major Public Nucleotide Sequences Databases
The three major public database centres are located in Europe, Japan, and the
USA (see Table 9.6). These databases form the International Nucleotide Sequence
Database Collaboration (INSDC, www.insdc.org) and have a long-established collaboration of over 18 years involving the daily exchange of new and updated
nucleotide sequence and annotation data (Brunak et al. 2002). Collectively, the
databases aim to provide a comprehensive coverage of sequences and annotations
available within the public domain.
Table 9.6 The major public nucleotide sequences databases and their database centres
Major public database centres
Europe

Japan

USA

EBI (European Bioinformatics
Institute)

CIB (Center for Information
Biology) at the NIG
(National Institute of
Genetics)
Established in 1995
www.ddbj.nig.ac.jp
DDBJ created in 1986
(Sugawara et al. 2008)

NCBI (National Center for
Biotechnology Information)

Established in 1993
www.ebi.ac.uk
EMBL-Bank created in 1981
(Cochrane et al. 2008)

Established in 1988
www.ncbi.nlm.nih.gov
GenBank created in 1982
(Benson et al. 2008)

Three activities are central to the ongoing INSDC effort. Firstly, the databases
provide submission services for data generators, so that information can be submitted as easily as possible, while retaining important contextual biological information
(such as the biological source of the sequence) and functional interpretations of the
sequence data in the form of an annotation. Secondly, the databases develop structures and formats through which the sequence and annotation data can be accurately
and concisely represented. The focus is on the usability for the users; instruments
include the INSDC Feature Table Definition document and associated vocabularies,
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such as those in the /country and /db_xref qualifiers. Finally, the databases strive to
promote public availability of sequence and annotation data through a collaboration
with publishers.
Each centre strives to impose a quality control upon submitted sequences and
annotation, but the data generator retains editorial responsibility for the biological
content of his/her entries. Increasingly, in the face of ever growing data volumes,
these quality control measures rely on automated validation procedures. Unique
and permanent database entry accession numbers (e.g., AF123456) are provided by
the receiving database upon submission to allow future identification of the entry.
Database accession numbers are required prior to publication by the publishers of
the major molecular biology journals.
Accession number prefixes depend on the issuing database and the type of data
submitted (e.g. direct submission from DDBJ, genome project data from EMBL,
EST from GenBank, patent from JPO, EPO, or USPTO). A complete list of prefix
codes used so far can be found here: http://www.ddbj.nig.ac.jp/sub/prefix.html.
Note that the GI prefix identifiers (e.g. GI:26117688) are internal to Genbank and
are not primary INSDC accession numbers. To resolve a GenInfo identifier or GI,
the Entrez website from NCBI can be used to retrieve the primary INSDC accession
number (in this case it is U00089).
(a) DDBJ at CIB
The DNA Data Bank of Japan (DDBJ) (Sugawara et al. 2008) was created in 1986 at
the National Institute of Genetics (NIG) which was then reorganized as the Center
for Information Biology and DNA Data Bank of Japan (CIB-DDBJ) in 2001. The
centre mainly collects submissions from Japanese laboratories.
A sample entry in DDBJ flat file format can be found in the regularly updated
DDBJ/EMBL/GenBank Feature Table file on the DDBJ website.
Several useful DDBJ annotation examples (e.g. ribosomal RNA, EST,
microsatellite, transposon) can be found on their website.
The DDBJ nucleotide sequence database can be accessed in different ways (see
Table 9.7).

Table 9.7 The different ways to retrieve data at DDBJ
Sequence retrieval at DDBJ
Getentry

Data retrieval of nucleotide sequences mainly by accession numbers

ARSA

All-round Retrieval of Sequence and Annotation. Search of sequence
libraries such as DDBJ and UniProt, sequence-related libraries such
as PROSITE and Pfam, protein 3D structures, and metabolic
pathways
Sequence Retrieval System offering term search
Genome information broker or data retrieval and comparative analysis
system for completed genomes

SRS
GIB
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(b) EMBL at the EBI
EMBL-Bank (Cochrane et al. 2008) was created in 1981 at the European Molecular
Biology Laboratory (EMBL) in Heidelberg, Germany. It moved in 1993 to the
European Bioinformatics Institute (EBI) outstation in Hinxton near Cambridge,
UK, to be closer to genome research institutes such as the Wellcome Trust Sanger
Institute. EMBL-Bank now forms part of the Protein and Nucleotide Database
Group (PANDA) at the EBI.
A sample entry in EMBL flat file format can be found in the regularly updated
DDBJ/EMBL/GenBank Feature Table file on the EMBL website.
Several other useful EMBL annotation examples can be found on the EMBL
website.
The EMBL nucleotide sequence database can be accessed in a number of ways
(see Table 9.8).
Table 9.8 The different ways to retrieve data at EMBL
Sequence retrieval at EMBL
Simple sequence retrieval
(embl fetch)
SRS
EMBL sequence version archive
Browse data by geography
FTP server
Genomes
Genome reviews
Ensembl genome browser
Integr8

Sequence retrieval by accession number
Query all databases by term search, including
EMBL-Bank standard, EST, STS and GSS data
Repository of all current and historical EMBL
entries
Geographical origin of sequenced samples
Complete latest EMBL release, completed genomes,
contigs, WGS sequences, patent sequences, etc.
Access to completed genomes
Genome annotation of Archaea, Bacteria,
bacteriophages and selected Eukaryota
Annotation of large eukaryotic genomes
Proteome analysis information

(c) GenBank at NCBI
The GenBank nucleotide sequence database (Benson et al. 2008) was created in
1982 at the Los Alamos National Laboratory (LANL) in the USA. It moved in
1993 to the National Institute of Biotechnology Information (NCBI) in Bethesda,
Maryland.
A sample entry in GenBank flat file format can be found in the regularly updated
DDBJ/EMBL/GenBank Feature Table file on the NCBI website.
Several useful annotation examples in GenBank flat-file format can be found on
the BankIt website.
The GenBank nucleotide sequence database can be accessed in a number of ways
(see Table 9.9).
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Table 9.9 The different ways to retrieve data at GenBank

Sequence retrieval at GenBank
Entrez nucleotide browser
dbEST searching

Searches for sequences in Genbank, RefSeq and PDB
Expressed sequence tags from one of the 6 major organism
groups (Archea, Bacteria, Eukaryota, Viruses, Viroids,
and Plasmids)
Sequence tagged sites
Genome survey sequences
Full release and daily updates of GenBank
Views provided for genomes from one of the 6 major
organism groups (Archea, Bacteria, Eukaryota, Viruses,
Viroids, and Plasmids)

dbSTS searching
dbGSS searching
FTP
Genomes

Table 9.10 Submission tools available at the major public database centres
Direct submissions of DNA sequences

Submission tool
1
2
3
4

DDBJ (CIB)

EMBL (EBI)

GenBank (NCBI)

Sakura1

Webin2

BankIt3 or Sequin4

http://sakura.ddbj.nig.ac.jp/top-e.html
http://www.ebi.ac.uk/embl/Submission/webin.html
http://www.ncbi.nlm.nih.gov/BankIt/index.html
http://www.ncbi.nlm.nih.gov/Sequin/index.html

