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SUMMARY

Ecology stands on the edge of a true paradigm shift, fuelled by a recent
technological revolution in our ability to measure both taxonomic and func-
tional biodiversity via the application of metagenomics and transcriptomics.
The advent of ‘next generation sequencing’ (NGS) in molecular biology is
rapidly opening the black box of microbial ecology, providing us with some of
the first glimpses of a previously hidden world. This is now enabling microbial
ecology to become firmly embedded as a core subdiscipline within ecology, and
to test general theories about biodiversity, biogeography and ecosystem func-
tioning using a combination of molecular and more traditional techniques. In
addition, NGS offers a means of not only measuring the abundance and
diversity of the main drivers of many of the planet’s key biogeochemical
processes, but also of linking the microscopic and macroscopic worlds that
have, until now, been largely studied in isolation. We provide a detailed review
of the rise of NGS, as well as highlighting areas that offer special promise for
addressing general ecological questions across a range of levels of organisa-
tion, from individuals to ecosystems: essentially, how a ‘systems biology for
ecology’ might be developed. We consider the current limitations and future
prospects for NGS, and also how it offers potential economic benefits, for
instance via bioprospecting the environment for commercially valuable genes
and their products within the metagenome of natural ecosystems.

I. INTRODUCTION

A. Towards a Systems Biology for Ecology?

All organisms interact with the physical and biological world that surrounds
them, from the human gut microbiome to tropical forests and the open
ocean. Any study aimed at understanding the development and existence of
a multi-organism system falls within the broad remit of ecology, although
most of us are more familiar with far a narrower definition. Despite this,
ecology has, often out of necessity, been studied in relative isolation from
many other fields of biology and has itself been calved into numerous discrete
subdisciplines that deal with different levels of organisation (e.g. molecular,
organismal, community and ecosystem ecology; Figure 1). In reality, of
course, these are rather arbitrary and subjective delimitations, and there
are numerous links and feedbacks across organisational levels (Woodward
et al., 2010b; Yvon-Durocher ez al., 2010b). In recent years ecology has
become an increasingly holistic discipline that now draws on, for instance,
molecular biology at one extreme and socioeconomics at the other. Here we
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Figure 1 The hierarchy of biological organisation, in increasing order of complexity
from molecules to ecosystems. Beneath each heading the relevant genetic and
ecological (shaded boxes) measures and fields of study are highlighted.

consider the future of ecology in the context of understanding a system from
the chemicals and molecules to the individual organisms that comprise the
community and, ultimately, the processes they perform that contribute to the
functioning of the ecosystem as a whole. We propose that an inclusive and
integrative ecology should be able to encompass all these aspects: essentially,
a ‘Systems Biology for Ecology’ (Figure 2). The opening section of the paper
focuses on the dramatic advances that have been opened up in microbial
ecology by the advent of new molecular techniques, as a case study, with
subsequent consideration of the potential application of these technologies to
more general ecology, particularly at the higher levels of organisation.

A major challenge facing ecology is the need to determine how whole
ecosystems operate and, hence to be able to predict their responses to future
environmental change. The ecological responses at these higher levels of orga-
nisation and larger spatial-temporal scales (Figure 1), however, cannot be
predicted by simply scaling up from studies of single species in isolation: it is
the diversity of species, their ecological roles, and the interactions between them
that are key to understanding ecosystem functioning, and we need to under-
stand these links between different levels (Woodward et al, 2010a; Yvon-
Durocher et al., 2010b). Achieving this understanding of complex multi-species
systems requires far more information than can be obtained by simply measur-
ing bulk stocks and fluxes in the classic Lindeman (1942) tradition of ecosystem
ecology: the community and the ecosystem are inextricably interlinked, as
emphasised by the plethora of biodiversity—ecosystem functioning (B-EF)
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Figure2 From molecules to ecosystems: a systems biology perspective highlighting a
range of potential biotic and abiotic drivers and responses, and their interactions.

studies that have appeared in recent years (Woodward, 2009; Ptacnik et al.,
2010 and references therein). The resilience and stability of an ecosystem
ultimately depends on the contributions made by its constituent individual
organisms, from the smallest viruses and microbes to the largest plants and
animals.

Unfortunately, the long-standing dichotomy between community and eco-
system ecology has hindered progress in linking structure to function, with most
studies to date being compartmentalised into one or another approach. Much of
community ecology, for instance, has focused on the primacy of species identity
and diversity as the key variables at this level of organisation, leading some to
suggest that it is in danger of being enslaved by the ‘the curse of the Latin
binomial’” (Raffaelli, 2007; Woodward et al., 2010c). Conversely, ecosystems
ecology has tended to apply a more broad-brush approach to taxonomy by
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focussing on stocks and fluxes of biomass, nutrients, or energy among often
coarse aggregations of functional units, which often contain unrelated groups of
taxa (e.g. cyanobacteria, diatoms and plants lumped as primary producers). The
recent rise of B-EF research has, however, started to address structure—function
links explicitly, but primarily from an experimental and macroscopic perspec-
tive, rather than in the natural environment (e.g. Perkins ez al., 2010). Also most
B-EF studies have focused on higher plants or metazoans as the focal taxa of
interest, whilst largely ignoring the critical role that microscopic organisms in
general, and bacteria and archaea in particular, play in driving ecosystem
processes in the real world (but see Reiss et al., 2010a).

Much of the reason for the disparity between microbial community and
ecosystem ecology can be ascribed to a methodological bottleneck: until rela-
tively recently it has simply not been possible to characterise microbial diversity
accurately, or to link it to specific ecosystem processes, in natural systems. For
instance, taxonomic identification of the vast majority of bacterial and archaeal
species by microscopy is impossible because of a lack of defining morphological
characteristics, while microscopic identification of microbial eukaryotes is ex-
tremely time consuming, expensive, and also reliant on the assumption that,
once detected, individual cells can be ascribed to species by visual inspection.
Genetic techniques have assisted with the latter problem in particular and now
underpin most of the taxonomy applied in microbial systematics and ecology.
These molecular approaches have also been limited until very recently by the rate
of data generation and also potential biases resulting from, for instance, the
patchy availability of markers and the lack of quantitative resolution beyond
simple presence-absence information on community composition. The use of
molecular biology and whole community analysis approaches, such as metage-
nomics, offer exciting new ways to integrate structure and function, and ecology
and evolution (DeLong, 2009; Falkowski et al., 2008; He et al., 2010b). Clearly,
however, enormous challenges still remain when attempting to link the physical
and biological parameters that characterise the functioning of ecosystems across
multiplelevels of organisation, but we are now at least able to move considerably
faster in this direction than was possible even just a few years ago (Figure 2).

B. The Microbial Black Box

While understanding the functional role of plants and animals in ecosystems is
itself a challenge, the microbial components of ecosystems, whether bacteria,
archaea or microscopic eukaryotes, have for the most part been confined to a
functional ‘black box’. Material goes in and comes out altered, but with no
comprehension of the processes or identity of the organisms that perform these
functions (Vandenkoornhuyse et al, 2010). Given that all biogeochemical
cycles depend on the organisms within these black boxes (Falkowski et al.,
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2008; Zak et al., 2006), the fact that most studies have not explicitly identified
the critical drivers of ecosystem functioning represents a fundamental lacuna
in our current understanding (Woodward, 2009). In this context, it is widely
perceived that the sum of an organism’s functional traits defines their contri-
bution to ecosystem functioning (Fitter, 2005). Which traits are important, or
how they interact with one another or respond to environmental change, is still
poorly defined even for plants and animals (Reiss et al, 2009) and often
entirely undefined for the microbial components of an ecosystem.

The primary reason for treating the microbes as a black box is simply that
these organisms have not been amenable to study using traditional ecological
methods: just 20 years ago, studying natural microbial communities in any real
depth and consistency was almost impossible (Fenchel, 1992). The application of
molecular tools has revolutionised microbial ecology, such that it is now possible
to investigate these communities in a scientifically robust and ecologically
meaningful way (Hugenholtz et al., 1998). The immense taxonomic and func-
tional diversity that is still being unearthed in microbial communities (Falkowski
et al.,2008; Hugenholtz et al., 1998; Oren, 2004) implies that to truly understand
ecosystem functioning it is necessary to view a system across the full range of
levels of organisation that affect it. This starts at the molecules that an individual
consumes and produces, the genes and proteins that facilitate that usage, and the
species populations within the community that carry these capabilities through
to the manifestation of processes at the ecosystem level (Figures 1 and 2). There is
a need for an analysis of the systems that can integrate across all levels: a systems
biology for ecology that works from molecules to ecosystems. The incorporation
of molecular and microbial ecology into the more established fields of commu-
nity and ecosystem ecology is a therefore critical prerequisite for developing such
a conceptual framework. At this juncture it is necessary to evaluate briefly how
microbial ecology, and the application of molecular techniques within this
particular field, has developed over the last 30 years or so, and how these
different disciplines have started to converge more recently, before returning to
discuss the new research opportunities that are now emerging on the horizon.

II. A BRIEF HISTORY OF MOLECULAR
MICROBIAL ECOLOGY

A. Characterising Diversity, Abundance and
Functional Traits

Microbes play a key role in the functioning of all ecosystems, but the lack of
clear defining characteristics meant microbial ecology was, for many years,
perceived as being effectively impossible to study (Stanier and Smith, 1960;
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Stanier and van Niel, 1962): even the three most basic questions in ecology
(who is there? how many are there? and what do they do?) could not be
addressed. However, the field was revolutionised in the late 1970s by the
recognition that Zuckerkandl and Pauling’s (1965) idea of using molecules as
markers of evolutionary history could overcome the lack of defining mor-
phological characteristics that hindered microbial taxonomy, and hence
ecology. The application of molecular biology to microbial taxonomy,
using the small-subunit ribosomal RNA gene (16S rRNA in bacteria and
archaea and 18S rRNA in eukaryotes) revolutionised not just microbiology
but altered our view of the phylogeny of all organisms with the proposal of
the Three Domains Tree of Life (Fox et al., 1980; Woese, 1983; Woese and
Fox, 1977). This replaced Whittaker’s Five Kingdoms tree (Whittaker,
1969), dismissed the eukaryotic/prokaryotic dichotomy (Chatton, 1938;
Stanier and van Niel, 1962) as a natural division in taxonomy, and showed
that the vast majority of biological diversity on the planet was microbial and
not in the macroscopic animalia and planta. The so-called Tree of Life is still
under constant refinement and revision, via, for instance, the application of
phylogenomics and other advanced molecular techniques (Dunn ef al., 2008).

The initial sequencing of 16S rRNA sequences led to the development of
short 16S rRNA-targeted oligonucleotide probes that could be used to detect
microbes of specific phylogenetic lineages (DeLong et al., 1994; Giovannoni
et al., 1988). These phylogenetic probes, whether radio- or fluorescently
labelled (Amann and Fuchs, 2008), proved that previously unknown and
uncultured bacteria and archaea dominated bacterioplankton communities
in the global oceans (DeLong et al., 1994; Giovannoni et al., 1996; Morris
et al., 2002).

