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The current landscape

Microbial biology is experiencing a remarkable period of
saltatory evolution. Although many longstanding and fun-
damental questions endure, emerging new methods, per-
spectives and theory are accelerating the pace of
discovery and synthesis in environmental microbiology
and microbial ecology. The widespread application of
molecular approaches to ecological questions (Pace,
1997), the pervasive influence of microbial evolutionary
perspective (Woese, 1987), the continued development of
microbial population biology (Feil and Spratt, 2001) and
ecological theory (Horner-Devine et al., 2004), and devel-
opment of innovative cultivation strategies (Connon and
Giovannoni, 2002; Rappe et al., 2002), all bear witness to
the fundamental sea changes now occurring. The recent
blossoming of microbial genomics adds significantly to the
list. Considering that the first full microbial genomic
sequence was determined less than a decade ago (Fleis-
chmann et al., 1995), this accelerated pace of discovery
is nothing short of astounding. Within this expanding rep-
ertoire of scientific activity, a new subdiscipline that
exploits genomic technologies to study indigenous micro-
bial assemblages is emerging. Since the beginnings of
genomics, it was well appreciated that genomic perspec-
tives could transform microbial biology — especially in the
areas of ecology and evolution. It was also recognized
early on that genomic techniques might provide new
access to the vast and under-appreciated microbial world
that had previously escaped scrutiny in laboratory settings
(Olsen et al.,, 1994). In a logical extension of Norm Pace’s
cultivation-independent molecular phylogenetic approach
to survey microbial populations (Pace et al., 1985), large
genome fragment analyses were applied to characterize
uncultivated, indigenous microbes (Stein et al., 1996). The
advantages of genomic approaches for providing access
to untapped biodiversity have also long been known and
have been practiced for well over a decade now, in bio-
technologically oriented bio-prospecting applications
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(Short, 1997). Today, the application of genomic technol-
ogies to characterize naturally occurring microbes is gain-
ing widespread acceptance and broader application.
Several terms, including ‘environmental genomics’, ‘micro-
bial population genomics’, ‘ecogenomics’ and ‘metage-
nomics’, have been used to describe this emerging
research agenda. The foundations of environmental
genomics rest on several different technologies and dis-
ciplines, which include genomics, ecology, evolution, high
throughput DNA sequencing, and bioinformatics. The
adaptation of new genomic techniques to address long-
standing questions in microbial ecology and evolution is
a core activity in environmental genomics. Bio-prospect-
ing for antibiotics, pharmaceuticals, and other bioproducts
represents a utilitarian component of these efforts. Sev-
eral overviews touching on different aspects of microbial
environmental genomics have recently appeared, and
serve as indicators of expanding activity and interest in
this area (DelLong, 2002; Rodriguez-Valera, 2002; Nel-
son, 2003; Schloss and Handelsman, 2003; Delong,
2004; Rodriguez-Valera, 2004). The repertoire of tools for
‘post-environmental genomics’ is also expanding, with
microarray, proteomic, and metabolomic applications fol-
lowing fresh on the heels of environmental genomic dis-
coveries. This enthusiasm has to be tempered of course,
with the realization that our present capacity to produce
genomic information (in both laboratory cultures and field
populations), still surpasses our ability to analyse, inter-
pret and use it. Major analytical challenges still lie on the
road ahead. Nevertheless, studies of the genomic char-
acterization of uncultivated microbes, gene inventories of
diverse microbial assemblages, functional analyses of
novel proteins and processes, and quantitative genome
surveys, are all now increasing in quantity and quality.
Last summer a meeting entitled ‘Metagenomics 2003’,
organized by Dr Christa Schleper and colleagues, was
convened at the Darmstadt Technical University. It was
clear from the meeting’s presentations that the pace of
genomic investigations in environmental microbiology and
microbial ecology is accelerating. The microbial habitats
now being examined in ‘metagenomic’ studies are diverse
and expanding. Applications reported at last summer’s
meeting included microbial populations in the human gut,
soil microbiota, anaerobic ammonia oxidizing and meth-
ane oxidizing consortia, waste water treatment communi-
ties, and biofilms on biliary stents and in drinking water.
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Applied research topics, aimed at developing the tools
and methods to discover new enzymes, biocatalysts, and
antibiotics, were also discussed. While there was much
enthusiasm for all the new studies, it was also evident that
the field is still quite young, and will require more time,
effort, resources, and disciplinary integration to fully
mature. The pace, magnitude, and level of sophistication
in environmental genomics is however, expanding rapidly.
Considerable challenges loom on the horizon due to the
unprecedented scale and scope of data that are becoming
available, the analytical demands of these immense data
sets, and the need to develop new theory, tools, and
techniques. This special edition of Environmental Microbi-
ology captures the flavour of some of the work presented
at the ‘Metagenomics 2003’ meeting that was held last
summer in Darmstadt.