(d) Nucleotide Sequence Submissions
How to submit data to one of the nucleotide sequence databases?
If you have one or more sequences to submit (as is often the case for small
laboratories), the direct submission procedures from one of the three sites are recommended (Table 9.10). For long or complex submissions, the database in question
should be contacted in advance for assistance.
If you have many sequences to submit (often the case in large-scale sequencing
centres), each of the three sites offers a bulk submission procedure such as the mass
submission system (MSS) at DDBJ.
For submissions to NCBI of Expressed Sequence Tags (ESTs), Genome Survey
Sequence (GSS), and Sequence Tagged Sites (STS) data, please have a look at the
NCBI website.
For all submissions, it is recommended that the submitter studies the database
website for up to date information on submission at one of the three sites (DDBJ,
EMBL, or GenBank). The databases can be contacted by e-mail at the following
addresses:
DDBJ: ddbjsub@ddbj.nig.ac.jp
EMBL: datasubs@ebi.ac.uk
GenBank: gb-sub@ncbi.nlm.nih.gov
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(e) Third Party Annotation
The INSDC Third Party Annotation (TPA) section (Cochrane et al. 2006) was created in 2002 in order to accept high-quality annotations of nucleotide sequences
from submitters who have not themselves generated those nucleotide sequences.
The quality of the annotation is supported by experimental or inferential analyses.
TPA data are divided into two tiers:
• with experimental evidence (e.g., BK000016)
• with inferential evidence – where the source molecule or its product(s) have not
been the subject of direct experimentation (e.g., BK000554).
More information about TPA data can be found at the DDBJ, EMBL, or GenBank
websites.
9.3.5.2 Major Public Protein Sequences Database: UniProt
Dr. Margaret Oakley Dayhoff (1925–1983) was a pioneer in the bioinformatics field
of computers in chemistry and biology, and produced the Atlas of Protein Sequence
and Structure, published from 1965 to 1978 by the National Biomedical Research
Foundation (NBRF). The Protein Information Resource (PIR) was then established
in 1984 by the NBRF as a first resource of protein sequence information. It produced
the protein sequence database called PIR-PSD until the end of 2004.
Swiss-Prot, an annotated sequence database, was created in 1986 by Amos
Bairoch in Geneva, Switzerland and the first entry was human cytochrome
c (http://www.expasy.ch/uniprot/P99999). The Swiss Institute of Bioinformatics
(SIB) has hosted the Swiss-Prot group since 1998 and also currently
maintains the Expert Protein Analysis System (ExPASy) proteomics server
(http://www.expasy.org). This server is dedicated for more than 15 years to the
analysis of protein sequences and structures as well as two-dimensional gel
electrophoresis (2D Page electrophoresis).
To cope with the growing amount of sequence data, TrEMBL was created at the
EBI (European Bioinformatics Institute) in 1996. It is a computer-annotated protein
sequence database containing translations of all coding sequences (CDS) present in
the DDBJ/EMBL/GenBank Nucleotide Sequence Databases, which are not yet in
Swiss-Prot. SIB and EBI combined efforts from the beginning to jointly produce
Swiss-Prot and TrEMBL.
In 2002, the three institutes (EBI, PIR, and SIB) pooled their resources and expertise. The Universal Protein Resource (UniProt) Consortium (Consortium 2008)
was born to provide a single database of high-quality and comprehensive protein
sequence and functional information (http://www.uniprot.org).
(a) Organisation of the UniProt Databases (Table 9.11)
The UniProt Knowledgebase (UniProtKB) is composed of two databases:
UniProtKB/Swiss-Prot, a high-quality manually annotated and non-redundant
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Table 9.11 Organisation of the UniProt databases

The universal protein resource
UniProtKB: protein
knowledgebase

UniRef: sequence
clusters

UniProtKB/SwissProt (manually
curated
annotation)
UniProtKB/TrEMBL
(automatic
annotation)

UniRef100
UniRef90 (at least
90% sequence
identity)
UniRef50 (at least
50% sequence
identity)

UniMES

UniParc

Metagenomic and
environmental
sample sequences

UniProt archive

protein sequence database, which brings together experimental results and computed features and UniProtKB/TrEMBL, a high quality automatically annotated
database. TrEMBL entries are manually annotated and integrated into Swiss-Prot,
keeping their unique accession number.
UniProtKB contains all the protein sequences available except for the following
ones:
•
•
•
•
•
•
•

Most non-germline immunoglobulins and T-cell receptors
Synthetic sequences
Most patent application sequences
Small fragments encoded from nucleotide sequence (<8 amino acids)
Pseudogenes
Fusion/truncated proteins
Not a real protein (when enough evidence that the existence of a protein looks
dubious)

The first five types of sequences are identified automatically during the creation
of UniProtKB/TrEMBL. The last two types are manually identified by curators (e.g.,
sequences derived from gene predictions from genomic sequences, which were
wrongly predicted to code for proteins) and then removed.
All these seven types of excluded sequences are available in UniParc with a
reason for their exclusion from UniProtKB (see paragraph below).
More information about UniProtKB can be found on the UniProt website.
The UniProt Reference Clusters (UniRef) provide clustered sets of closely
related sequences from the UniProt Knowledgebase to allow fast searches.
UniRef90 and UniRef50 are composed of sequences that have at least 90% or 50%
sequence identity, respectively. More information about UniRef can be found on the
UniProt website.
The UniProt Metagenomic and Environmental Sequences database (UniMES)
currently contains data from the Global Ocean Sampling Expedition (GOS), which
were originally submitted to the International Nucleotide Sequence Databases
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(INSDC). UniMES is available on the FTP site in FASTA format with a “UniMES
matches to InterPro methods” file.
The UniProt Archive (UniParc) is a non-redundant database that aims to capture all publicly available protein sequences. UniParc stores each unique sequence
only once and gives it a stable and unique identifier (UPI), making it possible to
identify the same protein from different source databases. A UPI is never removed,
changed, or reassigned. The basic information stored within each UniParc entry is
the identifier, the sequence, cyclic redundancy check number, source database(s)
with accession and version numbers, and a time stamp. If a UniParc entry does not
have a cross-reference to a UniProtKB entry, the reason for the exclusion of that
sequence from UniProtKB is provided (e.g. patent).
More information about UniParc can be found on the UniProt website.
(b) Release, Submission, and Access
UniProt is updated every 3 weeks and a major release is also produced three times
per year. The first major release was in December 2003. The latest release (release
13, February 26, 2008) includes 5,751,608 entries as follows:
• 356,194 UniProtKB/Swiss-Prot entries (release 55) and 11,290 different species,
• 5,395,414 UniProtKB/TrEMBL entries (release 38) and 1,552,882 different
species.
If you have a new protein sequence you can submit it directly to UniProtKB
using the web-based tool SPIN at the EBI.
The UniProt website can be accessed at http://www.uniprot.org where examples
with the protein accession number, the UniRef entries, and UniParc unique identifier
can be found.
9.3.5.3 RefSeq
The Reference Sequence (RefSeq) database is a non-redundant collection of
transcripts, proteins, and genomic regions (http://www.ncbi.nlm.nih.gov/RefSeq/)
produced by NCBI (Pruitt et al. 2007). RefSeq is limited to major organisms for
which sufficient data is available (almost 5,000 distinct organisms as of January
2008, release 27), while GenBank includes sequences for any organism submitted
(more than 250,000 different named organisms). Each RefSeq entry represents a
single sequence from one organism. The annotation status within the entries varies
and includes not annotated (inferred, model, predicted, provisional or WGS) or
annotated (validated and reviewed) entries.
The Reference Sequence (RefSeq) database can be accessed in different ways,
either directly by querying or indirectly through links provided from several NCBI
resources including Gene, Entrez, PubMed, and Map Viewer.
RefSeq uses the following prefixes with two characters followed by an underscore character (“_”) such as NP_010000. More information on the RefSeq
accession number format can be found on the RefSeq website.
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Table 9.12 Comparison RefSeq vs UniProt

RefSeq

UniProt

Coding sequences from the
UniProtKB/Swiss-Prot:
UniProtKB/TrEMBL:
NCBI’s set of genomic,
manually annotated protein
automatically annotated
transcript and protein
sequences mostly derived
protein sequences derived
reference sequences. Only
from TrEMBL
from coding sequences in
the entries with validated or
nucleotide sequence
reviewed status are
database
annotated entries
Release 27, January 11, 2008: Release 13, February 26, 2008: Release 13, February 26, 2008:
4,426,609 protein entries and
356,194 entries (release 55)
5,395,414 entries (release
4,926 organisms
and 11,290 different species
38) and 1,552,882 different
species
Bi-monthly release
Major release 3 times per year, minor release every 3 weeks
Limited to major organisms
All organisms
Exclusive NCBI database
Produced by EBI, PIR, and SIB
Protein and nucleotide data
Protein data only