The advent of the polymerase chain reaction (PCR, Saiki et al., 1986,
1988) made previously inaccessible, uncultured natural microbial commu-
nities available for analysis for the first time by the amplification of specific
gene fragments from either whole communities or specific organisms
(Britschgi and Giovannoni, 1991; Giovannoni et al., 1990; Pace et al.,
1986). Since then the recognised diversity of the microbial world has
increased enormously (Hugenholtz et al., 1998), with many new, previously
unrecognised clades of microbes being detected in a host of unexpected and
often seemingly very hostile environments, from the rocks of the deep sub-
surface to high in the atmosphere (Hugenholtz et al., 1998; Oren, 2004). In
many cases, however, all that exists of most of these new ‘organisms’ are
short sequences of phylogenetic marker genes, such as the 16S/18S rRNA
gene, which give little or no insight into the physiology of the organism
detected. PCR analysis of functional genes associated with specific respirato-
ry processes, such as sulphate reduction (dsrAB; Joulian et al., 2001; Wagner
et al., 1998) or denitrification (nirS and nirK; Braker et al., 1998; Throbick
et al., 2004) or metabolic processes, such as ammonia oxidation (amoA;
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Sinigalliano et al., 1995, Ward and O’Mullan, 2005) allowed the diversity of
organisms involved in specific processes to be investigated: at last links could
start to be forged between microbial community structure and specific eco-
system processes. Further links between community structure and function-
ing could be made by analysing rRNA or functional gene mRNA using
reverse transcriptase PCR (RT-PCR) as the detection of either rRNA or
mRNA from an organism is an indication that it is active in situ (Bernhard
et al., 2007; Chin et al., 2008; Dar et al., 2007; Kandeler et al., 2006; Smith
et al., 2007). There is good evidence that the level of rRNA in a bacterial cell
is correlated with the level of its activity (Kemp ef al., 1993; Rosset et al.,
1966), although such a link is less clear for the presence of mRNA and
activity (Feder and Walser, 2005).

The more recent development of quantitative PCR has made it possible to
address the issues of abundance more directly, by counting the number of
specific genes or mRNA transcripts in a sample (Bernhard et al., 2007; Smith
et al., 2007). Even so, qPCR counts the number of copies of specific target
genes, not organisms themselves. As gene copy number per cell can vary,
especially for 16S rRNA genes and even for protein-coding genes
(VanGuilder et al., 2008), such data needs to be interpreted with a modicum
of caution.

The enormous growth in the number of sequences in the global databases
has made it possible to target a large number of organisms using array and
microarray technologies. Here short pieces of DNA (probes), either from a
specific organism or derived from database analyses, are attached to a slide
and then hybridised to DNA and/or RNA extracted from a sample, to
produce a fluorescent signal proportional to the amount of binding of the
applied DNA/RNA to the probes on the array. Microarray technologies
have been used to study microbial communities, as these allow very large
numbers of potential organisms or genes to be analysed in a single experi-
ment. Both phylogenetic arrays (DeSantis ez al., 2007) and functional gene
arrays (He et al., 2007, 2010a) have been used with some success. The major
limitations of microarrays are that only those organisms targeted by the
probes put on the slide can be detected and arrays tend to have relatively
poor dynamic detection ranges and poor signal-to-noise ratios (Bloom et al.,
2009; van Vliet, 2010).

Despite having access to markers for the presence and activity of microbes
it is still difficult to make links between the structure of a community (who is
present, and in what numbers) and the processes taking place in situ (what
ecological roles are being performed): taking microbial ecology out of the
laboratory and into the natural environment is still a challenging step.
Specific analytical methods have been used to make such links, including
the uptake of stable and radio isotopes of tracer molecules or by the experi-
mental manipulation of communities to determine the effects of added
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substrates (Boschker et al., 1998; Lee et al., 1999; Manefield et al., 2002;
Ouverney and Fuhrman, 1999; Purdy ef al., 2002, 2003b; Radajewski et al.,
2000) with some notable successes. However, these are still inevitably focused
on specific processes and organisms and involve perturbations and manip-
ulations of communities, rather than assessing structural-functional linkages
in natural ecosystems.

B. Genomics and Post Genomics in Microbial Ecology

A further major step forward in molecular microbial ecology came with the
advent of genome sequencing, initially of single strains of organisms
(Fleischmann ez al., 1995) and then of genomic DNA fragments extracted
directly from the environment (Handelsman, 2004). These new environmen-
tal analyses, initially called environmental, community or functional
genomics, or ecogenomics, but now generally known as metagenomics
(Handelsman, 2004; Tringe and Rubin, 2005), largely avoids the selective
problems associated with PCR-based methods and could conceivably allow
access to the whole gene pool within an environment. This has opened up a
vast new range of applications and research vistas and has finally placed
molecular and microbial biology firmly within the core of general ecology,
much of which has been dominated for decades by community-level studies
of macro-organisms. The potential to completely sequence all the genes in an
environment suggested that it was also possible to define all the metabolic
pathways that could occur within a system (Buckley, 2004). Metagenomics
was rapidly followed by the application of post-genomics technologies,
transcriptomics, proteomics and metabolomics (DeLong, 2009 and refer-
ences therein) and the potential to define not just what the microbes in a
system could potentially do but also what they were actually doing. Thus, it
appeared that all of the barriers that had stood in the way of microbial
ecology were finally falling, due to the application of large scale analytical
methods that simply sequenced everything to expose the capacity and func-
tions of all of the organisms within a sample (DeLong, 2009). Arguably, the
challenge now is not so much the difficulty of extracting sufficient data, but
rather the need for advanced bioinformatics approaches to handle the vast
amounts of information that can now be generated rapidly from even a small
number of samples.

Although they have provided important breakthroughs in their own
right, these technical advances and sophisticated methods do not in them-
selves create the understanding and integration across different ecological
levels that is needed to build a true systems-based approach to ecology
(Vandenkoornhuyse et al., 2010). This could be provided, however, by the
range of next generation sequencing (NGS) technologies that have appeared
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very recently and which seem destined to make a major contribution to
ecology. Given their potential to generate significant paradigm shifts in all
spheres of ecology, but particularly in integrating community and ecosystems
approaches, we will consider NGS technologies in more detail in the context
of what they are, what they offer, and the prospects for future advances.

III. NEXT-GENERATION SEQUENCING
TECHNOLOGIES

A. A New Paradigm

Occasionally a new technology is developed that revolutionises biology.
Between 1975 and 1977 Sanger and colleagues devised a method of DNA
sequencing based on dideoxynucleotide chain-termination (Sanger and
Coulson, 1975; Sanger et al., 1977a,b). With subsequent technological devel-
opments (Hunkapiller ez al., 1991; Smith et al., 1986), this method resulted in
the successful sequencing of the ~ 3 billion base pairs of the human genome
(Collins et al., 2004; Lander et al., 2001) after 13 years of work by hundreds
of researchers and hundreds of DNA sequencing machines running in paral-
lel, at an estimated cost of $3 billion. For comparison, in 2009, a human
genome was sequenced for just $48,000 by three people using only four DNA
sequencing machine runs (Pushkarev et al, 2009); an indication of the
exponential increase in sequencing power and declining costs over that
period (Figure 3). This monumental shift in both cost and efficiency is
based on new chemical techniques, miniaturization, parallelization, high-
throughput and technological advances in computing and image detection,
which in combination are commonly referred to as NGS. The paradigm shift
associated with NGS is rapidly changing the field of biology at all levels of
organization, from molecules to ecosystems, and promises to alter the way
ecologists view the natural world in many unexpected ways.

There are currently four commercially available NGS platforms, and one
near-commercial platform, which differ in both protocols and in the nature
of the data generated. All have particular strengths and weaknesses, with
some more suited to specific biological questions than others. Here we
present a brief introduction and technical review, to highlight these new
technologies, and discuss the relative merits and potential applications of
NGS in an ecological context.

NGS requires only a few microgram quantities of DNA, and therefore the
time-consuming cloning into bacterial hosts followed by multiple rounds of
PCR amplification can be bypassed. Instead, the template is isolated directly
from the source, fragmented, amplified in a limited way (or not at all), and
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Figure 3 More bang for your buck: the rapid growth of sequencing power and
declining costs over the last decade, expressed as an exponential increase in efficiency
over time (data extracted from Hudson (2008)). On average there is close to an order
of magnitude (f=0.9) increase in efficiency per year over the time series (dashed line;
r*=0.906). However, the relationship is better described by two separate regressions,
shown as the solid lines (*=0.978 and r*=0.999, respectively), as a step change
occurs from 2004 onwards as NGS technologies emerge and improvements in effi-
ciency increase dramatically, with the scaling coefficient increasing from =0.6 to
2 orders of magnitude per year.

attached to a solid surface or support (see Figures 4-8). Either clonally
amplified templates from single DNA molecules or single DNA-molecule
(non-amplified) templates can be used here, with the former being derived
from either emulsion PCR (emPCR) (Dressman et al., 2003) or solid-phase
amplification (Fedurco et al, 2006). NGS platforms use three types of
mechanism for sequencing the templates: (1) single-nucleotide addition
(454 pyrosequencing); (2) cyclic reversible termination (CRT) (Illumina/
Solexa and Helicos) and (3) real-time sequencing (Pacific Biosciences).
Sequencing by ligation (ABI SOLiD) is also discussed. The key feature of
all these methodologies is sequencing by synthesis: that is, the DNA tem-
plates are sequenced at the same time as DNA polymerization takes place.
A description of these platforms is given below and a brief outline of some of
their features and how they have been used is given in Table 1.