Mega-metagenomics

Early studies in environmental genomics owe their origins
to Norm Pace’s cultivation-independent survey approach,
for studying natural microbial populations (Pace et al.,
1985; Olsen et al., 1986). This approach (proposed before
the advent of PCR) consisted of constructing recombinant
lambda libraries from mixed microbial biomass, identifying
those clones that contained rRNA genes, and sequencing
those rRNA genes to deduce the phylogenetic identity of
individual population members. A study of bacterioplank-
ton rBRNA genes on large insert recombinant lambda
phage clones helped to ground-truth this approach, and
resulted in the identification of several new ‘phylotypes’,
now known to be ubiquitous and abundant bacterioplank-
ters (Schmidt etal., 1991). A logical extension of this
approach involved analyses not only of the rRNA gene,
but entire, large recombinant DNA inserts as well. The
notion was that sequences with 20 kilobases or more of
additional genomic sequence, much more could be
learned about naturally occurring microbes (Schmidt
etal., 1991). An early attempt to study planktonic marine
Archaea proved out the basic principle and application of
this approach (Stein etal, 1996). More recently,
advances in DNA sequencing technology, development of
improved cloning vectors like Bacterial Artificial Chromo-
somes (Kim etal, 1992; Shizuya etal, 1992), and
streamlined cloning techniques, have now rendered the
recovery and sequencing of large DNA inserts from nat-
urally occurring microbes a rather routine process. Last
summer’s meeting in Darmstadt showcased many differ-
ent examples of large insert DNA cloning and sequencing
studies, for characterizing naturally occurring microbes
from complex populations. Today, the environmental
genomic plot thickens in even more interesting ways. It
had been proposed for some time that whole genome
shotgun sequencing might also be used to characterize

entire microbial assemblages. The main issue, of course,
is that the cost and effort for characterization of any par-
ticular microbial assemblage is hard to predict. This is
because the genome coverage in a microbial population
shotgun sequencing effort, will depend critically on several
variables, including genome size distributions, species
richness, species evenness, and haplotype variability.
These parameters are difficult to determine a prioriin any
microbial assemblage. The issue becomes even more
complex, when one realizes that a critical parameter ele-
ment, ‘microbial species’, is still looking for a concrete
definition! Nevertheless, two very recent studies published
this year have changed the landscape significantly, and
showcase the power and potential of shotgun sequencing
approaches to characterize natural microbial populations.
The first report focused on an acid mine drainage micro-
bial biofilm, consisting of iron-oxidizing Bacteria and
Archaea (Tyson et al., 2004). Via the shotgun sequencing
of only 76 Mbp of sequence, Tyson and colleagues (2004)
showed it was possible to assemble ‘near complete’ com-
posite genomes of constituent Bacteria (Leptospirillum
species) and Archaea (Ferroplasma species). Vagaries
introduced by within-population haplotype genetic variabil-
ity were also very well evidenced in this study. The second
spectacular report of a shotgun sequencing effort was that
of Venter and colleagues (2004), that described the anal-
yses of shotgun sequencing in the Sargasso Sea. The raw
magnitude of sequence data released in this one paper —
totalling approximately 10 times the number of peptides
currently archived in the SwiISSPROT database — dramati-
cally demonstrates the fact that only a minute fraction of
microbial genomic diversity has been sampled to date.
The authenticity of the contig assemblies reported in the
study, and the origins of some of the apparently prevalent
microbes in the Sargasso Sea samples, remains to be
verified (Falkowski and de Vargas, 2004). Nevertheless,
the writing is certainly on the wall with respect to some
major new research directions and challenges for contem-
porary microbial biologists.

Evolutionary modalities

Another topical area that environmental genomics prom-
ises to shed significant light on relates to the tempo and
mode of microbial genome and species evolution. In par-
ticular, the relative influence and importance of vertical
inheritance versus lateral gene transfer, on microbial
genome evolution and speciation, remains an open ques-
tion (Doolittle, 2000; Ochman et al., 2000; Boucher et al.,
2003; Daubin et al., 2003; Lerat et al., 2003). One camp
suggests that a frequent occurrence in the literature is
the indiscriminate pooling of orthologous and paralogous
genes in phylogenetic analyses, that yields erroneous
results often used to bolster support for lateral gene
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transfer. This ongoing debate has made it abundantly
clear that seemingly disparate areas in microbiology,
including population biology, genomics and ecology, can
all be used to examine different aspects of the same
question. These perspectives need to be combined, and
focused simultaneously on specific microbial ecosys-
tems, to better define tempo, mode and mechanism in
microbial genome evolution. Environmental genomics
can now provide unprecedented data on naturally occur-
ring genomic structure and variation, genetic drift, and
lateral gene transfer in natural microbial populations.
These data should help inform the currently data-poor
debate, that revolves about the relative influence and sig-
nificance of lateral gene transfer events, on microbial
genome evolution and species differentiation. The natural
microbial world provides some ideal case studies for
interpreting process and dynamics in microbial genome
evolution. Conversely, genomics provides the tools to
study the complexity of form, function and process, that
underpins microbial population structure, dynamics and
evolution.