In Table 9.12 you can find different characteristics of RefSeq versus UniProt.
9.3.5.4 Other Resources
In the following, a few other resources that contain more specific data are presented.
(a) Organism Specific Databases
The databases briefly presented here contain information specific to an organism or
genome. The list below is not exhaustive. These databases vary greatly in the classes
of data captured and how these data are stored. Please have a look for updates at the
Database issue from Nucleic Acids Research published in January each year:
• FlyBase or A Database of Drosophila Genes and Genomes (http://
www.flybase.org)
• GDB or Human Genome Database (http://www.gdb.org/)
• MGI or Mouse Genome Informatics (http://www.informatics.jax.org)
• SGD or Saccharomyces Genome Database (http://www.yeastgenome.org)
• TAIR or the Arabidopsis info resource (http://www.arabidopsis.org)
• WormBase or Databases on the genetics of Caenorhabditis elegans and related
nematodes (http://www.wormbase.org)
• ZFIN or the zebrafish model organism database (http://www.zfin.org)
(b) Marine Databases
Over the last years, modern high-throughput techniques in genome and post-genome
research have also entered the marine sciences. Today, massively parallel DNA
sequencing or hybridization approaches allow identification not only of the gene
repertoire but also of the gene regulatory networks of an organism. Below is a list
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of recent marine genomics projects and databases that are trying to catalogue these
new data. This list is not exhaustive.
• Moore
Marine
Microbial
Genome
Sequencing
Project
(http://
www.moore.org/microgenome/). The Moore Foundation’s Microbial Genome
Sequencing Project was launched in April 2004. More information about the
sequencing project can be found at https://research.venterinstitute.org/moore/.
• The Megx.net (http://www.megx.net) database resource for marine ecological
genomics provides specialized databases and tools for genome-wide analyses of
marine bacteria and metagenomics.
• The Marine Genomics Project, Charleston South Carolina (http://
www.marinegenomics.org/). The Marine Genomics pipeline automates the
processing, maintenance, storage, and analysis of ESTs (Expressed Sequence
Tags) or 16S RNA sequences and microarray experiments from 35 different
marine species.
• Marine Genomics Europe or MGE (http://www.marine-genomics-europe.org/)
is devoted to the development, utilization and spreading of high-throughput
approaches for the investigation of the biology of marine organisms. Within
the bioinformatics platform located at Bielefeld University, a bioinformatics
portal (http://www.cebitec.uni-bielefeld.de/brf/cooperations/mge.html) has been
created for the Marine Genomics Europe (MGE) community that provides a central access point for all data sets and various software tools (e.g. GenDB, SAMS,
EMMA).
(c) wwPDB
The Protein Data Bank (PDB) was founded in 1971 at Brookhaven National
Laboratory (Long Island, USA) to archive experimentally determined threedimensional structures of biological macromolecules. In 1974, 12 structures with
atomic coordinates were available. Nowadays the PDB contains the coordinates and
related information of more than 50,000 structures determined using X-ray crystallography, Nuclear Magnetic Resonance (NMR) and electron microscopy techniques
(Henrick et al. 2008).
The importance of protein structures Although the protein structure is more
difficult to determine than protein sequence, representative structures are currently known for about 2,000 protein families. Structures are more conserved than
sequences and often reveal evolutionary relationships hidden at the sequence level.
Structural data is also essential for providing detailed insights into a protein’s
function, catalytic mechanism and interactions with other proteins. Because of the
increase in the number of deposited structures during the last 10 years and because
of structural genomics projects emerging that will generate a large number of 3D
structures, a worldwide protein data bank was needed to maintain a single archive
of publicly available macromolecular structural data.
The worldwide Protein Data Bank (wwPDB) was thus established in 2003
(Berman et al. 2003). The founding members are RCSB PDB (USA), the macromolecular structure database (MSD) at the EBI (Europe), and the Protein Data Bank
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Japan (PDBj) at Osaka University. The BioMagResBank or BMRB group (USA)
joined the wwPDB in 2006. These wwPDB sites (Table 9.13) share the responsibilities in data deposition, processing, and distribution of the PDB archive, and agree
to support a single, standardized archive of structural data. The archive is currently
updated weekly.
Table 9.13 Public database centres for biological macromolecular 3D structures
wwwPDB data access sites
BMRB:
http://www.bmrb.wisc.
edu
USA

MSD-EBI:
http://www.ebi.ac.
uk/msd
Europe

PDBj:
RCSB-PDB:
http://www.pdbj.org
http://www.pdb.
org
Japan
USA

9.4 Transcriptome Analysis Using High-Throughput Technology
Modern high-throughput sequencing technology has produced large amounts of
biological sequence data. For marine organisms these data sets may consist of
whole microbial genome sequences or of large EST libraries of marine eukaryotes as described in the previous sections. The available structural genomics data
raise the need for further analyses to determine the functions of genes and other
sequences. The analysis of intrinsic sequence features and sequence comparisons
applied to existing genomic data provide initial information on the function of novel
sequences. Still, there is a need for quantitative experiments to infer new hypotheses
about genes of unknown function and to test hypotheses of sequence function.
The central dogma of molecular biology describes protein expression as a
directed flow of information: from DNA through the intermediate of messenger
RNA (mRNA) towards the end product, a protein. Regulation occurs at several
stages of gene expression, from the DNA, at the level of regulation of transcription, to the level of translation into amino acids, and post-translational modification.
Gene-expression depends on the internal state of the organisms and environmental
conditions. The control of regulatory networks is mediated by complex signalling
networks within the cell. It is often assumed that quantitative measurements of geneexpression under certain experimental conditions can be used to infer the function of
genes. An approach, which is followed by a large number of researchers, is to determine gene function by patterns of common regulation between genes. Often genes,
which function in a similar metabolic pathway or share another common function,
show similar patterns of gene-expression in transcription profiling experiments. This
approach has been termed “guilt-by-association” (Quackenbush 2003).
Transcriptomics is a relatively new field in functional genomics that aims at
measuring abundances of mRNA molecules. Several methods can be used to quantify mRNA-abundance, including quantitative Real-Time Reverse Transcription
PCR (qRT-PCR) (Iizuka et al. 1994), Serial Analysis of Gene Expression (SAGE)
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(Velculescu et al. 1995), and microarrays. Each of these methods will be discussed
in the following sections.
Quantitative real-time reverse-transcription PCR Quantitative real-time RT-PCR
is a highly sensitive method for the detection and quantification of low abundance
mRNA. In this method an mRNA sample is transcribed into cDNA using the enzyme
reverse transcriptase. cDNAs corresponding to a few genes of interest are amplified using gene specific primers in the standard PCR technique. The gene specific
primers guarantee that only the desired gene is amplified. The amplification of sample cDNA is monitored using fluorescent dyes as reporters for the amount of DNA
synthesised. There are several types of dyes available, the most simple and most
used ones are double strand binding dyes like SYBR Green I. These dyes emit
fluorescence when bound to dsDNA. The increase in fluorescence intensity correlates with the amount of dsDNA produced, and thereby allows an assessment of
the amount of PCR product that has been synthesised. The initial amount of cDNA
can be inferred from the time it takes until the fluorescence reaches an initial background level, identified as the so called crossing point (CP). The earlier the crossing
point is reached, the higher the inital cDNA amount. The drawback of this technique
is that it is relatively low throughput, as only the transcription level of one gene is
measured per assay. However, larger-scale commercial qPCR systems are available
with capacities ranging from 32 to 384 assays per qPCR run.
A detailed description of all aspects of this technique such as platforms, reagents,
and data normalization would go beyond the scope of this chapter, but a comprehensive overview of qPCR related issues, including an updated list of publications
regarding qPCR, is provided at http://www.gene-quantification.info. As far as the
bioinformatics analysis of the data is concerned, very few open source software
solutions suited for a full-fledged analysis of qPCR data are available. One example is the CAmpER system (available at the Center for Biotechnology, Bielefeld
University, http://www.cebitec.uni-bielefeld.de), which is freely accessible.
Serial Analysis of Gene Expression (SAGE) and other sequencing based
approaches: Serial Analysis of Gene Expression is a high-throughput method for the
quantitative analysis of mRNA. It is based on sequencing short fragments of cDNA,
so-called tags. In contrast to EST sequencing, the tags are only short fragments
(11–25 bp) of the full-length cDNA.
In the original protocol, cDNA is generated using biotinylated oligo(dT) primers
which bind the poly-A tail at the 5 end of the mRNA. The resulting double-stranded
cDNA is bound to streptavidin beads at the primer site and afterwards cleaved with
an anchoring restriction enzyme (NlaIII) to obtain shorter fragments.
The beads carrying bound cDNA are then divided in two aliquots. The cDNA in
the two aliquots is linked to two different linker oligos (A and B) and cleaved from
the attached beads using a tagging enzyme (BsmFI). This enzyme has the property
of binding at a certain nucleotide sequence (CATG) and cleaving the DNA 11 bp
upstream of its binding site. The tags obtained from the two aliquots are further
ligated into di-tags, which can be amplified using PCR-primers specific to A and B.
After a sufficient level of amplification is achieved, the linkers A and B are
cleaved using NlaIII again. The resulting di-tags are concatenated randomly into
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long chains of tags. In this classical protocol, the tags are then cloned into a plasmid vector and their sequence is obtained using Sanger sequencing. The specific
cleavage site remains in the DNA-vector and can be used as a separator.
If genomic sequences of the organism are known, either in the form of ESTs or
as whole genome, the tags obtained from sequencing can be mapped onto the longer
sequences, thereby enabling a quantitative analysis of differential gene-expression.
The number of similar tags found can be assumed to correlate (although not linearly
due to the involvement of PCR-amplification) with the original amount of cDNA
fragments from which these tags are uniquely derived.
If no sequence information is available for the source organism, the sequence
tags can still be analysed quantitatively, as the tag sequence is an (almost unique)
identifier for the corresponding mRNA. However, mapping of short tags of 11 bp to
available databases for sequence comparison will yield a large proportion of false
positive hits.
An initial problem of the SAGE protocol was the high amount of source poly-A
RNA required (approximately 2.5–5 μg). Therefore, Datson et al. (1999) developed
MicroSAGE which uses strepatividin coated tubes instead of beads. The method
requires only 1 ng of RNA, which is approximately the equivalent of 100,000
mammalian cells
Another drawback of the initial SAGE approach was the short tag-length. Several
enhancements of the technique have been published which provide an improved taglength by using different restriction enzymes. Tag lengths of 20 bp (LongSAGE)
(Saha et al. 2002), and 26 bp (SuperSAGE) (Matsumura et al. 2003), have been
reported. These provide increasingly significant database hits.
Another improvement has been the development of gene identification methods
based on paired-end di-tags (GIS-PETs) (Ng et al. 2005). In contrast to SAGE, PETs
are derived from the 3 and 5 signatures of mRNA. For the 3 end, primers specific to the capping structure of the processed mRNA are added. As a result, paired
di-tags contain sequences from both termini of the same mRNA. Thus, the exact
transcription boundaries can be identified.
In combination with second generation sequencing methods, a vast increase in
throughput can be obtained (MS-PET) (Ng et al. 2006). The PETs have an average
length of 40 bp per di-tag and therefore two di-tags correspond to one sequencing
read of a first generation 454 sequencer.
It should be mentioned however, that SAGE and all derived methods involve
highly complex laboratory protocols. The increased throughput of next-generation
sequencing methods has shifted the bottleneck of sequencing to the adaptation of
these protocols. Also, it must be noted that the protocols are not all applicable to
prokaryotes, as the they are based on mRNA structures (5 capping, poly-A tail)
which are found in eukaryotes but not prokaryotes.
Shotgun-transcriptomics approaches are also suitable for the analysis of trancription. In principle, the approach is similar to the EST approach described before.
Messenger RNA is reverse transcribed into cDNA which is directly fragmented
and sequenced. Instead of using Sanger sequencing, high-throughput methods can
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be applied. The resulting sequence reads can be mapped onto the genome and be
analysed quantitatively. This method also applies to prokaryotes, and allows for
a high coverage of complete transcripts. Despite its high potential, it has currently
only been used for a limited number of studies and clear guidelines for the statistical
analysis of shotgun-transcriptomics data still need to be developed.