Table 1 Comparison of next-generation sequencing platforms and their advantages and disadvantages in the context of ecological research

Platform

Library/template
preparation

Chemistry

Read length
(basepairs)

Gbp per run

Pros

Cons

Applications

454 Pyrosequencer
GS FLX Titanium

Fragment

Single-nucleotide

~400

~0.4

Fast run times
Longer reads

High error rates in
homopolymer

De novo genome
Metagenome

PCR amplicon

Solexa GA”

Fragment

Cyclic-reversible

<150 (average 75)

Upto 18

HeliScope (Helicos

Cyclic-reversible
termination

Most widely used

Fast run times

Variant discovery
by whole-genome
resequencing
Seq-bases methods
(RNA-Seq and

Seq-based methods @
(RNA-Seq and
ChIP-Seq)

SOLiD 4 (Life/Applied

BioSciences) Biosystems)
Fragment Fragment

Mate-pair Mate-pair

(Single molecule) emPCR

Sequencing by ligation

<55 (average 35) <50

Up to 35 Up to 100
Single-molecule ® Two-base encoding
sequencing, provides inbuilt error
therefore non- correction
biased
representation of
templates
High error rates ® Long run times
Short reads ® Short reads

Variant discovery by
whole-genome
resequencing

SMRT (Pacific
Biosciences)

Fragment
(Single-molecule)

Real-time

964 (average)

N/A

® [ ongest read-length

Single-molecule
sequencing,
therefore non-biased
representation of
templates

High error rates

De novo genome
assemblies
Full-length
transcriptome
sequencing



Microbiome studies
(within-organism
ecosystems)

Environmental
ecosystems

Analysis of
obesity associated
gut

microbiome
(Turnbaugh et al.,
2006)

Oral microbiome
(Zaura et al.,
2009)

Functional
profiling of nine
biomes

(Dinsdale e al.,
2008)

Analysis of
honeybee colony
collapse

disorder (Cox-
Foster et al., 2007)

® Human gut ® None at present
microbial gene
catalogue (Qin
et al., 2010)

® Genome ® None at present
sequencing from
enrichment culture
of novel microbe
(Ettwig et al., 2010)

® Used to confirm the
role of a proposed
causative agent of a
disease in citrus trees
(Tyler et al., 2009)

® None at present

® None at present

® None at present
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B. 454 Pyrosequencing (Roche)

The 454 system was the first commercially available NGS platform (Margulies
et al., 2005). Genomic DNA is randomly fragmented and universal DNA
adaptors of known sequence are ligated to the free ends (Figure 4A). The
resultant DNA fragments are denatured into single strands and captured on
micro-beads coated with complementary adaptors under conditions that fa-
vour the addition of only one DNA molecule per bead (Figure 4B). Each DNA
template is clonally amplified using emPCR. This reaction takes place within
single aqueous droplets, each containing a single micro-bead with a bound
DNA template (Figure 4C). Following amplification, each micro-bead, con-
taining millions of identical copies of the DNA template, is enriched and
deposited onto an array (Figure 4D). It is here that the DNA sequencing
takes place via single-nucleotide addition, in a method known as pyrosequen-
cing (Ronaghi et al., 1998). Additional beads carrying the enzymes sulphur-
ylase and luciferase are added to each well followed by the introduction of a
single-nucleotide species, which flows across the wells (Figure 4E). Where this
results in the incorporation of nucleotide, pyrophosphate is released which, in
an enzymatic-catalyzed reaction, is converted into a burst of light (Figure 4F)
whose intensity is proportional to the number of incorporated nucleotides and
recorded as a series of peaks called a flowgram, from which a sequence can
then be determined (Figure 4G). The sequencing cycle is repeated with each of
the four nucleotides added sequentially until the desired read length is attained.
Using the GS FLX Titanium platform, up to 1 million beads, each coated
with a clonally amplified DNA molecule, are pyrosequenced in parallel. With
individual sequence read lengths of up to 400 bases, a single run can generate
400 Mb of sequence in 10 h. Using an improved sequencing chemistry, Roche
currently report an average read length of 657 bases, which would boost
coverage to over 650 Mb per run. The long reads (400+ bps) now being
produced by 454 sequencing are sufficient to allow robust phylogenetic
analysis of rRNA or functional genes. The capacity to acquire data that
can be analysed robustly without the need to assemble contigs greatly
reduces analysis time and increases the level of confidence with which such
data can be interpreted. These are important advantages in ecological studies
that may involve analyzing many samples, and are particularly well-suited to
quantifying biodiversity in natural or experimental communities.

C. Illumina Genome Analyzer
Commonly referred to as ‘Solexa’, this platform currently dominates the

market (Bentley et al., 2008). DNA libraries are constructed from fragmen-
ted genomic DNA and clonal amplification is achieved via solid phase.
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Single-stranded DNA fragments are ligated to universal adapters of known
sequence (Figure 5, Step 1) and randomly arrayed on a glass slide containing
adapters which also act as primers for the sequencing reaction (Figure 5,
Step 2). Each DNA fragment is clonally amplified by bridge amplification to
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Figure 5 (Continued)
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Figure 5 Outline of the Illumina Genome Analyzer workflow. (1) Randomly frag-
ment genomic DNA and ligate adapters to both ends of the fragments. (2) Bind single-
stranded fragments randomly to the inside surface of the flow cell channels. (3) Add
unlabelled nucleotides and enzyme to initiate solid-phase bridge amplification.
(4) The enzyme incorporates nucleotides to build double-stranded bridges on the
solid-phase substrate. (5) Denaturation leaves single-stranded templates anchored
to the substrate. (6) Several million dense clusters of double-stranded DNA are
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produce clusters (Figure 5, Steps 3-6). Eight independent lanes are contained
on a single flow-cell, meaning eight independent libraries can be sequenced in
parallel during the same instrument run, thus reducing time and reagent
costs, whilst increasing throughput.

After cluster generation, the single-stranded amplicons are sequenced by
CRT (Figure 5, Step 7). All four dye-labeled modified nucleotides containing
reversible blocking groups are added in a cyclical process that includes
nucleotide incorporation, fluorescence imaging and cleavage (Bentley et al.,
2008). Due to the presence of the blocking group on the modified nucleotide,
DNA polymerase adds just one nucleotide, complementary to the template
strand, before synthesis terminates. Unincorporated nucleotides are washed
away and the incorporated nucleotide is detected by laser imaging (Figure 5,
Step 8). A cleavage step then removes the blocking group from the
incorporated nucleotide, allowing another modified nucleotide to be added
and the cycle is repeated (Figure 5, Steps 9 and 10). In the Illumina/Solexa
method, each of the four nucleotides carries a different fluorophore, allowing
discrimination of the incorporated base. By repeated cycles of this method
with imaging after cycle, the DNA sequence of a particular cluster of tem-
plates is determined by computer analysis of that cluster on each sequential
image (Figure 5, Step 11).

Read lengths of up to 150 bases are already routinely possible but, to date,
generally average about 75 bases, with the number predicted to rise rapidly.
The recently introduced Genome Analyzer;;, can generate up to 320 million
reads (640 million paired-end reads), with a total throughput of up to 6.5 Gb
per day, the equivalent of two complete human genome a day. The massive
sequencing capacity and reasonable read-length delivered by Solexa makes
deep sequencing of many samples possible, as shown by Qin et al. (2010) in
an analysis of the human gut microbiome of over 100 people. It is also
extremely useful in analyzing small molecules such as non-coding RNA
(ncRNA (Perkins et al., 2009)).

generated in each channel of the flow cell. (7) The first sequencing cycle begins by
adding four differently labelled reversible terminators, primers and DNA polymerase.
(8) After laser excitation, the emitted fluorescence from each cluster is captured and
the first base is identified. (9) The next cycle repeats the incorporation of four labelled
reversible terminators, primers and DNA polymerase. (10) After laser excitation, the
image is captured as before, and the identity of the second base is recorded. (11) The
sequencing cycles are repeated to determine the sequence of bases in a fragment, one
base at a time until the desired read-length is achieved. The data are subsequently
aligned and compared to a reference, and sequencing differences are identified.
Images copyright of Illumina, Inc. (2010). All rights reserved. Used with permission
of Illumina, Inc.
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A more recent advancement by Helicos Bioscience Corporation has seen the
introduction of NGS based on single-molecule templates (Harris et al., 2008).
Here, no amplification is required and <1 ug of starting material can be
analysed. The key advantage of single-molecule sequencing is that no PCR-
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Figure 6 Outline of the HeliScope workflow. (A) 1. Genomic DNA is randomly
fragmented. 2. DNA fragments are separated into single strands and a polyA universal
priming sequence is added to the 3’-end using Terminal Transferase. 3. Each strand is
then blocked by addition of a modified adenosine nucleotide. 4. These labelled DNA
strands are then hybridised to the Helicos flow cell, which contains millions of oligo-dT
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based errors or amplification biases are introduced into the sequencing
template. Genomic DNA is randomly fragmented and single-stranded
DNA molecules are generated, to which polyA tails are added in an
enzyme-catalysed reaction (Figure 6, Steps A1-A3). DNA templates are
then immobilised on a solid support attached to the flow cell, which contains
spatially distributed primers (oligo-dT), complementary to the polyA tails
(Figure 6, Step A4).

The CRT method of sequencing differs from that provided by Illumina/
Solexa since each dye-labeled nucleotide is added sequentially. Following
incorporation of the first dye-labeled nucleotide, a laser illuminates the surface
of the flow cell, which determines the location of each fluorescently labeled
single-molecule template. A camera then produces a map of the flow cell
surface by taking sequential images across it. A cleavage step then removes
the dye and the blocking groups to permit the addition of the next dye-labeled
nucleotide in the following cycle (Figure 6, Steps B2-C4). This sequencing
cycle is repeated with the other three dye-labeled nucleotides, with the number
of cycles determining read length. The DNA sequence of a particular single
molecule is determined by analysis of the images taken after each sequencing
round. Read lengths of up to 55 bases (average read length 36 bases) have been
reported with up to 35 Gb per run and as much as 1 Gb per hour.

This technology can produce 10 times as much data per run as the Solexa
sequencer but the very short reads are best suited to analyses of small
molecules and transcriptomes of previously sequenced organisms. While it
is still difficult, at present, to see obvious broad ecological applications, it has
been used to accurately quantify a yeast transcriptome over 4 orders of

capture sites that are immobilised on a solid-support. 5. The extra adenosine nucleo-
tides on the template strands are filled in by addition of thymine nucleotides, and the
template strand is locked in place at the first non-adenosine base by the addition of
Virtual Terminator (VT) nucleotides. This also serves to label the templates. (B) 1. A
laser then illuminates the surface of the flow cell showing the location of each fluores-
cently labelled template. A CCD camera then produces a map of the templates on the
flow cell surface by taking a sequence of images across the flow cell in a step-wise
pattern. 2. After the templates have been imaged the template label is cleaved and
washed away. (C) 1. The sequencing reaction begins by the introduction of DNA
polymerase and a fluorescently labelled nucleotide (in this case cytosine). The labelled
nucleotide is incorporated in a template-dependent manner. 2. A wash step removes
the DNA polymerase and any unincorporated labelled nucleotide. 3. The templates
that have incorporated a cytosine are then visualised by illuminating and imaging the
entire flow cell surface. 4. After imaging a cleavage step removes the fluorescent labels
and the process (C1-C4) continues by addition of each of the other three labelled
nucleotides in a step-wise, pre-determined manner and repeats until the desired read-
length is achieved. Images copyright 2010. Helicos BioSciences Corporation. All rights
reserved. Used with permission of Helicos BioSciences Corporation.
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magnitude (Lipson et al., 2009), so it could be especially useful for character-
ising the functioning and gene expression of certain key microbial taxa.