Ecological revelation

Just as perspective on microbial evolution will benefit
from environmental genomic endeavours, so will our
understanding of the inner workings of microbial ecosys-
tems. Already, the first few metagenomic glimpses have
provided impressive perspective on extant, naturally
occurring microbial diversity. It will require time, effort,
and new approaches to place this genetic diversity into
proper biological context. A first step includes straightfor-
ward studies of the ebb and flow of this diversity across
space and time. Microbial ecologists will also begin to
think more deeply about the meaning of the genetic and
functional inventories that metagenomic studies will
reveal. Community gene content has important implica-
tions with respect to population biology, dynamics, eco-
physiology and community interactions. As metabolic
maps of ‘whole community metabolism’ arise from func-
tional annotation of environmental genomic datasets,
then pattern and process in ecosystem function might be
examined in much greater detail and in unprecedented
ways. Repeated correlation of specific genes with one
another may for instance point to linkages between spe-
cific metabolic pathways, or unanticipated symbiotic
interactions. The new metagenomic data will undoubtedly
lead to the identification of unsuspected biological func-
tions in particular habitats. Indeed, examples of such dis-
coveries already exist (Béja et al., 2000). Predictions of
previously unknown or unsuspected details of bio-
geochemical cycles are also a likely outcome of this
research agenda. Comparative eco-physiology will most
likely occur on a much grander scale than it does now.
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The new subjects of study will be not individual species,
but rather whole assemblages and ecosystems. It is
probable that such comparative ecosystem genomics will
yield new perspectives on function and pattern within nat-
ural microbial ecosystems. Microbial ecology and genom-
ics can now reciprocally inform one another, to provide
new conceptual understanding and advanced theoretical
models.

The road ahead

Many challenges lie on the road ahead, some more eas-
ily tackled than others, because they only require simple
methodological or economic solutions. More daunting
problems will arise that relate to bridging the sometimes
wide cultural and conceptual barriers separating dispar-
ate disciplines. Some of these disciplinary and concep-
tual gaps really do need to be bridged, before we can
traverse to the places that newfound datasets have
potential to lead us to. The informatics challenges and
opportunities are profound. Questions that might be
addressed in upcoming years include: how do we man-
age the new types of genomic databases that will include
complete genomes, as well as incomplete genome frag-
ments that originate from environmental samples? How
do we facilitate interoperability between genomic data-
bases, and corresponding environmental and ecological
datasets? What sorts of new computational tools are
required to compare and interrelate metagenomic
datasets? What other sorts of data (e.g. new microbial
isolate genome sequences, and large insert clone
sequences) will be required to ground-truth, organize and
interpret environmental shotgun sequence datasets?
What new approaches will be necessary to test the many
hypotheses that will originate from all the new metage-
nomic data? These are not simple questions, and the
field will certainly require time to evolve and adapt to
address them. The American Academy of Microbiology
has recently held a number of colloquia and is organizing
more, to delve into these and similar issues (Tiedje and
Stahl, 2002; Buckely, 2004).

New and holistic ways of thinking about microbial
assemblages, their interaction with one another and
their environment, and their (genomic) similarities and
differences may be required in the coming years. Inte-
grative systems biology approaches, that will include the
blending of environmental, bioinformatic, proteomic,
metabolomic and ecological datasets, techniques, and
analyses, are likely to play a key role in the future. The
study of individual organisms will be joined by analyses
of complex biological networks across multiple hierarchi-
cal levels. It is not entirely apparent how all these activi-
ties will take shape and evolve, as more traditional
scientific disciplines adapt to and incorporate them.
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What is clear, however, is that integration of a wide
range of perspectives, including systems engineering,
biogeochemistry, genomics, biochemistry, physiology
and ecology, will all be required components of this
complex cocktail.

Environmental genomics promises to produce unique
and informative new tools perspectives for interpreting the
microbial world around us. The new gestalt has potential
to shape the way we think about and conduct our own
activities as well. A deeper appreciation of form and func-
tion in sustainable microbial ecosystems may serve as a
template and guide, for designing more sustainable
human interaction with functioning ecosystems.
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