9.4.1 Fundamentals of Microarray Technology
Microarrays allow the parallel measurement of the abundance of mRNA corresponding to thousands of genes (Lipshutz et al. 1995, Schena et al. 1995).
In consequence, microarrays are considered to be a high-throughput technique
(Lipshutz et al. 1999, Miron and Nadon 2006, Küster et al. 2007). Microarray
technology evolved rapidly during the late 1990s and this technology has marked
a turning point in functional genomics due to their wide range of applications and
relative cost-efficiency. A multitude of diverse array technologies, protocols for their
application, and statistical methods for data evaluation have been developed.
Despite the many technological differences at the detailed level, the common
principle of all microarray platforms is rather straightforward. DNA molecules with
a defined nucleotide sequences are attached to the surface of a solid support, usually coated glass. Molecules of the same type share a small region on the surface.
These regions are called features or spots and are arranged in a grid pattern. Current
technology enables a density of more than 10,000 features per cm2 . To measure messenger RNA, it has to be extracted and converted into cDNA by reverse transcription
using reverse transcriptase. The cDNA is labelled with a fluorescent marker allowing quantification of the number of DNA copies. Some protocols also allow the use
of mRNA directly, without reverse transcription. The solution of labelled molecules
(also called targets) is then brought into contact with the surface of the microarray. In a process of parallel hybridization, the labelled single-stranded RNA or
cDNA molecules hybridize with their single-stranded counterparts, representing the
nucleotide sequence of the complementary strand on the surface of the microarray.
The approximate number of target molecules bound to a given feature is measured
by a detection device. Often a laser scanner producing visible images is used. The
laser scanners excite fluorescent dyes with laser radiation of a defined bandwidth
and this results in the emission of light of a defined emission bandwidth. The resulting images are processed and transformed into intensity measurements by image
analysis software.
Many companies commercially produce microarrays. The technologies vary in
many details, for example the array substrate, and in the process of generating
the probe sequences. Spotted microarrays are produced by a deposition of small
amounts of DNA solution on the substrate by robotic spotters. Other compaR
nies (for example Agilent) use ink-jet technology to deposit DNA. Affymetrix
and NimbleGen arrays are produced using a photolithographic process in which
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nucleotides are used to synthesise longer oligonucleotides directly on the substrate.
One of the most important parameters is the length of the probe sequences that
can be deposited or synthesized. Sequence lengths can vary from a few hundred
base-pairs, when cDNA is spotted, to short oligonucleotides. Commercial arrays
R
arrays, for examare normally produced using short oligonucleotides. Affymetrix
ple have multiple different probe sequences per gene of 25 bp in length. Combining
measurements made with several different probes is necessary to compensate for
non specific binding of target DNA. Other oligonucleotide arrays contain oligos of
between 50 and 80 bp, which tend to be more specific. Another important difference
between microarray platforms is the number of channels they support. Two-colour
microarrays support direct comparison of two experimental conditions per array.
Single channel arrays can be used for single conditions or for a comparative
study using multiple arrays. Furthermore, commercial array providers have different
set-up costs and times for individual array designs and the number of features they
support.

9.4.1.1 Variation and Replication
As with any other biological experiment, microarray experiments will show a certain
amount of measurement variability and measurement error. Sources of variation in
a microarray experiment can be divided into technical and biological variation.
Deviations in the technical process can have a large influence on the results of
microarray experiments. The extent of these influences depends on the technology
and microarray platform used and can be observed in replicated experiments in the
same laboratory and also between laboratories. Primary causes are variations in the
application of protocols. Further technical variation stems from the microarray production process such as variations in feature sizes and concentrations (Bammler
et al. 2005). Some studies have also shown the large impact of differential probe
sequences as a source of cross-platform variation. Other technical problems include
scanner settings, as well as image segmentation and quantification (Yauk et al. 2004,
Repsilber and Ziegler 2005, Yauk et al. 2005).
Even assuming perfect measurement technology, there would still be biological
variation within the organism, either between different cells or between individuals.
This variation is due to the individual genetic characteristics of the organisms and
also due to variations in environmental conditions. The level of biological variation
is assessed by performing the experiment multiple times under the same conditions
and by harvesting several samples. This is termed replication. In general, biological variation seems to be a more important factor than technical variation for the
assessment of the significance of the results obtained. Biological replications are
preferable to technical replications (Allison et al. 2006).
Biological replicates will be influenced by both technical and biological variation, thereby serving to assess the overall variability of the experiment. If the number
of replications exceeds the number of available microarrays, a pooling procedure is
often used to generate a mixture of samples.
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9.4.1.2 How Many Replicates?
It is important to note that any gene expression measurement pipeline will
exhibit biological variation, not only those using microarrays. Any analysis should
therefore contain biological replicates. The harvesting of cells to extract sufficient
amounts of RNA from the organism can be particularly complicated for microarray
experiments, especially when working with eukaryotes. The necessary number of
replicates required in an experiment is thus an important question.
Unfortunately, there is no simple answer. Three replicates, however, is an often
cited quantity (Lee et al. 2000, Yang and Speed 2002), and could serve as the rule
of thumb for the lowest possible number. There also seems to be a growing trend
for journals to require a minimum of three biological replicates for publication as
well as experimental validation of results by a different technique. However, the
suitable number of replicates depends on several factors. The biological variability
is the most important, together with the size of the effect which the observer expects
to observe. If variability is high, the number of replicates should be increased.
Similarly, the smaller the measured effect, the more replicates are required to detect
it. The required precision of the study is another important factor. If the experiment
is aimed to discover a few candidate genes for further studies, it might be justified
to reduce the number of replicates.
So called power analysis methods can serve to calculate the approximate number of replications necessary. They assist in experimental design by providing an
estimate of the number of replicates, given the desired power (the ability to detect
a large proportion of the differentially expressed genes), the confidence level, and
the variability of the data – see for example Pan et al. (2002), Black and Doerge
(2002), Li et al. (2005), and in particular Page et al. (2006) who have implemented
the PowerAtlas software for power analysis based on publicly available data.