E. SOLID (Life/Applied Biosystems)

In the Support Oligonucleotide Ligation Detection (SOLiID) system, se-
quencing is achieved by using a DNA ligase rather than a polymerase
(Valouev et al., 2008). DNA libraries are prepared and amplified on micro-
beads by emPCR (as in 454 pyrosequencing, see Figure 4A-C). Sequential
rounds of ligation to a collection of fluorescently labeled probes (octamers)
are performed, with imaging used to determine their identity after every
round of probe hybridization (Figure 7A, Steps 1-4). The octamers are
structured such that the identity of specific positions within the probes corre-
late with the identity of the fluorescent label (see Figure 7B). After ligation, the
octamer is chemically cleaved to remove the fluorescent label, and the cycle is
repeated nine more times to give 10 colour calls (Figure 7A, Steps 1-4). The
number of ligation cycles determines the eventual read length. The primer is
then removed and a second round of ligation is performed with an ‘n—1’
primer, which shifts the interrogation bases and the corresponding colour
calls one position to the left (Figure 7A, Steps 5 and 6). Nine more ligation
cycles follow, followed by three more rounds of ligation cycles with ‘base-
shifted’ primers (n—2, n—3 and n—4). Colour calls from the five ligation
rounds are then arranged into a linear sequence (Figure 7A, Step 7). Using
the SOLID 4 system, read lengths of up to 50 bases are currently possible, with
an expected throughput of up to 100 Gb per run.

As with the HelioScope the short reads of the SOLiD system make wide-
spread ecological applications more difficult to envisage than with 454 pyr-
osequencing, but the technology has been used, along with Solexa
sequencing, to analyse ncRNA in grapevines (Picardi e al., 2010) and to
identify the causative agent of a disease in citrus trees (Tyler et al., 2009).

F. SMRT Technology (Pacific Biosciences)

The near-commercial SMRT technology from Pacific Biosciences offers a
further revolution in DNA sequencing (Eid et al., 2009). Like the Helio-
Scope, single DNA molecules are sequenced but in real-time, such that
nucleotides do not halt the DNA polymerase and synthesis. Incorporated
dye-labeled nucleotides are imaged continuously during the latter process. In
this approach, genomic DNA is randomly fragmented and hairpin structures
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Figure 7 Outline of the SOLID 4 workflow. DNA libraries are prepared and ampli-
fied on beads by emPCR (see Figure 4A—C). (A) Step 1: Universal sequencing primers
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compete for ligation to the template strand. The 1,2-nucleotide probes are designed to
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are ligated to both ends of the DNA (Figure 8A). Single molecules of a
strand-displacing bacteriophage DNA polymerase are attached to a solid
support and template molecules are added to the immobilised polymerase
(Figure 8B) within individual nanostructures (zero-mode waveguide [ZMW];
Levene ef al., 2003) with an observation volume of just 10~2! 1. At this
volume, the activity of a single molecule can be detected (Figure 8C) and
the real-time incorporation of one of four differently dye-labeled nucleotides
can be observed by monitoring the fluorescence pulse (Figure 8§D).

With reported average read lengths of 964 bases (Metzker, 2010), and with
each ZMW capable of producing up to 400 kb of sequence per day, an array of
only 14,000 ZMWs would be required to produce the equivalent of one human
diploid genome per day (Eid et al., 2009). Currently SMRT DNA sequencing
is performed on proprietary SMRT Cells, each having an array of approxi-
mately 75,000 ZMWs: that is, offering the potential detection of approximate-
ly 75,000 single-molecule sequencing reactions in parallel. As this technology
has not yet been released onto the market there are currently no published
reports of its use in any area of ecology, however, the very long reads could
enable deep sequencing of samples that produce robust data of environmental
samples. As with all new technologies, the real test is not in the claims of what it
can do but what it actually does when faced with real samples.

G. Improving Analysis of Multiple Samples and Increasing
Read Length in NGS Runs

Various strategies exist in order to utilise the sequencing capacity of NGS
platforms fully. Although application-dependent, for many studies, including
organisms with small genomes or for those involving the genome-wide

interrogate the first and second positions adjacent to the sequencing primer (shown
here as TA), such that the 16 possible di-nucleotides are encoded by four dyes (see also
Figure 7B). Step 2: Following ligation, fluorescence is detected by laser excitation
during four-colour imaging. Step 3: The ligated 1,2-dinucleotide probes are chemical-
ly cleaved between the fifth and sixth nucleotides with silver ions to generate a free 5'-
phosphate group. Step 4: The SOLID cycle (Steps 1-3) is then repeated nine more
times. Step 5 and 6: The extended primer is then stripped off and a second round of 10
ligations is then performed with a universal sequencing primer one base shorter than
the previous one (‘n—1’). Step 7: Three more rounds of ligation cycles are performed
with n—2, n—3 and n—4 primers. Colour calls from the five ligation rounds are then
arranged into a linear sequence. Through the primer reset process, virtually every base
is interrogated in two independent ligation reactions by two different primers. For
example, the base at read position 5 is assayed by primer number 2 in ligation cycle
2 and by primer number 3 in ligation cycle 1. (B) A two-base encoding scheme in
which four di-nucleotide sequences are associated with one colour. The decoding
matrix allows a sequence of di-nucleotides to be converted to a base sequence, as long
as one of the two bases is known. Images copyright 2010. Life/Applied Biosystems.
All rights reserved. Used with permission of Life/Applied Biosystems.
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Figure 8 Outline of the SMRT workflow. (A) Genomic DNA is randomly fragmen-
ted and hairpin adapters are ligated to both ends. The templates can then go through
the sequencing reaction. A strand displacing bacteriophage DNA polymerase opens
up the DNA structure into a circular template and can generate independent reads,
both forward and reverse of the same DNA molecule. (B) The bacteriophage DNA
polymerase is immobilised at the bottom of each ZMW, nucleotides diffuse into the
ZMW chamber and are processively incorporated in real-time to produce a long
continuous template-directed DNA molecule. (C) Only the bottom 30 nm of the
ZMW is illuminated, therefore only those nucleotides near the bottom fluoresce.
Both excitation and detection occur without interruption through the transparent
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mapping of DNA-associated factors where only a fraction of a genome is
sequenced (Hurd and Nelson, 2009), the full capacity of NGS platforms is
not required. Furthermore, there are also limitations to the number of different
samples that can be processed in parallel at any one time. Two recently reported
adaptations to NGS protocols that employ a multiplex (or bar-coding) strategy
combined with either the 454 pyrosequencing platform (Meyer et al., 2007,
2008) or the Solexa/Illumina platform (Lefrancois ez al., 2009) offer a solution
to both these issues. Each uses a bar-coding system, whereby unique ‘tags’ are
included in the oligonucleotide adapters ligated to DNA library fragments.
After individual library generation, libraries can be pooled and sequenced in
parallel and the tags used subsequently to identify the sample origin of individ-
ual reads. Bar-coding of multiple samples reduces the depth of sequencing
(number of sequences reads per sample) for each sample but this can be
extremely useful when using an NGS technology to analyse an amplified
gene, where several thousand sequences will probably prove to be sufficient
for a comprehensive analysis. Such an approach has been used recently in a
temporal analysis of a lake protist community Nolte ez al. (2010).

Mate-paired reads also offer increased sequencing reads per machine run.
This strategy is particularly useful for the de novo assemblies of genomes and
in the analysis of structural variants (SV) between related genomes (see
Section V and references therein). Here, DNA libraries are prepared with
fragments of a known size, with sequencing directed from both ends of the
DNA fragments, rather than from just one, thus doubling the amount of
sequence obtained. Since the sequenced ends are of a known distance apart,
reads can be aligned to a reference genome and distances compared (as with
SV analysis), or overlapping mate-pair libraries can be used to build larger
contiguous sequences of DNA for de novo assembly.

These methods can be useful in an ecological context, where for instance
we might wish to split a previously pooled sample to identify, for instance,
replicates within an experimental treatment, dates within a seasonal study or
quadrats positions within a spatial survey. The great advantage of this is that
the efficiency of the yield-to-cost ratio can be tweaked to acquire the opti-
mum output, to keep running costs down whilst also minimizing machine
time, by running multiple samples simultaneously (e.g. replicates can be
marked, pooled, sequenced, and then subsequently disentangled).

glass bottom of the SMRT Cell. (D) Step 1: Fluorescent phospholinked labeled
nucleotides are introduced to the DNA polymerase. Step 2: The base being
incorporated is held in the detection volume for tens of milliseconds, producing a
bright flash of light, which is recorded as a pulse. Step 3: The phosphate chain is
cleaved, releasing the attached dye molecule. Steps 4 and 5: The process repeats.
Images copyright 2010. Pacific Biosciences. All rights reserved. Used with permission
of Pacific Biosciences.
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IV. GENOME SEQUENCING: FUNCTIONAL
DIVERSITY IN ECOLOGY

Once DNA sequences have been generated, they can be aligned to a known
reference sequence or assembled de novo. The alignment method is useful for
identifying genetic variation, SV, or single-nucleotide variants (SN'V) in highly
related genomes. For example, genome variation has been analyzed in this way
for various species of bacteria (Moran et al., 2009; Nusbaum et al., 2009;
Srivatsan et al., 2008) and eukaryotes (Hillier et al., 2008; Ossowski et al.,
2008; Sarin et al., 2008; Shen et al., 2008), including humans (Ahn et al., 2009;
Bentley et al., 2008; Kim et al., 2009; Wang et al., 2008). The SOLiID and
HeliScope platforms have also been used to sequence the human genome
(McKernan et al., 2009; Pushkarev et al., 2009). Within these new technologies
there exists the capacity to analyse a sample to detect the real extent of
diversity within specific organismal groups. This is particularly relevant for
microbial populations where small differences between strains can be critical
to their functional role in the environment (see references above).

Alignment of sequencing reads to complex genomes can be complicated by
the presence of repetitive regions. Mate-pair reads are commonly employed
to overcome this particular issue, where one read of the pair is unique to the
genome, and in this way reads can be anchored to the reference genome. This
approach also allows for the identification of SVs: larger regions of genomic
variation such as substitutions, insertions, deletions, inversions, duplications
and copy-number variations (Korbel et al., 2007).

Existing NGS platforms generate relatively short reads, and therefore de novo
assemblies have so far been limited to relatively small genome sizes, mostly
among bacteria and archaea (Chaisson and Pevzner, 2008; Hernandez et al.,
2008; Margulies et al., 2005). More recently Li ez al. (2010b) published the first
true de novo assembly of a large eukaryotic genome (giant panda) based entirely
on short-reads generated by NGS, and the complete genomes of humans have
also now been assembled de novo (Li et al., 2010c).

Since relatively small amounts of starting material are required for NGS
approaches, the ability to sequence genomes from ancient organisms has been
revolutionised, enabling ecologists and evolutionary biologists to look back
through deep time. Palacogenomics has previously focused on sequencing the
relatively abundant mitochondrial DNA that routinely requires many rounds of
PCR amplification prior to traditional DNA sequencing. Owing to the low
amount of genomic material from fossilised or preserved materials, however,
the nuclear genome has thus far proved elusive. NGS allows not only an
unbiased approach, but by aligning sequencing reads to phylogenetically related
species, this allows contaminating DNA from microbial species to be removed
from the analyses, or studied in parallel. These types of studies facilitate the
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exploration of evolutionary pathways and phylogenetic relationships, which
could, for instance, be mapped onto previous climates or fossil communities
within long-extinct ecosystems: NGS has resulted in the partial sequencing of the
nuclear genomes of the cave bear, Ursus spelaeus from 40,000-year-old bones
(Noonan et al., 2005), the woolly mammoth, Mammuthus primigenius, from
20,000-year-old hair shafts (Miller et al., 2008), a 4000 year-old male Palaco-
Eskimo from permafrost-preserved hair (Rasmussen et al., 2010) and from two
38,000-year-old fossilised Neanderthals (Green et al., 2006; Noonan et al., 2006).