9.4.2 Gene Expression Analysis
The pipeline used for analysing the data obtained from a microarray experiment
depends on the purpose of the experiment and the experimental question. Despite
this, common analysis steps can be identified which are based on the features of the
data. Analysis steps, which are often found in the literature, will be detailed in the
following paragraphs.
9.4.2.1 Image Analysis
Data analysis of typical microarray experiments starts with the analysis of image
data generated by the scanner software. Some novel microarray platforms provide
direct signal readout via electro-chemical reactions. For these platforms, the image
analysis step is not necessary. For approaches that do require image analysis, images
for each channel are segmented. In other words, the locations of the features on
the surface need to be identified. Most image analysis software can be calibrated
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using a master grid for semi-automatic segmentation of spot images. There are also
algorithms that can do a fully automated segmentation, but special care should be
taken. Errors during segmentation can lead to erroneous results, because missing the
correct location of a number of features can lead to measurements being assigned to
the wrong feature.
In the next step, the image analysis software computes the intensity for each
feature, and statistics such as measures of variation and background estimates are
usually also calculated at the same time. Most software adds measures of signal
quality. These are often called flags and can be used to filter out spots with low
signal intensity or irregular shape. Automatic flags should be treated with care, as it
is often not clear how these measures are derived, as each software does the analysis
in a different way. If in doubt, it might be preferable to ignore flags and leave the
removal for later stages in the analysis.
9.4.2.2 Normalization
To answer an experimental question, the various measurements coming from the
image analysis need to be condensed to a single value or at least a lower number of
values describing the intensity or the differential intensity of a feature.
The aim of applying normalization to microarray data is to make the data from
different microarrays within an experiment comparable. Therefore, it is necessary
to remove systematic bias from the datasets (Quackenbush 2002). A systematic bias
in the data might originate from differences in RNA concentrations between samples, differences in scanner settings, and differences in the labelling, bleaching, and
detection behaviour of the dyes. From an inspection of technical replicate arrays
hybridized with the same labelled extract, it can be concluded that scanner settings
also contribute to a large degree to the between-array bias. Cyanin-dyes 3 and 5
(Cy3 and Cy5) are currently the most frequently used fluorescent markers used for
two-channel microarrays. These dyes emit different light intensities with respect to
the number of hybridized target and this relation is not linear. This can lead to nonlinear distortions, which can be visualised in scatter plots of the measured intensities
of two channels (see Fig. 9.5).
Yang and Speed (2002) have developed a normalization method that uses a
so called scatterplot smoothing function. They also propose a special logarithmic
transformation of the raw microarray intensities that is suitable for plotting differential expression on a log-scale. This transformation maps the optionally background
subtracted intensity values to a log-ratio (M) and a log-intensity measure (A):
Mi = logRi − logGi
Ai = logRi − logGi
where Ri and Gi denote the intensity of each channel for the ith feature. This representation has the advantage over normal ratios of providing a symmetric measure
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Fig. 9.5 Scatterplot of the raw intensities of the first microarray in the Swirl demo data from the
microarray package for R. The raw channel intensities are background adjusted for each channel
and plotted for each spot. The main diagonal is plotted as a grey line. The data distribution shows
a visible deviation from the main diagonal

of differential expression (M) such that the absolute values of up-regulated genes
are the same as the absolute values of down-regulated genes. Yang and Speed have
proposed so called MA-plots in which both measures are combined as a means to
inspect systematic variation and dye bias. These plots have since then become a
standard tool in the analysis of microarray data (see Fig. 9.6).
9.4.2.3 Detecting Significant Changes
The most basic question to ask after performing a microarray experiment is which
genes are significantly (differentially) up- or down-regulated in a sample or in a
comparison of two samples. The inference step is of primary importance as for
many experiments it is the only relevant analysis step (previous data acquisition
and processing steps can be seen as preparations for the inference step). Also for
machine learning steps, inference statistics play an important role for data reduction.
In the earliest microarray studies fixed cut-offs for ratios or log-ratios were used.
The choice of an ad hoc cut-off value is, however, arbitrary and was soon regarded
as bad practice (Quackenbush 2001). Such a so-called fold-change approach fails
to provide an estimate of measurement error. Without an estimate of variability, it
is impossible to assess the probability of observing an event (in this case a specific
M-value) within a sample just by chance.
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Fig. 9.6 The same data as in Fig. 9.5 after transformation. The y-axis corresponds to the logarithmic differential expression (M-value), the x-axis represents the logarithmic absolute expression
measure (A-value). (a) depicts the data before and (b) after lowess-normalization. The lowess function used for normalizing the data is plotted as a curve following the centre of the data distribution

To analyse differential expression with respect to variability between replicates,
methods of statistical inference or statistical tests are applied. Several statistical tests
have been developed recently specifically for microarray data. These are based on
classical test-theory, established by W.S. Gosset, Fischer, and many others in the
early twentieth century. A hypothesis test is always based on the same principle:
There are two contradicting hypotheses: The null hypothesis (H0), here this
means the transcript levels are not different, and the alternative hypothesis (H1)
that the transcript levels differ significantly.
The null hypothesis (H0) is assumed to be true, unless there is enough evidence
to reject it and to assume H1. A value, called a test statistic, is computed from sampled data to describe the empirical distribution of the data. With the test statistic as
a summary of the data, the decision whether to reject the null hypothesis or not can
be made. A threshold of the test statistic is computed for the rejection of the null
hypothesis. The threshold is set in such a way that there is a sufficiently low probability of observing the value just by chance, when H0 is in fact true. Given that the
distribution of the test-statistic is known, we can compute the probability of observing a statistic that is at least as extreme, in case that H0 is true. This probability
is named the p-value. Unfortunately, there is often some confusion about the interpretation of p-values. With microarrays for example, the p-value can be interpreted
as the probability of obtaining measurements such that we would call the gene differentially expressed, even though no such measurement may exist in a particular
experiment.
There are several methods that can be used to statistically test microarray data.
The classical t-test is among the most frequently used methods. It is applicable when
the input data are normally distributed. Other methods can be applied should this
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not be the case, for example, the Wilcoxon’s Rank Sum Statistic, or the Significance
Analysis of Microarrays (SAM) (Tusher et al. 2001) method. Other methods, such as
the CyberT method (Baldi and Long 2001), attempt to address the problem of small
numbers of replicates. The principal of CyberT is to borrow variance information
from other genes on the microarray having a similar expression measurement.
9.4.2.4 Cluster Analysis
Cluster analysis (or simply “clustering”) has become a very popular method to
detect hidden structures in multivariate microarray data, and to detect co-regulated
genes. The popularity of cluster-analysis is understandable, as it requires no or few
prior hypotheses about the data. The application of cluster analysis is motivated by
the “guilt-by-association” assumption. If genes share a common mechanism of regulation (for example the same transcription factors) they could also be functionally
related; hence, it is useful to find groups of genes with similar expression profiles.
Clustering algorithms group measurements of gene expression into clusters. The
cluster assignment may be a hard assignment to a single class or a weighted gradual
assignment to multiple classes. The measurements are compared by their pair-wise
dissimilarity. Therefore, the notion of dissimilarity or distance measure plays a
central role for all clustering algorithms.
Hierarchical clustering algorithms construct a hierarchy of similar objects that
can be represented as a rooted binary tree dendrogram. Two types of hierarchical
clustering exist: agglomerative and divisive clustering. Agglomerative clustering is
the most popular approach.
Agglomerative clustering uses a bottom up approach. All objects start as singleton clusters and the most similar clusters are joined to form bigger clusters in
each step. The opposite approach is taken in divisive clustering algorithms where
all the genes initially constitute a single large cluster and are divided into smaller
and smaller clusters. The use of hierarchical clustering for the analysis of microarray data was popularized by Eisen et al. (1998) who also developed a software tool
to perform cluster analyses on microarrays. An appealing method for visualisation
of the results of the hierarchical clustering as a heat map is also presented in this
publication. The expression values are represented by colour codes; a red-green representation is used to denote the measured values. Negative log-ratios are projected
as green values and positive as red values, yielding black for values close to zero.
9.4.2.5 Classification
Sometimes, there is prior information about the origin of a certain sample. In such
cases, microarray data can be used to predict class information from the expression
profiles. The process of classification can be defined as assigning measurements to
discrete class labels.
All classification methods share the concept of a training phase and a classification phase. The data with known origin is used as the training set. Then a sample
with unknown origin can be classified into a class respective to its origin. During the
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classification phase, the trained classifier is applied to data and predicts class labels
for these.
One of the first applications of this method was the study by Golub et al. (1999)
who used microarray data for the classification of different types of leukaemia. One
of the most simple but highly useful methods is the k nearest-neighbour (kNN) classifier which makes class predictions for an unknown object based on the majority of
the k closest labelled examples (Cover and Hart 1967). Wu et al. (2005) have used
a kNN classifier to compare the merit of different normalization methods.
Vapnik (1999) developed the Support Vector Machine (SVM) approach for classification. SVMs are suited for finding an optimal separating function and allow
for linear and non-linear decision boundaries. Examples of applications of SVMs
to microarray data are frequently found in the literature (see for example, Pavlidis
et al. 2002, Liu et al. 2005) and they are becoming more and more popular.

9.4.2.6 Microarray Software
An almost unmanageable amount of software related to microarrays has been
developed over the recent years. The domains of application of these software
tools also often overlap. Here we will, therefore, concentrate on several examples.
Unfortunately, there is currently no perfect solution and all software packages have
their advantages and drawbacks. In particular there is no all-in-one solution that
offers both highly flexible analysis methods and an easy to use graphical user interface. For most analysis tasks, this means that the analysis will involve the use of
multiple software programs. Commercial software is available for most tasks, with a
large range of license fees as well as free open source solutions. Another important
aspect when choosing software is its hardware and software requirements. Some
software packages, especially database-based systems, require a significant effort
for installation and professional administration. Several categories of software are
described in the following sections.

9.4.2.7 Image Analysis Software
Image analysis software serves the purpose of analysing the resulting images
obtained from the scanner software. This process is usually twofold. A segmentation step is performed to identify the locations of the features and their boundaries
within the image, corresponding to spots of the microarray. Depending on the software, this step can be carried out manually, semi-automatically if predefined grid
information is used, or fully automatically.
The TIGR Spotfinder software for example, is an academic open-source project,
which is available for several operating systems. A package called Spot also exists.
This is implemented as a package for the statistical environment R. Users of
R
R
microarrays have to use the MAS5 algorithm from Affymetrix
for
Affymetrix
image analysis.
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9.4.2.8 Pure Analysis Systems
Pure analysis systems provide variable collections of analysis algorithms, but they
normally do not take care of data-management. Data is normally stored in files and
user interaction is possible via a graphical user interface (GUI). One of the first
examples was the Cluster and TreeView software, which was developed by Eisen
et al. (1998), and focused on clustering algorithms. Cluster and TreView work only
on Windows. The Genesis software is another application that provides various clustering methods (Sturn et al. 2002). It is implemented in Java and thus operating
system independent. ArrayNorm (Pieler et al. 2004) and MIDAS (Saeed et al. 2003)
are programs that provide normalization for two-colour arrays and some statistical
tests.
R
microarrays can use the dChip software that provides norUsers of Affymetrix
malization, clustering, and classification methods for oligonucleotide arrays (Li and
Wong 2001, Lin et al. 2004).
In summary, pure analysis tools are recommended for small to medium size laboratories. In general, they have minimal resource requirements, but data-management
and collaborative functions are not provided. For larger projects with many participants these systems can be useful to complement a database-based system.
9.4.2.9 General Purpose Database Systems
There is also a class of systems that combine general data analysis functions with
data-management capabilities. These systems use a database system to systematically store and retrieve data. Furthermore, all allow the annotation of experiments
by storing protocols. These systems include the open source systems BASE (Saal
et al. 2002), MARS (Maurer et al. 2005), MADAM (Saeed et al. 2003), and EMMA
(Dondrup et al. 2003) (Dondrup et al. 2009). All systems provide user and account
management and collaborative functions such as making experimental data publicly
available. Often, the software is accessed via a web-browser. Unfortunately, these
systems have relatively high requirements with respect to installation and administration of the server, which make them impractical for small laboratories. For
larger institutions it might be a good option to set up and maintain a central installation of such a system, in particular if researchers work as part of an international
collaboration.
9.4.2.10 R and BioConductor
The statistical environment R (Team 2008) has a special and prominent position
among all analysis systems. It is a general purpose statistical environment and also
a powerful programming language. The BioConductor project bundles and provides
add-on packages for many bioinformatics applications including microarrays and
sequence analysis (Gentleman et al. 2004). In comparison to other analysis systems
R is highly flexible and provides the largest amount of analysis algorithms. General
statistical functions also applicable to microarrays comprise various statistical test
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methods and graphical displays. Within the BioConductor packages there are norR
arrays. As a
malization methods for two-colour arrays as well as for Affymetrix
downside of this flexibility, the system requires a high level of expertise. User interaction is mediated by a command line interface, and complex actions might even
involve programming. Anyway, we would recommend gaining an insight into and
to trying to work with R and BioConductor, as this combination provides maximal
flexibility in the choice of methods and their combination and full control over the
analysis process. Also, novel methods are often first implemented as BioConductor
packages. We refer the reader to Gentleman (Gentleman et al. 2005) for further
reference.

9.4.3 Data Sharing and Public Repositories
Gene expression experiments involve highly complex protocols and produce highvolume data. Compared with a genome sequencing approach the experimental
annotations need to be much more precise, as a good annotation of a functional
genomics experiment also involves environmental conditions. During growth, harvesting protocols, and further laboratory procedures, samples are transformed many
times. Also complex array designs are involved which can carry up to many
hundreds of thousands of features.
The experimental results of a microarray experiment need to be accompanied
with all this meta-information. Otherwise, it is almost impossible to interpret the
resulting data or even reproduce the experiment independently, which is still a difficult and underestimated task. To ensure scientific standards, almost all journals
in functional genomics now require the submission of microarray data to a public
repository prior to publication of results (Ball et al. 2004).
The most frequently used repositories are:
• ArrayExpress hosted by the EBI (http://www.ebi.ac.uk) (Parkinson et al. 2007).
• Gene Expression Omnibus (GEO) at the NCBI (http://www.ncbi.nlm.nih.gov/)
(Barrett et al. 2007).
• Stanford Microarray Database (SMD) at Stanford University (http://
www.stanford.edu) (Demeter et al. 2007).
All repositories have web-forms to query for data, and they offer some dataanalysis features such as normalization, filtering, and clustering. They all offer a
web-based submission process, which is recommended for small to medium-scale
experiments. The choice of repository is a matter of personal preference, but we
recommend that each laboratory uses one repository consistently.
The Microarray Gene Expression Data (MGED) Society (http://www.mged.org)
has developed and promoted standards, recommendations, and tools for sharing
microarray data. The most important in the context of publishing microarray results
is the Minimal Information About a Microarray Experiment (MIAME) standard
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(Brazma et al. 2001). It is aimed at standardizing the necessary content of a
submission to a public database.
The MicroArray Gene Expression Markup Language (MAGE-ML) format was
developed by the MGED Society based on XML to provide a standardized document format to exchange microarray data (Spellman et al. 2002). However,
this document format is highly complex and should therefore be only used for
data exchange between software applications. It has been complemented by a
tab-delimited spreadsheet-based format called MAGE-TAB (Rayner et al. 2006),
which is much simpler in structure and should now be preferred for large-scale
submissions.