This ability of NGS to deal with tiny sample sizes also holds great promise
for its potential applications to contemporary as well as palaeo-ecology. For
instance, it could be particularly useful for ‘remote sensing’ of the diets and gut
flora of rare or protected species via faecal analysis in food web studies.
Similarly suctorial feeders (e.g. aphid herbivores and many predatory beetles)
have no visually recognizable gut contents and are therefore often omitted
from traditional food web studies (e.g. Woodward et al., 2010c), despite the
fact that they can be very abundant and may perform key functional roles.
Sufficient DNA could potentially be extracted from their guts and charac-
terised using molecular techniques, rather than the less efficient and more
time-consuming immunological responses (Carreon-Martinez and Heath,
2010). As previously noted, NGS can also be used to detect interactions
between eukaryotes and potential pathogens within food webs, which have
also been largely ignored in traditional ecology, for instance, via characteriz-
ing viromes in the faeces of vectors or intermediate hosts (e.g. Lief al., 2010a).

V. TRANSCRIPTOMICS: FUNCTIONAL EXPRESSION

The transcriptome is the complete set of RNA transcripts in a cell, including
mRNA, ncRNAs, and small RNAs. Such information allows the elucidation
and determination of the transcriptional structure of genes, in particular
enabling changes in expression levels and patterns of transcripts to be quan-
tified in response to different cellular conditions/stimuli or changes in whole
communities within environments (metatranscriptomics).

NGS allows the mapping and quantification of transcriptomes (RNA-Seq),
via the isolation of total RNA (or enrichment of a particular RNA species) and
enzymatically converting it to a library of complementary DNAs (cDNA) using
reverse transcriptase. Universal adapters of known sequences are then ligated to
the ends of the cDNAs, and NGS is then performed. Transcripts can be
analysed from both 5 and 3’ ends to determine both the start and the end of a
particular transcript, and a mate-pair strategy (see Section IV.G) allows se-
quencing of both ends simultaneously. Transcriptome studies have already been
carried out in a small number of eukaryote species (Cloonan et al., 2008; Lister
et al.,2008; Morin et al., 2008; Mortazavi et al., 2008; Nagalakshmi ez al., 2008;
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Wilhelm et al., 2008). Using these methods it has been shown that up to 90% of
the genome in yeast appears to be transcribed, with many transcripts being non-
coding. Such results indicate the complexity of eukaryotic transcriptomes and
that their analysis, even solely in terms of the data produced, is challenging even
before the data is interpreted in a functional sense.

Transcriptome analyses in bacteria and archaea are further complicated by
the fact that unlike eukaryotic mRNAs, most bacterial and archacal mRNAs
do not have a polyA-tail. Furthermore, most bacterial and archacal RNA
preparations contain up to 80% rRNA and tRNA. Thus far, transcriptome
studies in bacteria have required the enrichment of mRNA, usually by the
selective depletion of tRNA and/or rRNA (Liu et al., 2009; Passalacqua
et al., 2009; Perkins et al., 2009; Yoder-Himes ef al., 2009). In the study by
Yoder-Himes et al. (2009) two strains of Burkholderia cenocepacia were
compared, one from soil and another from a cystic fibrosis patient, at the
transcriptome level under differing conditions and identified a subset of
RNAs that may explain their different habitats and pathogenic potential.

Metatranscriptomics have been applied recently in a few studies that have
attempted to characterise gene expression across multiple species, such as the
recent study of microscopic eukaryotes (including protists and small metazoans)
within soil communities (Bailly ez al., 2007). Recent reports suggest, however,
that metatranscriptomes are still subject to very poor coverage and are not
reliably reproducible (Gifford et al., 2010; Stewart et al., 2010). However, the
development of single-molecule technologies could directly address these issues
and make metatranscriptomics a more viable methodology in the near future.

VI. APPLICATION OF SEQUENCING IN ECOLOGY

A. Unveiling the Planet’s Hidden Biodiversity

The advent of DNA sequencing has revolutionised molecular, microbial and
general ecology, by enabling scientists to identify which and how many
species are present in the system under study, and to consider both the
microscopic and macroscopic world together. Most fundamentally the Tree
of Life, now changed beyond recognition, and the discovery of lateral gene
transfer as a factor in the evolution of all organisms has altered our under-
standing of both the ecological and evolutionary relationships between
organisms. In the context of building a systems biology for ecology, probably
the most dramatic recent change is the application of NGS to analyse com-
munities, whether via metagenomics or by the analysis of amplified PCR
products. We will highlight some metagenomics studies and critique the use
of this, and other post-genomics approaches in ecology.
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Most published metagenomics studies predate NGS, and were based on
Sanger sequencing of cloned vectors, often plasmids. Such studies can be
characterised as ‘discovery’ science, as there were generally no specific «
priori hypotheses to be tested. Even now, many studies are primarily ‘fishing
expeditions’, although a few have started to move into more sophisticated
empirical end experimental cause-and-effect studies as the field has begun to
mature as a scientific discipline (e.g. He et al., 2010b). To illustrate the types
of studies, and the data and insight they have tended to produce, four case
studies are discussed briefly below.

B. Four Ecological Metagenomic Case Studies

There are many genomics and post-genomics studies in microbial ecology,
but here we have selected four different case studies to highlight some general
points. These are an analysis of an extreme, low diversity acid mine drainage
(AMD) biofilm system by the Banfield group (Baker ez al., 2006; Lo et al.,
2007; Ram et al., 2005; Tyson and Banfield, 2005; Tyson et al., 2004); Venter
et al’s ambitious Global Ocean Sampling (GOS) expedition (Rusch ez al.,
2007; Venter et al., 2004); the application of Solexa sequencing to the human
gut microbiome (Qin et al., 2010); and the use of single species metagenomics
by Rodriguez-Valera et al. (2009) to investigate the role of viral predation on
biodiversity.

The Banfield group’s work on the environmentally extreme (pH < 1) and
low diversity AMD biofilm system produced two almost complete genomes,
from a Group II Leptospirillum and a type 11 Ferroplasma. Analysis of these
genomes showed that, while both organisms had the potential? or did they
measure rates? aerobically oxidised ferrous iron to ferric iron (Fe** to Fe*™),
the bacterial Leptospirillum fixed carbon which the archaeal Ferroplasma
utilised. Interestingly, the Leptospirillum genome showed very little nucleotide
polymorphism, suggesting either strong selection for this genotype or a very
strong founder effect following the colonisation of the mine. In contrast the
Ferroplasma genome appeared to be a mosaic of three ancestral genomes, with
as many as 400 individual recombination events creating the contemporary
genome. This suggests significant localised diversity in the Ferroplasma popu-
lation, which could increase species resilience to perturbation. Several other
partial Leptospirillum and Ferroplasma genomes were also constructed
showing distinct divergence from the two complete genomes. In the almost
complete genomes about 20% of the genes detected could not be assigned a
cellular function (Tyson et al., 2004). Within this metagenome of 76.2 Mbp
just a single complete nitrogen-fixation operon was found and further work
led to the isolation of the bacterium Leptospirillum ferrodiazotrophum, the
putative sole nitrogen-fixing organism in the system (Tyson et al., 2005).
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Subsequent metaproteomics analysis showed high levels of expression of
genes associated with oxidative stress and iron oxidation, matching the
harsh conditions and predominant oxidative process in the biofilm (Ram
et al., 2005). This study still represents one of the most complete and success-
ful of all genomics and post-genomics analyses of a defined ecosystem, and
points the way for a host of future studies into real-world ecotoxicology and
B-EF relationships in response to environmental stressors.

The GOS Sorceror II expedition was an extremely large and ambitious
shotgun sequencing project, led by Craig Venter. Results from the survey
within the Sargasso Sea (Venter et al., 2004) were surprising in that, despite
collecting over 1 Gbp of data, the study could not reconstruct even a single
genome from these oligotrophic waters. An important finding in the study
was the linking of a gene for aerobic ammonia oxidation to an archaeal
scaffold which, along with a similar finding in soil (Treusch et al., 2005) and
the isolation of marine crenarchaeaon capable of aerobic ammonia oxidation
(Konneke et al., 2005), contributed to a shift in our understanding of this
part of the global nitrogen cycle (Erguder et al., 2009). The authors con-
cluded that their samples contained at least 1800 distinct genomic species and
identified a surprising diversity of genes encoding for bacteriorhodopsin
(now called proteorhodopsin), a light-harvesting protein once thought to
be limited to halophilic archaea but that had been previously identified in
bacterioplankton (Beja et al., 2000). The detection of such a natural diversity
of proteorhodopsin genes indicated this gene was widespread in bacterio-
plankton, suggesting that it plays an important role in carbon cycling in the
oceans. Of the 1.2 million genes identified in the study, ~65% could not be
assigned a cellular function nor aligned with any known organism. This
study highlighted a major issue with metagenomics: that the diversity within
even what was perceived as a relatively simple system simply overwhelmed
the enormous sequencing effort applied to it.

NGS have been used to characterise an ‘internal ecosystem’ — the human
gut microbiome in over 100 people. Qin et al. (2010) exploited the massively
paralleled sequencing capacity of the Solexa technology to analyse this
ecosystem: over 500 Gbp of data were collected, encoding 3.3 million genes
from 1000 to 1150 microbial species. These data showed that each host had a
bacterial population of ~ 160 species. Analysis of a subset of the data showed
that there were clear differences in the gene complements of healthy and
diseased subjects, suggesting a role for gut microbiota in chronic conditions
such as Crohn’s disease and ulcerative colitis. The data has expanded the
depth of knowledge of the potential microbial metabolism within the human
gut by highlighting the potential for gut microbes to use carbohydrates, such
as pectin and sorbitol, which are poorly absorbed by humans. Presumably
these sugars are used by the microbes as an energy source that the human
host does not require. However, even though nearly 200 gut microbes have
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been genome-sequenced, only 12% of the sequenced genes in this study could
be associated with existing human gut microbial genome sequences and
> 80% could not be assigned a cellular function at all.

Rodriguez-Valera et al. (2009) provide an excellent example for how
metagenomics can be used to understand microbial diversity driven by
phage predation. Using single-species metagenomics these authors identified
that natural populations of bacteria and archaea are relatively rich in meta-
genomic islands (MGls), regions of the bacterial genome that are under-
represented in the population, but that include an over-representation of
genes related to phage resistance. These genes are therefore among the most
variable in the population. They then used computer simulations to propose
that Constant Diversity (CD) dynamics, in which density-dependent phage
predation prevents competitively superior strains from dominating the com-
munity, could be behind the maintenance of relatively high strain richness,
with each strain being maintained with a sub-optimal and nearly equal
fitness. They further proposed that the maintenance of such highly diverse
populations can increase ecosystem efficiency (i.e. the decomposition of
organic material), by each strain specializing in exploiting a different
micro-resource instead of an over-abundant one taking most of them.
These findings have direct parallels with classic ecology: first, they show
how (biotic) heterogeneity can explain the maintenance of high diversity
(the ‘paradox of the plankton’ — Hutchinson, 1961); and second, they show
how predation may contribute to maintain strains within populations by
suppressing inter-strain competition, in a manner similar to that shown in
classic experiments with metazoans (Paine, 1966).