9.4.4 Summary of the Gene Expression Analysis Section
Gene expression analysis is a highly flexible and promising approach within marine
genomics and expression data can greatly aid the inference of functions from
sequence data. Quantitative analysis of transcriptomes can be performed using
microarrays in combination with quantitative RT-PCR for validation. If only a few
known genes are to be investigated, the use of microarrays is not necessary but
quantitative RT-PCR could be used instead.
While qRT-PCR and microarrays require the sequence of the transcript to be
known but the SAGE method generates transcript sequence data during the experimentation and can therefore be applied to genomes that have not been sequenced.
Genome wide expression profiling is only possible with the SAGE and microarrays
approaches. The most popular method of these two is the microarray technology,
as it allows mRNA levels of thousands of genes to be studied in parallel in a cost
efficient manner. Also, SAGE can be applied only to Eukaryotes.
Good experimental design and an appropriate level of replication are crucial for
microarray experiments. The optimal setup depends on the biological question. In
principle biological replicates should be preferred over technical replicates and at
least three biological replicates should be made.
There are a growing number of commercial providers of microarrays and
related services. For large scale comparative studies there is no clearly preferable platform, thus the choice of array provider should be based on criteria
such as budget, availability of designs and services, and in particular practical
experience with the methods. However, setting up an in-house array production
pipeline is not recommended for small to medium sized labs because of high setup costs and the investment in time. For large labs or consortia, this might still
be an option, while for occasional applications a full-service provider should be
considered.
Each experiment has a certain level of unavoidable experimental variation,
however technical variation can be reduced by following experimental protocols
rigidly.
Data analysis is a complex task and requires bioinformatics and statistical expertise. Depending on the experimental setup, simple analyses such as statistical tests
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are often sufficient. Normalization of microarray data however is crucial. Initially,
it is preferable to use well-established and well-understood statistical methods (e.g.
t-tests, ANOVA) to identify genes with significantly different patterns of expression, while critically assessing the merits of novel tools for the given application. In
almost every case, several competing methods should be tested.
For small laboratories and occasional use, stand-alone software with low administrative requirements should be adopted initially. For large labs and international
collaborations, database based systems may be used, providing collaborative functions such as data sharing. To reduce administrative effort, a central installation of
such a database and analysis software can be provided. Due to its high flexibility,
the use of the R and BioConductor environment should be considered, at least as a
complementary tool.
Before publication, experimental data and annotations should be submitted to one
of the public repositories. For high-volume submissions, an automated submission
based on MAGE-TAB should be considered.
Despite the recent success of microarrays, we expect sequencing based methods
will become increasingly popular and efficient in the mid-term. For classical geneexpression studies, sequencing methods and especially shotgun-transcriptomics
are likely to surpass microarrays in terms of cost efficiency and precision of
measurement in the coming years.
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2R hypothesis hypothesis suggesting that the genomes of the early vertebrate lineage underwent two rounds of whole-genome duplications, reflected e.g. by the
existence of 4 remnants of Hox clusters.
Accession number An identifier supplied by the curators of the major biological
databases upon submission of a novel entry (usually sequence data) that uniquely
identifies that database entry.
AFLP This technique produces DNA fragments that are separated by size (length
of sequence) using polyacrylamide gel electrophoresis or capillary sequencers.
Bands at a particular site on the gel (equivalent to alleles) are counted as being
present or absent for the analysis.
Algae all photosynthetic eukaryotes other than land plants.
Algal bloom rapid multiplication of one or a small number of algal species. In
some cases the algae are toxic.
Alignment overview of both differences and similarities between two or more
DNA, RNA or protein sequences created by aligning residues that are putatively
homologous. Gaps may be introduced to optimally align the sequences.
AMD Acid Mine Drainage.
API Application Programming Interface.
BAC bacterial artificial chromosome. a cloning vector carrying up to 300 kbp of
insert sequence.
Barcoding A specific piece of DNA (usually part of the mitochondrial cytochrome
c oxidase sub unit I gene) is sequenced many times from different species.
There are sufficient interspecies differences in this gene, for the sequence of
DNA to act as a unique code for a species and therefore be used as a
taxonomic aid.
Bioinformatics The application of information technology to the field of molecular
biology.
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BioJava, BioPerl Programming frameworks to handle the most common file
formats and tools that are used by bioinformaticians.
BLAST “Basic local alignment search tool”, a well-known and established tool for
finding homologue sequences in large sequence databases.
CAMERA Community Cyberinfrastructure for Advanced Marine Microbial
Ecology Research and Analysis.
Clone the term “clone” can refer to a bacterium carrying a piece of cloned DNA,
or to the cloned DNA itself.
Clustering EST sequences are clustered according to their sequence, so that they
can be assembled afterwards. The set of all Clusters form a Clusterset.
COG/KOG The COG (Cluster of Orthologous Groups of proteins) database consists of 138,458 proteins, which form 4873 COGs and comprise 75% of the 185,505
(predicted) proteins encoded in the 66 genomes of unicellular organisms that were
used for the database. The eukaryotic orthologous groups (KOGs) include proteins
from 7 eukaryotic genomes.
Cohort Fish in a stock born in the same year.
Contig The term “contig” comes from a shortening of the word “contiguous”. It
can be used to refer to the final product of a shotgun sequencing project. When
individual lanes of sequence information are assembled to infer the sequence of the
larger DNA piece, the product consensus sequence is called a “contig”.
Cryptic species A cryptic species is a species that is reproductively isolated (or
at least genetically distinct) from a second species but which resembles the second
species so closely that both have traditionally been considered a single species.
ddNTP dideoxy-nucleotide.
DGGE Denaturing gradient gel electrophoresis. Molecular fingerprinting technique that separates PCR products based on sequence differences that result in
distinctly different denaturing characteristics of the DNA.
dNTP deoxy-nucleotide.
Dye A chemical compound used to label biological material such as cDNA
allowing it to be detected. Often fluorescent compounds are used.
EGT Environmental Gene Tags.
ELISA Enzyme Linked Immuno Sorbent Assay; Biochemical test to detect and
quantify an antigen in a sample using a specific antibody.
Emulsion PCR a technique for generating a clonally amplified piece of DNA in
vitro along with a microbead, within a mineral oil emulsion.
Endosymbiosis An endosymbiont is an organism that lives within the body or
cells of another organism. Endosymbiosis played an important in the evolution
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of the eukaryotes as mitochondria and plastids were derived from endosymbiotic
organisms captured by ancestral eukaryotic cells.
Epitope Region of a protein or peptide recognised by an antibody.
eQTL expression Quantitative Trait Loci; the transcriptome is associated with
thousands of expression traits (see also QTL).
EST Expressed Sequence Tag. For a gene expression analysis, it is possible to
extract the mRNA from a cell, translate it into cDNA and sequence the cDNA
from either one or both ends. The reads are called ESTs. EST data may contain
sequencing errors.
FISH Fluorescence in situ hybridisation.
Fosmid A cloning system based on the E. coli F factor. These clones have an
average insert size of 40 Kbp, with a very small standard deviation.
Gametophyte In plants and algae that undergo alternation of generations, a
gametophyte is the multicellular generation that produces gametes.
Gene chip Thousands of sequences are individually attached (spotted) onto a
small glass slide (typically the size of a microscope slide). Each spot on the
slide represents a gene sequence. These can be screened to generate expression
profiles of a cell, tissue or organism(s) under different conditions. Also called a
microarray.
Gene knockdown Refers to techniques such as RNAinterference by which the
expression of a gene is reduced.
Gene library Collection of pieces of DNA or cDNA cloned into artificial vectors,
which can be replicated, sequenced and screened.
Gene repertoire the set of genes (or gene families) encoded in the genome of an
organism.
Genetic hitch-hiking A process by which an allele or mutation may spread
through the gene pool because it is closely linked to a gene that is being selected for.
Genome All the genetic material of an organism.
Genomics the study of the structure and function of genomes (see genome).
GOS Global Ocean Sampling.
GSC Genomic Standards Consortium.
GUI Graphical user interface. A common means of interaction between humans
and computers, which uses graphical representations of data and offers user
interaction via pointing devices (e.g. a mouse).
HMMs Hidden Markov Models (HMMs) allow the integration of diverse sequence
features into a coherent, probabilistic framework. For the task of gene identification,
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HMMs may include states modeling introns, exons, intergenic regions, start and stop
codons, splice signals, polyadenyation signals and ribosomal binding sites.
Homeodomain proteins a class of proteins characterized by the existence of a
specific motif, the homeodomain, which is primarily involved in DNA binding.
Homologue In order to describe the evolutionary relation of proteins, the terms
homology, orthology, and paralogy are used. In this context, homology means
that two proteins or sequences share a common ancestor. Two principal types of
homology can be distinguished (Orthology and Paralogy).
Horizontal (or lateral) gene transfer A process in which genes from one organism are integrated into the genome of a second organism (which may be very
distantly related to the first) and subsequently inherited with the rest of the genetic
material of the cell.
Hox cluster genomic array of Hox genes, which constitute a subgroup of homeodomain proteins. Spatial Hox gene expression during development tends to
correlate with the spatial arrangements of genes in the genomes of a broad panel
of animals. Hence, Hox clusters also serve as a paradigm to understand the
commonalities and changes during the evolution of animal body plans.
HSP high-scoring segment pair.
IMG The Integrated Microbial Genomes system.
INSDC International Nucleotide Sequence Database Collaboration. It consists of
the DDBJ (Japan), EMBL (Europe) and GenBank (USA) Nucleotide Sequence
Database. The three databases exchange new and updated data on a daily basis to
achieve optimal synchronization.
IUPAC International Union of Pure and Applied Chemistry. This nongovernmental organisation has developed a system of naming chemical elements
and their compounds such as amino acids or nucleotides.
JCoast Comparative Analysis and Search Tool.
JGI Joint Genome Institute, a sequencing centre in the USA.
KEGG The KEGG (Kyoto Encyclopedia of Genes and Genomes) is a bioinformatics resource for linking genomes to life and the environment.
Kb or Kbp kilobase or kilobase pair, region of DNA 1000 nucleotides long.
Linkage map Genetic map produced using recombination values of genes or other
markers to identify the linear order and relative distance of these markers on a
chromosome.
LPS Lipopolysaccharides; large molecules containing a lipid and a polysaccharide
linked by a covalent bond; major components of the outer membrane of Gramnegative bacteria; induce strong immune responses in animals.
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Local alignment Sequence alignment which focuses on matching part of one
sequence with part of another.
MAGE-TAB A data format used to transfer microarray data to public
repositories (e.g. ArrayExpress). The MAGE-TAB format consists mainly of