Over the 6 years since publication of the Tyson ez al. (2004) paper the
amount of data that can be collected via NGS has increased by nearly four
orders of magnitude, yet proportionately fewer of the genes sequenced can be
unambiguously assigned to a cellular function. The initial issues in metage-
nomics of poor depth of sampling has thus given way to a less conclusive
analysis of more data, as well as concerns about systematic errors in meta-
genome libraries (Gomez-Alvarez et al., 2009). Clearly, there are still major
issues to be resolved in the use of NGS technologies, some of which may be
remedied by more sophisticated bioinformatics approaches when analysing
these vast datasets. It should be noted that the majority of metagenomic
studies still tend to conclude with rather generic statements that the majority
of the genes detected are associated with core metabolic processes, carbohy-
drate utilisation, protein metabolism and lipid biosynthesis. It is perhaps
difficult to be excited by the unsurprising finding that cells use carbon and
make/degrade proteins and lipids, and these rather bland conclusions high-
light the embryonic state of the field at present; the potential for truly novel
insights has barely been tapped and the field is still wide open for exploration
and discovery.
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C. Moving Beyond Traditional Metagenomics

There have been some important and potentially powerful developments in the
field of metagenomics field, including its use in comparative studies (Gianoulis
et al., 2009; Tringe et al., 2005) to determine real differences among systems
from the complex mass of data. These studies have also highlighted the clear
need for proper replication in order to draw statistically significant conclu-
sions: in many instances statistical rigour has been largely ignored, under-
mining the validity of interpretations based on the data collected (Gilbert
et al., 2008, 2009). Other developments include using metagenomics to build
genomes of important uncultured organisms, either from low diversity envir-
onments or from enrichment cultures (Chivian et al., 2008; Erkel ez al., 2006;
Strous et al., 2006) and as an analysis tool for hypothesis-driven experimental
studies, including those using stable isotope probing (Chen and Murrell, 2010
and references therein) and some simple, but elegant, microcosm or even field
experiments (He et al., 2010b; Mou et al., 2008).

The problems and limitations that constrain metagenomics also affect
metatranscriptomics, the analysis of all the transcripts from a system. At
present, transcriptomes often suffer from poor rates of assignment for
detected putative genes (Gilbert et al., 2008), poor coverage (Gifford et al.,
2010) and technical replication such that it has been reported that only 17%
of transcripts were found in common in duplicate runs of the same templates
(Stewart et al., 2010). These issues are exacerbated by the problems asso-
ciated with studying microbial mRNA, including rapid degradation and
poor separation from ncRNA species (Feder and Walser, 2005; van Vliet,
2010). There is clearly much that still needs to be done before metatranscrip-
tomics becomes a readily available ecological tool for molecular analysis of
communities or ecosystems. Even so, successful studies that have focused on
clearly defined subsets of transcripts have been reported, with a large number
of presumably regulatory small non-coding RNA (sRNA) molecules
detected in ocean waters (Shi ez al., 2009), and a small scale metatranscrip-
tomics analysis was used to characterise eukaryotic functional diversity
within soil ecosystems (Bailly et al., 2007). Given the rapid advances made
using NGS within the space of just a few years, it seems likely that metatran-
scriptomics also has the potential to become an integral part of the next
generation of molecular ecology techniques.

D. Next-Generation Sequencing and Biodiversity

NGS technologies have also been used in non-genomics studies, as the very
large numbers of sequences reads make it possible to sample microbial
communities completely. Using 454 sequencing (~400 bp reads) PCR-
amplified functional gene fragments (dsrB) from a specific bacterial genus
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(Desulfobulbus) was sampled completely sampled from 10 sites along an
estuary in the United Kingdom (Figure 9A, unpublished data). As few as
1000 sequence reads were required to effectively analyse the complete diver-
sity of this genus, with nearly 100 operational taxonomic units (OTUs, which
are analogous to ‘morphospecies’) detected along the estuary. Furthermore,
the data from the 454 sequences matched the differential distributions of four
specific Desulfobulbus dsrB genotypes detected independently by molecular
fingerprinting analysis and genotype-targeted qPCR (Figure 10, unpublished
data). Therefore, the perennial problem in microbial ecology of
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Figure 9 Rarefaction analysis of (A) 454 data (~400 bp) of amplified Desulfobulbus
dsrB gene fragments from 10 sites along the Colne estuary, UK. All samples approach
an asymptote; Coverage is >98% (Good, 1953). (B) Protist diversity in a lake
ecosystem, as revealed from 454 sequencing, redrawn after Nolte ez al. (2010).
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undersampling may be solved using NGS (Figure 9). However, these meth-
ods are not necessarily the magic bullet that will solve all diversity problems
in microbial ecology. The first major 454 diversity study, by Sogin et al.
(2006), was unable to completely sample their targeted community, leading
to the proposal of the idea of the rare biosphere, in which there exists a very
long tail of low abundance microbial species. While this was initially seen as a
major breakthrough in understanding microbial biodiversity, the validity of
Sogin et al’s analysis has been vigorously challenged (Kunin et al., 2009;
Quince et al., 2009). Criticisms include the use of very short reads, which
make accurate phylogenetic assignments very difficult, poor quality control,
and a lack of real support for the general idea of the rare biosphere.
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Figure 10  Analysis of the distribution of four genotypes of Desulfobulbus along the
Colne estuary, UK, using amplified dsrB by (A) DGGE fingerprinting, (B) genotype-
specific qPCR, (C) 454 pyrosequencing. The distribution pattern seen in the DGGE

fingerprint is matched by the qPCR and 454 pyrosequencing data showing how
Desulfobulbus is differentially distributed along an estuary.
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VII. LINKING ACROSS MULTIPLE LEVELS OF
ORGANISATION: THE KEY TO UNDERSTANDING
THE SYSTEM

A. Scaling from Molecules to Ecosystems

A systems approach to ecology ultimately requires the ability to scale from
molecules to ecosystems, but making these connections is an extremely
challenging task (DeLong, 2009). Figure 2 shows a simple diagram defining
the flow of information from a gene sequence to an ecosystem process. While
this simplistic figure is useful it fails to highlight the full range of feedback
interactions that can and do occur in the environment. All aspects of organ-
ismal functioning are related to the external environmental conditions and
so, by extension, ecosystem functioning will also be dependent on those
factors (Yvon-Durocher et al., 2010c). For example, the extent to which
sulphate reduction or methanogenesis dominates terminal oxidation of or-
ganic matter is dependent on many factors, including sulphate and organic
carbon availability, temperature, and the presence of alternative respiratory
compounds, such as nitrate or oxygen (Purdy et al, 2003b; Raskin et al.,
1996). A systems approach to ecology will require the incorporation of the
effects of such environmental feedback.

The importance of environmental feedback can be seen by considering at
what level it might affect organisms. Microbes are very directly affected by
their immediate surrounding and control their metabolism as a consequence
of this. This can be represented as regulation during gene expression
(Figure 2), by mRNA half-life and the effects of ncRNA, translational
control and of course protein functional regulation, all of which are basic
biological concepts (Nelson and Cox, 2009). These regulation controls will be
dependent on the environment a cell finds itself in at that particular time and
are further complicated by inter-cellular functions. Consequently there may
be substantial disconnects between the genes present in a system and the
activity of their products (Feder and Walser, 2005), and we therefore need
more robust empirical data to gauge how strong (or weak) these feedbacks
might be. Furthermore, ecologists commonly assume a substantial phenotyp-
ic coherence within defined taxonomic groups, but this is not a valid assump-
tion for many microbes, which are much less clearly defined as species
(Cohan, 2001): recent studies on microbial genomes suggest that bacteria
and archaea have a flexible genome structure that includes a core genome,
comprising the essential and defining genes of a particular clade, and also an
accessory genome, which can vary substantially between individual strains.
This has led to the definition of the pangenome, the total potential genome of
a microbial species group (Medini et al., 2005; Tettelin et al., 2008). Therefore,
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it would appear that no matter how well defined the species concept becomes
for microbes, it will never define the exact phenotype of any particular strain
within that species. Despite these potential caveats and limitations, which add
complexity, but also reality, to a system, the study of microbial members of
communities in terms of ecosystem functioning is becoming increasingly
feasible in natural or experimental systems (Figure 11).

B. Linking Microbial Community Structure and
Ecosystem Functioning

There are many reports that make coherent and well-supported links be-
tween microbial community structure and ecosystem functioning, including
experimental manipulations of microbial communities that have linked spe-
cific organisms to the degradation of specific substrates (He et al., 2010b;
Purdy et al., 1997, 2002, 2003a; Figure 11). Although these studies have made
some very definitive links between organisms and substrates, they have also
highlighted the complexity and variation of microbial responses to environ-
mental stimuli. For example, in fatty acid amended sediment slurries from an
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Figure 11 Linking microbial diversity to ecosystem functioning in a long-term field
experiment. The metagenomic expression of metabolic processes associated with the
carbon cycle differed markedly between soils that had been exposed to a decade of
elevated CO, concentrations relative to ambient controls. Redrawn after He et al.
(2010b).
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estuary the addition of acetate, or its in situ production from lactate, signifi-
cantly enriched the sulphate-reducing bacteria Desulfobacter, whereas the
production of acetate from butyrate did not (Purdy et al, 1997). This
suggests that the immediate biological history of a system can affect the
way in which it responds to a perturbation. The development of the use of
stable isotope analysis has further advanced the range of methods that
directly link organisms to activities (Boschker er al, 1998; Chen and
Murrell, 2010; Radajewski ez al., 2000). It is also important to recognise
that the activity of many microbes is intimately linked to the activity of other,
often taxonomically unrelated, organisms (Dolfing, 2001; Jackson and
Mclnerney, 2002) making the assignment of a role to a specific microbial
group often dependent upon at least some knowledge of the other organisms
in the system. Madsen (2005) has detailed the very real issues associated with
defining an ecological role to specific microbes.

The task of linking the different organisational levels in an ecosystem that
incorporates microbial activity is clearly challenging (Figure 12). This is
where systems approaches can be very powerful, as a discovery-based,
wide-ranging approach to investigation is likely to throw up new and unex-
pected drivers and processes, such as light-harvesting by heterotrophs (via
proteorhodopsin, Beja et al., 2000). Such structural-functional interactions
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Figure 12 The microbial ‘black box’ within a schematic community food web. The
vast majority of community and ecosystem studies have ignored the diversity and
functional roles of the taxa at the base of the web, even though these are the ultimate
drivers of bottom-up processes and the supply of energy and nutrients to the higher
trophic levels.
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will then need to be proven to have a real biological effect on a system
(Fuhrman and Steele, 2007), which requires carefully designed and rigorous
controlled experiments and manipulations. On the ecosystem side, manipu-
lating environmental conditions in reasonably sized and replicated meso- or
microcosms (e.g., Yvon-Durocher et al., 2010a,c) will allow important ques-
tions related to the links between structure and functioning at the higher
levels of organisation to be addressed (Ptacnik et al., 2010; Reiss et al.,
2010a). Large-scale mesocosm experiments, which are needed to identify
potential mechanistic relationships in the field, will facilitate the application
of molecular microbial ecological studies within a wider framework and so
should facilitate the development of links across different scales of organisa-
tion within an ecosystem.

C. New Questions in Ecology: Opening the
Microbial Black Box

The aim of a systems approach is to define an ecosystem in terms of its
components to predict how it will respond to change. If it is possible to open
the microbial black box, and to understand what we find inside, then com-
parative analyses of different ecosystems will improve, as will our ability to
predict responses to future change.

The strength of integrating NGS technologies within general ecology
includes the ability to analyse a community without the need to amplify the
DNA, to achieve complete coverage of a community and to handle multiple
samples with limited sample manipulation. A ‘complete’ metagenome would,
at least in theory, allow the mapping of all possible metabolisms, even those
that are presently unknown (but which could be revisited repeatedly as
bioinformatic databases mature), that were encoded within a system, and
hence the full range of processes an ecosystem could potentially sustain. Such
data could raise a vast new range of questions that could be asked of
ecosystems, and importantly to test whether many of the existing theories
of community ecology, which have developed primarily from macro-
organismal studies, can also be applied to the microscopic world (Ptacnik
et al., 2010; Reiss et al., 2010a,b). This leads to the challenge of marrying
traditional ecology with microbial ecology.

There is an ever-increasing body of data that supports the idea that many
aspects of the ecology of large organisms are not necessarily fundamentally
different to that of microbes (Brown et al., 2004; Ptacnik et al., 2010). None-
theless, there are in fact many obvious differences (e.g. reproduction via binary
fission, reliance on nutrient uptake via diffusion, etc.) that could be critically
important, depending on the question being addressed. The sheer diversity of
microbes and the difficulty of defining an all-encompassing species concept
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pose real challenges (Reiss ef al., 2010b). Delong et al. (2010), for example, have
recently reported that allometric mass-metabolism scaling coefficients in bac-
teria and archaea differ from that in microscopic and large eukaryotes, suggest-
ing that not all factors are independent of body size, although differences in
metabolic scaling are far less than differences in body mass per se (Makarieva
et al., 2008). Notwithstanding some of these more obvious differences, there are
also many areas of solid ground that link microbial and general ecology: for
example, there is now strong evidence that microbes exhibit biogeographic
patterns of distribution (Cho and Tiedje, 2000; Oakley et al., 2010; Whitaker
et al, 2003) and that, similar to larger organisms, the number of species
increases in a power-law relationship with increases in area or volume (Green
and Bohannan, 2006; van der Gast et al., 2005). Latitudinal diversity gradients
(with higher species richness occurring at lower latitudes; Fuhrman ez al., 2008)
and spatial heterogeneity explaining the structure of local microbial commu-
nities (Ostman ez al., 2010) have also been reported recently.

NGS offers an excellent opportunity to test hypotheses for the processes
involved in determining these diversity patterns, such as the suggestion that
latitudinal diversity gradients are formed in part due to the enhancement that
higher temperatures, and in terrestrial environments water availability, have
on encounter rates among organisms and thus on the rate of biotic interactions
(Moya-Larafio, 2010). One prediction of this hypothesis is that in aquatic
ecosystems, and across individuals within a single species, functional diversity
should increase with temperature (up to a certain threshold). NGS, metage-
nomics, metaproteomics and metabolomics can be used to test the hypothesis
that once controlled for community size (cell number), species richness and
phylogenetic distance, communities at higher temperatures (up to 30 °C) hold
a higher number of functional units. In aquatic bacterial and archaeal cells, it
has been hypothesised that temperature enhances cell-to-cell encounter rates
and the diversity of interactions is even more likely because cell and metabolite
mobility is higher in environments of low viscosity (Kummerli ez al., 2009) and
viscosity decreases with increasing temperature (Woodward et al., 2010a).

The advent of NGS may resolve the issue of undersampling of microbes but
differences in sampling and analysis between the two fields will also need to be
bridged. Perhaps the most relevant area where new questions can be raised is
in the contribution microbial studies could make to ecology. Ecology has a
strong history of theoretical developments, but rarely directly testing the
validity of these theories (Raffaelli and Moller, 2000) due to the difficulties
of performing controlled and replicated experiments at suitable spatiotempo-
ral scales in field ecology (Woodward et al., 2010a,b). Microbial communities,
however, because of their large population sizes and rapid generation times,
can be manipulated and experimented upon under clearly defined and con-
trolled conditions (Petchey et al., 1999). Hence, a microbial ecologist should
be able to test the wide variety of mechanisms that have been put forward to
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explain macroecological patterns among the larger taxa (McGeogh and
Gaston, 2002), in addition to testing microbial ecology theories in the real
world. For instance, the apparent stability in terms of the species composition
and metabolic potential of viral and microbial assemblages observed in
natural ecosystems appears to contradict theoretical models and viral-
microbial dynamics observed in simple systems, where cycling of the domi-
nant taxa is more typical (Rodriguez-Brito et al., 2010).

D. Functional Redundancy: Do Species Matter?

A common assumption in general ecology has been that microbes can be
treated as a black box because of massive functional redundancy
(Vandenkoornhuyse et al., 2010), yet there is little compelling evidence to
support this view. In fact, data on reconstructed microbial communities
suggests that more diverse microbial communities are also more productive
(Bell et al., 2005), in line with the positive B-EF relationships reported for
many macro-organismal studies (Cardinale et al., 2006). In contrast, rapid
changes at the fine-grained level of viral genotypes and microbial strains
overlain on the apparent community and ecosystem stability reported by
Rodriguez-Brito et al. (2010) suggest that functionally redundant taxa
might cycle at the level of viral genotypes and virus-sensitive microbial strains.
In a different study, the cyanobacterium, Prochlorococcus, which is the
most abundant oxygen fixing phototroph in the world’s oceans, with an
estimated global population of 10?7 cells, underpins the pelagic food webs
of the nutrient-poor tropical and subtropical gyres — among the largest
ecosystems on Earth. Recent metagenomics studies have revealed that uncul-
tured Prochlorococcus possess the genetic potential for nitrate assimilation,
and metatranscriptomics data from the field have confirmed that these genes
are expressed (Martiny et al., 2009); yet earlier work on isolates found no
evidence for this metabolic capacity (Rocap et al., 2003). That this functional
trait might not be ubiquitous even within a single species has implications for
understanding not only the biogeography of this key primary producer and its
role within the oceanic carbon and nitrogen cycles, but also the level of
organization at which functional redundancy or uniqueness is expressed.
Whether microbial communities are functionally redundant is clearly im-
portant for understanding the role of microbes in ecosystem functioning, and
this represents one of the great unanswered questions in ecology. A useful
starting point would be to determine whether ‘poorly-performing’ or seem-
ingly unstable ecosystems contain reduced diversity in specific critical eco-
system processes. If ecosystem process rates can be manipulated by
increasing or reducing functional capacity, which could be validated via
NGS techniques, in controlled small-scale experiments, then this would
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suggest that redundancy is not as prevalent as is often imagined. This is a
non-trivial issue and its resolution is critical to understanding the role of
microbial biodiversity in an ecosystem context.

E. Beyond Bacteria: Opening the Eukaryotic Black Box

Although we have focused primarily on bacterial and archaeal examples, as
this is where most of the recent advances have been made in this field,
metagenomics and NGS techniques also offer promise in the future for
studying eukaryotic micro- and macro-organisms, such as host—pathogen
and host-symbiont ecology and also in the study of eukaryotic assemblages
per se. Woyke et al. (2006) for instance revealed that bacteria can provide
their eukaryote host with multiple sources of nutrition, and a recent study by
Coolon et al. (2010) has characterised metagenomic shifts in the microbial
assemblages in the environment and also in vertebrate guts across a pollution
gradient. Widespread distributions of associations between bacteria and
sponges have also been revealed in a range of marine ecosystems on a
biogeographical scale (Lafi er al., 2009). Similarly, in terrestrial systems,
Jumpponen et al. (2010) have discovered strong seasonality in the diversity
and dynamics of oak—ectomycorrhizae associations in urban versus rural
environments.

Piganeau et al. (2008) have found unexpected picoeukaryotic sequences
within the Sargasso Sea metagenome, and other recent studies have found
evidence of surprisingly diverse eukaryotic assemblage in seemingly very
harsh environments, including anoxic marine sediments (Stoeck et al.,
2010; Table 2). Clearly, as more sequences and datasets are assigned to
functions in eukaryotic cells, both from uni- and multi-cellular organisms,
we will be better able to use NGS to understand the functions present in an
entire system as well as to assign each function to a particular species (or
group of species) within communities, thus contributing to solving the struc-
ture of ecological networks accurately and to understanding the reasons
behind their apparent robustness and stability.