spread sheets, which can be represented as tabulator- or comma-separated
files.
MAS Marker-Assisted Selection; Selection of a genetic determinant of a trait of
interest (e.g. productivity, disease resistance and quality) through the use of a marker
(morphological, biochemical or one based on DNA/RNA variation).
MA-plot A certain kind of scatter-plot commonly used for microarray analysis where the intensity measurements from microarrays are transformed in
a special way. The x-axis corresponds to the absolute intensity of the spot
(A-value), the y-axis corresponds to a measure of differential expression
(M-value).
Match position with identical bases or amino acids in a sequence alignment.
Mate-pair paired reads of the two ends of a cloned DNA molecule. Mate-pairs are
often used by genome assembly programs to orient and order contigs, taking into
account the distance between the ends of the DNA molecule and the orientation
relationship of the sequences.
MHC Major Histocompatibility Complex; A large genomic region playing
an important role in the immune system, autoimmunity and reproductive
success.
MDA Multiple displacement amplification. Isothermal DNA amplification method
using random hexamers and the DNA polymerase of bacteriophage φ29.
Metabolomics High throughput analysis of the metabolites present in a cell type,
a tissue or an organism and the modifications to metabolite pools under different
conditions.
Metagenomics (or environmental sequencing) Application of genomic analysis, particularly high-throughput sequencing to environmental samples such as
uncultured microbial communities.
Metatranscriptomics Global analysis, usually by sequencing, of the expressed
genetic information (gene transcripts) produced by the collection of organisms in
an ecosystem.
MIAME Minimal Information About a Microarray Experiment. MIAME is a recommendation that was established by a joint group of microarray experts (the
Microarray and Gene Expression Data society or MGED) and describes the minimal requirements for data and information thata submission to a public microarray
database should contain. The aim is to make microarray data understandable and
reproducible.
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Microsatellite Small DNA stretches of a repeated core sequence of few base pairs
(e.g. GT repeat units) that are highly polymorphic, particularly in terms of the
number of repeated units. These are mainly used to create genetic maps.
MIMS Minimum Information about a Metagenome Sequence.
Mismatch position with different bases or amino acids in a sequence alignment.
Morpholino Synthetic molecules of usually 25 bases in length that bind to complementary sequences of RNA, blocking the access of cell components to those
sequences. Morpholinos can block translation, splicing, miRNAs or their targets
and ribozyme activity.
MPSS Massive Parallel Signature Sequencing; Tool to analyse the level of expression of virtually all genes in a sample by counting the number of individual mRNA
molecules produced from each gene.
Northern blot A method for analysing RNA molecules involving separation on
an agarose gel and detection of specific RNAs using radioactive or fluorescently
labelled probes (also called an RNA gel blot).
Ontology In the context of computer and information sciences, an ontology defines
a set of representational primitives with which to model a domain of knowledge
or discourse. The Gene Ontology for example provides a controlled vocabulary to
describe gene and gene product attributes in any organism.
ORF Open Reading Frame, a series of codons beginning with a start codon and
ending with a stop codon, without any internal stop codons.
Organelle A differentiated structure within a cell, such as a chloroplast, mitochondrion or vacuole, which performs a specific function.
Orthologue Orthologous sequences are homologous sequences that have been separated by a speciation event. A gene that exists in a particular species that then
diverges into two separate species, will be present in two copies afterwards. These
copies are called orthologues and will typically have the same or a similar function.
PAMP Pathogen-Associated Molecular Patterns; Small molecular motifs conserved within a class of microbes; LPS (see above) is considered to be the
prototypical PAMP.
Pangenome Unique set of proteins for a given species. In bacteria, the pangenome
can be twice the size of the genomes of individual members of a species.
Paralogue Homologous sequences that have been separated by a gene duplication
event in an ancestral genome are called paralogous. Paralogous genes may mutate
and acquire new functions because the original selective pressure is reduced.
PCR Polymerase chain reaction. A technique for replicating a specific piece of
DNA in-vitro. Oligonucleotide primers are added (which initiate the copying of each
strand) along with nucleotides and Taq polymerase. By cycling the temperature, the
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target DNA is repeatedly denatured and copied allowing it to be amplified in an
exponential manner.
PDB Protein Data Bank. A single worldwide repository for the processing and
distribution of 3-D biological macromolecular structure data.
Phytoplankton The photosynthetic organisms present in the plankton.
Picoeukaryotes microscopic eukaryote species with a cell size of less than 3 μm.
Primary endosymbiosis Used to describe the initial capture of a cyanobacterium
by a eukaryotic cell that gave rise to the algae (see also endosymbiosis).
Primer Small oligonucleotide (anywhere from 6 to 50 nucleotides long) used to
prime DNA synthesis.
Probe/Reporter An oligonucleotide attached to the surface of a microarray.
Proteomics High-throughput analysis of the proteins present in a cell type, a tissue
or an organism.
Pseudogene A gene that is no longer functional either because its protein-coding
sequence is disrupted or because it is no longer expressed.
PTM Post-transcriptional modification. Alterations made to pre-mRNA before it
leaves the nucleus and becomes mature mRNA.
p-value The result of a statistical test can be summarised using a p-value as a measure of significance. It can be described as the confidence in the rejection of the
null-hypothesis. In the case of microarrays, p-values are often used to assess whether
a gene is differentially expressed.
Pyrosequencing Massively parallel DNA sequencing technique without the
requirement of a prior cloning of the DNA.
Q-PCR, qPCR or qRT-PCR Quantitative real-time reverse-transcription PCR. A
PCR-based assay, which involves the direct measurment of the incorportation of a
fluorescent dye into the PCR product. The level of fluorescence is a direct reflection
on the amount of prduct present. By comparing the point in the PCR reaction where
the reaction enters the log phase of replication for a control and a treated sample
and determining the difference between the two, a measure of the change in relative
gene expression caused by the treatment is determined.
QTL Quantitative Trait Loci; A region of a chromosome that is associated with a
particular measurable trait (see also eQTL).
RAPD Random Amplification of Polymorphic DNA; DNA fragments randomly
amplified by PCR from genomic DNA with short primers (8–12 nucleotides) of
arbitrary nucleotide sequence.
RAST Rapid Annotation using Subsystem Technology.
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Replicate A repetition of the same experimental measurement. The replicate can
either be technical, where the same biological extract is analyzed twice, e.g. by using
the same mRNA for multiple microarrays; or it can be a biological replicate, when
for example sample material is harvested from different individuals grown under the
same conditions.
Reporter/Probe An oligonucleotide attached to the surface of a microarray.
RNA interference (RNAi) a genetic mechanism in which double-stranded
RNA is cleaved into small fragments and acts a signal to either initiate
the degradation of a complementary messenger RNA or to interfere with its
translation.
ROS Reactive Oxygen species; Small molecules or ions formed by the incomplete one-electron reduction of oxygen; ROS contribute to oxidative stress/damage
of DNA, lipids (oxidations of polydesaturated fatty acids), proteins (oxidations of
amino acids) and inactivate specific enzymes (oxidation of co-factors).
SAGE Serial Analysis of Gene Expression. A high-throughput method to measure gene-expression by sequencing. Short fragments (tags) are generated from
cDNA, which are then ligated to form long concatenated sequences, and
sequenced.
Seaweed Brown, red or green macroalgae.
Scatter-plot A two-dimensional plot where each measurement value is depicted by
a single dot. Scatter-plots are often used to inspect data distributions.
SDS-PAGE Sodium dodecylsulphate – polyacrylamide gel electrophoresis;
method used to separate proteins involving electrophoresis on an acrylamide gel.
Secondary endosymbiosis An event in which a eukaryotic cell enslaves another
eukaryotic cell that possesses a plastid derived from a primary endosymbiosis (see
also endosymbiosis and primary endosymbiosis).
Sequence trace file Raw sequence data in the form of a chromatogram from a
Sanger sequencing reaction. The NCBI Trace Archive (http://www.ncbi.nlm.
nih.gov.gate1.inist.fr/Traces/home/)
and
the
Ensembl
Trace
Server
(http://trace.ensembl.org/) are a public repositories for this sort of data.
Short Read Archive (SRA) An NCBI database that stores raw data from sequencing platforms such as the Roche 454 System.
Singleton A single EST sequence that does not cluster with other ESTs.
SNP Single-nucleotide polymorphism; particular sites (base pairs) in a sequence
that are polymorphic and can be used as markers.
SOM Self Organizing Maps.
Sporophyte A spore-producing plant.
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Spot/feature A small area on the surface of a microarray containing a defined
probe. Features can be produced using a spotter or by direct synthesis of oligonucleotides on the substrate.
SSR Simple Sequence Repeat; also known as microsatellite (see definition above).
SteN Statistical electronic Northern blot.
SVM Support Vector Machine, high performance machine learning technique that
has been used to improve classification accuracy in biological applications such
as gene prediction, detection of protein family members, RNA and DNA binding
proteins and the functional classification of gene expression data. SVMs can solve
non-linear classification problems by learning an optimally separating hyperplane
in a higher-dimensional feature space. By use of non-linear kernel functions such as
a Gaussian kernel, complex and non-linear decision functions can be realised.
Synteny evolutionary preservation of the order of genes in a genomic region
that indicates that this order also reflects the arrangement of genes in the last
common ancestor of two compared species. Subdivided into macro-synteny (conserved aspects on the chromosomal level) and micro-synteny (local, gene-by-gene
synteny).
Target In a microarray experiment, the target is labelled population of molecules
corresponding to the RNA or DNA extracted from mixtures of cells, tissues, cell
cultures or other samples. This labelled population of molecules is often referred to
erroneously as the probe.
TC Tentative Consensus Sequence. EST sequences can be clustered together using
assembly programs to form TCs.
Tertiary endosymbiosis An event in which a eukaryotic cell enslaves another
eukaryotic cell that possesses a plastid derived from a secondary endosymbiosis
(see secondary endosymbiosis). This has occurred several times in the dinoflagellates, and the captured plastid is thought to have replaced a pre-existing secondary
plastid (see also endosymbiosis).
TETRA A tool that can be used to calculate, how well tetranucleotide usage patterns in DNA sequences correlate. Such correlations can provide valuable hints
about the relatedness of DNA sequences.
TGICL TIGR Gene Index Clustering tools.
Third Party annotation (TPA) sequence database A database designed to capture experimental or inferential results that support submitter-provided annotation
for sequence data that the submitter did not directly determine but can be derived
from DDBJ/EMBL/GenBank primary data.
Transcriptomics High-throughput analysis of the mRNA transcripts present in a
cell type, a tissue or an organism.
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Transcriptome the full complement of transcripts in a given species.
UTR untranslated region of a transcript. The complementary regions to the ORF
(see ORF).
Web services Provide a standardized method to access information or perform
computations over a network via the exchange of XML-based messages.Western
blot?
Western blot A method for analysing proteins involving separation on by SDSPAGE (see above) and detection of specific proteins using antibodies.
XML Extended Markup Language, a specification to create a common representation of different types of data.
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