F. Food Webs: Identifying the Missing Links

Microbes play many key roles in food webs, particularly at the lower trophic
levels, where they are important conduits for the flux of energy and materials to
the consumer assemblage. They can also be significant pathogens, but this has
been almost completely ignored in food web research to date (Ings et al., 2009).
Much of food web ecology has suffered from patchy taxonomic resolution,
which tends to be high at the top of the web but poor at the bottom, where the



Table2 Molecules to ecosystems: selected examples of recent applications or reviews of genomics, metagenomics and NGS as tools for testing

ecological theory

Ecological subdiscipline Approach Key findings

Organismal functional ecology

Renaut et al. (2010) 454 Transcriptomics: identification of potential adaptive single-nucleotide polymorphisms in
fishes

Wolf et al. (2010) 454 Transcriptomics: nucleotide divergence and gene expression differentiation in the carrion
crow and hooded crow hybrid zone

Population structure and dynamics

Van Bers et al. (2010) Solexa Baseline generation of >2bn basepairs of novel sequence information for an ecological
model species, the great tit Parus major

Goetz et al. (2010) 454 Identifies genetic basis for phenotypic differences within trout populations

Microbiomes (internal ecosystems)

Woyke et al. (2006) Sanger Symbiosis: bacteria provide eukaryote host with multiple sources of nutrition

Kloch et al. (2010) 454 Characterisation of gut parasite loads in bank voles

Community structure and dynamics

Jumpponen et al. (2010) 454 Seasonality of diversity and composition in oak ectomycorrhiza across ecosystems

Schiitte et al. (2010) 454 Shifts in bacterial diversity over glacial chronosequences

Stoeck et al. (2010) 454 Discovery of complex eukaryotic community in anoxic marine ecosystem

Piganeau et al. (2008) Sanger Picoeukaryotic sequences detected in the Sargasso Sea metagenome

Gilbert et al. (2009) 454 Seasonal dynamics of marine microbial communities

Rodriguez-Brito et al. (2010) 454

Biogeography
Dinsdale et al. (2008)
Breitbart and Rohwer (2005) n/a (review)
Cuvelier et al. (2008) Sanger; FISH
Biddle ef al. (2008) 454

454; SEED

Viral and microbial community dynamics in four aquatic environments

Potential for viromes to influence global evolutionary and metabolic processes
Review: potential for viruses to form ‘global’ diaspora

Discovery of widespread distribution of a unique marine protistan lineage

Peru Margin subseafloor biosphere revealed as a genetically distinct environment

(continued)



Table 2 (continued)

Ecological subdiscipline Approach

Key findings

Lafi et al. (2009) Sanger

Biodiversity & ecosystem functioning
Pernthaler ez al. (2008) Magneto-FISH

Béja et al. (2000) Sanger
Food webs and trophic interactions
Jones and Lennon (2009) qPCR

Kant and Baldwin (2007)
Phillips et al. (2003)

n/a (review)
n/a (review)

Proulx er al. (2005) n/a (review)

Environmental stressors and biomonitoring

Debroas et al. (2009) Sanger
Dinsdale et al. (2008) 454, SEED
Coolon et al. (2010) 454

He et al. (2010b) 454; GeoChip

microarray

Ecosystem goods and services

D’Costa et al. (2007)
Kennedy et al. (2008, 2010)
Hofmann and Gaines (2008)
Marco (2010)

Sharma et al. (2010)

n/a (reviews)

Database

Widespread distribution of associations between bacteria and sponges

Nitrogenase genes within metagenome and incorporation in biomass of methane-
oxidizing consortia suggest role in new nitrogen inputs by syntrophic assemblages
New form of phototrophy discovered in marine ecosystems

Potential importance of indirect trophic interactions in planktonic food webs

Review: Integration of molecular biology and ecology to characterise herbivory

Review: Model of multitrophic molecular signals in the rhizosphere: effects of molecular
‘control points’ could propagate through other trophic levels

Review: Identifies need to develop conceptual framework for integrating complex
ecological, genetic and metabolic networks

Overrepresentation of genes involved in xenobiotic degradation in a polluted lake

Increase in heterotrophic microbes and potential pathogens in human-impacted sites
with widespread coral loss

High rates of microbial turnover in soils and consumer guts across a gradient of heavy
metal pollution

Long-term exposure of grassland to elevated CO, altered structure and functional
potential of soil microbial communities

Reviews: Potential for bioprospecting for antibiotics, pharmaceuticals and other
bioproducts

Bioinformatics database for bioprospecting for commercially useful enzymes
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black box approach is still very much in evidence (Figure 12). Kant and Baldwin
(2007) have recently highlighted the increasing convergence between ecology
and molecular biology for studying plant-herbivore interactions, which are
often extremely difficult to characterise using standard ecological techniques.
Many consumers, such as suctorial herbivores or predators, have unrecognisa-
ble gut contents, and many resources have insufficient hard tissue to allow
reliable identification based on morphological structures, and in such instances
dissection of gut contents is largely pointless (Woodward ez al., 2010c). In such
situations, stable isotope analysis can help to detect assimilated tissue, but it
lacks sufficiently high-level taxonomic resolution to identify trophic interac-
tions between species pairs, which may be addressed by immunological or,
increasingly, molecular techniques (Figure 13). The use of metagenomics has
been particularly useful for resolving otherwise difficult to characterise feeding
links and species responses to exploitation, but proteomics and metabolomics
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Figure 13 Potential for molecular applications in food web ecology. The dashed line
shows the slow increase in studies using immunological techniques to characterise
diets, the solid line shows the rapid rise of those based on molecular techniques.
Redrawn after Carreon-Martinez and Heath (2010).
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have also been used to describe the dramatic metabolic reconfigurations that
occur in response to herbivory (Kant and Baldwin, 2007).

Foraging theory (FT), which has been recently used successfully to explain
the structure of food webs (Petchey et al, 2008; Woodward et al., 2010c),
explains animal foraging decisions, among other things, based on the profitabil-
ity of food items. Since the microbial community within animal guts may largely
determine the digestibility and profitability of the food ingested (Hooper et al.,
2002; Stevens and Hume, 1998), microbial-mediated foraging efficiency can
contribute to determine predator—prey interactions and food web structure. In
other words, the optimality of prey items may change depending on the micro-
bial gut community. In well-resolved food webs, NGS could be used to test the
hypothesis that metazoan food web structure is associated with the functional
diversity of the microbial gut community. Microbial gut community NGS
analysis could then be used to uncover missing links in other food webs.

G. NGS and the Link Between Ecology and Evolution

The link between ecology and evolution is experiencing a renaissance, partic-
ularly when it comes to understanding communities and ecosystems (Ellers,
2010; Johnson and Stinchcombe, 2007). Both at micro- and macro-scales, the
ecological context may largely drive evolutionary outputs and, conversely,
adaptive evolution and phylogenetic structure can determine ecological pro-
cesses. The need for studying such reciprocal links is also obvious in micro-
bial research, with authors requiring experimental approaches to determine
the selective pressures to which microbes are exposed (Fraser et al., 2007) or
arguing that to understand adaptive microbe evolution we need to include
the ecological context in which evolution is occurring (Kassen and Rainey,
2004). Importantly, adding the spatial context into this ongoing link, and
explicitly adding the study of dispersal among communities (i.e. the meta-
community context) may greatly improve our understanding of how species
and populations interact in real scenarios and the role of eco-evolutionary
interplay in the stability of communities in the long term (Urban et al., 2008).

In addition, the study of ecological networks, that is, networks in which
many species interact with each other (e.g. food webs, parasite-host, com-
petitive or pollination networks), is also contributing to the link of ecology
and evolution, as both factors may affect network structure, robustness and
stability (Bascompte, 2010; Bascompte and Jordano, 2007). The amount of
genetic and phenotypic variation (and diversity) of the multifarious pheno-
types that are present in populations have been proposed to affect food web
structure in a manner that enhance its robustness and stability (Moya-
Larafio, in press), for instance by increasing food web connectance (i.e. the
proportion of potential links that are realised). However, finding that higher
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phenotypic diversity correlates with higher connectance in networks would
not be conclusive evidence in favour of this hypothesis, because networks
may be maintained from phenotypic feedback, in which phenotypic diversity
may affect connectance, which may, in turn, facilitate the maintenance of
phenotypic diversity, and so on (J. Moya-Larafio, A. Rossberg and J.M.
Montoya, manuscript in preparation). Furthermore, these networks of inter-
actions may have complex eco-evolutionary dynamics in which genotypic
variation can affect both evolutionary, as well as ecological processes, and
these two processes may dynamically affect each other over ecological time
scales (Fussmann et al., 2007; Jones et al., 2009; Pelletier et al., 2009; Yoshida
et al., 2003). Lastly, it has been suggested that heritability at the level of
communities and ecosystems may be substantial if we explicitly consider
‘Interspecific Indirect Genetic Effects’, by which the genetics of individuals
of a species in a community may affect the expression of traits in individuals
of a different species, thus allowing the community and its associated ecosys-
tem functional attributes to evolve by natural selection (Shuster et al., 2006).

The above hypotheses could potentially be tested by using NGS across
space and time in both natural and experimental communities and by fol-
lowing the fate of sets of species, genes and/or molecules. In addition, by
comparing local communities through time, one can potentially track
among-community migration rate and include the metacommunity context
to understand the ecology and evolution of complex interaction networks.
NGS is thus a promising tool that may greatly accelerate our understanding
for how ecology and evolution are interconnected via feedback loops.

VIII. SOCIOECONOMIC APPLICATIONS: ECOSYSTEM
GOODS AND SERVICES AND BIOPROSPECTING

Ecosystem processes underpin socio-economic ‘goods and services’ of value
to humans, for instance, the supply of clean drinking water, maintenance of a
breathable atmosphere, and the provision of medicines. Many of these are
supplied by microbes, yet as we have already discussed, their biodiversity and
resultant functional roles are still largely unknown: hence their contributions
to both relatively directly measurable goods and services (e.g. isolation of
commercially exploitable antibiotics) and those that are more difficult to
quantify (e.g. maintenance of the global carbon cycle) are also still poorly
understood.

The huge untapped potential of biodiversity in natural systems offers great
prospects for commercial applications in the future. For instance, biopros-
pecting for particular enzymes or genes that could offer new medical treat-
ments is a rapidly growing field that is starting to trawl the vast
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bioinformatics databases that have sprung up in the wake of NGS (D’Costa
et al., 2007; Hofmann and Gaines, 2008; Kennedy et al., 2008, 2010; Sharma
et al., 2010). To date most of the literature in this field is in the form of
reviews that highlight the potential commercial benefits of NGS, rather than
concrete examples of metagenomics data being applied in a socioeconomic
context per se, but this is now changing (Marco, 2010). No doubt these
examples will appear at a rapidly increasing rate in the near future, given
that the potential is vast: from purely medical applications to the use of
bioengineering organisms to deal with pollutants and toxic spills, by identi-
fying genes in the environment associated with metabolising xenobiotics
(Marco, 2010). Some of the seemingly more outlandish suggestions that
have been put forward include the use of certain bacteria as potential agents
for terraforming other planets, based on their unusual metabolism and
ability to survive in extreme environments (Ardelean et «al, 2008). On a
more down-to-earth level, numerous biotechnological applications of meta-
genomics have been proposed in recent years, including bioremediation of
damaged ecosystems and the development of new industrial bioproducts and
novel medical treatments (Marco, 2010; Table 2).

IX. CONCLUSIONS

The revolution in ecology that began with the advent of molecular studies has
developed increasingly rapidly via the exponential growth in our ability to
extract data from a system, as exemplified by the recent emergence of NGS
technologies. The application of these methods will undoubtedly lead to a
new more inclusive ecology and allow us to begin to make the links required
to understand how the different levels of organisation are interconnected,
from molecules to whole ecosystems. However, we are not advocating these
new technologies as a panacea, as many of the questions NGS data will raise
will require testing using the rigorous experimental techniques that have
underpinned traditional ecology for decades. It is in this area that a new
and more integrative ecology will really alter our understanding: when
ecological ideas developed from plants and animals are tested and validated
using experimental microbial systems, then a real systems biology for ecology
will emerge. When fully integrated within traditional ecology, NGS has the
potential to ask many questions that previously could simply not be an-
swered, and to not only forge links across multiple levels of organisation
within ecology, but also to bind ecology and evolution more tightly together.
We can therefore ‘expect the unexpected’ in the near future: whilst we have
attempted to outline some of the prospects for the development of this field,
many of the new and exciting advances that are undoubtedly around the
corner will come as surprises to us all.
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