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Abstract | Archaea represent a considerable fraction of the prokaryotic world in marine and
terrestrial ecosystems, indicating that organisms from this domain might have a large impact
on global energy cycles. However, many novel archaeal lineages that have been detected by
molecular phylogenetic approaches have remained elusive because no laboratory-cultivated
strains are available. Environmental genomic analyses have recently provided clues about the
potential metabolic strategies of several of the uncultivated and abundant archaeal species,
including non-thermophilic terrestrial and marine crenarchaeota and methanotrophic
euryarchaeota. These initial studies of natural archaeal populations also revealed an
unexpected degree of genomic variation that indicates considerable heterogeneity among
archaeal strains. Here, we review genomic studies of uncultivated archaea within a framework

of the phylogenetic diversity and ecological distribution of this domain.

Considering the recently accumulated knowledge
of genes and genomes of uncultivated archaea, it is
time to refine our perception about the ecology and
diversity of this third domain of life. Although archaea
have been detected in many moderate environments,
they are still primarily considered to be extremists,
dominating habitats that define the physical limits for
biological systems, such as geothermal hot or acidic
springs, deep-sea hydrothermal vents, hypersaline
ponds or strictly anoxic ecosystems.

From an evolutionary viewpoint, it might be jus-
tified to give priority to the extremists: archaea from
hot environments are phylogenetically diverse and
some of them branch close to the root of the archaeal
tree' — as inferred from 16S ribosomal RNA (rRNA)
analyses (FIG. 1) and from phylogeny based on ribo-
somal or transcriptional proteins* — indicating that
thermophiles might have arisen first and that some
could be progenitors of species that underwent adap-
tive radiation into moderate habitats. Support for this
speculation has been provided by biogeochemical
studies and lipid biomarkers®.

However, from an ecological and phylogenetic
perspective, we should invert this picture: Archaea are

primarily a diverse and widespread group on Earth,
which are found in our gardens and forests®", in the
ocean’s plankton'?"? and sediment'*', in freshwater
lakes'"" and deep down in the subsurface®. By con-
trast, those organisms that have been cultivated in the
laboratory and studied in detail, such as methanogens,
thermophiles and halophiles, represent only a minority
of phylotypes and phenotypes.

The broad distribution and abundance of archaea
in soils and oceans implies that they contribute to
global energy cycles. However, these organisms have
been predicted solely from PCR-based surveys and no
representatives have been cultivated in the laboratory.
Therefore, their specific metabolisms remain elusive.
Recent advances in environmental genomic studies
show that we now have the necessary technical tools
to characterize these organisms in the absence of
laboratory cultivation and in the context of indigenous
microbial communities**~?*. This approach involves
direct cloning of genomic DNA from the environment
and storing this DNA either in small-insert libraries,
for large-scale shotgun-sequencing approaches, or in
large-insert libraries, for targeted searches for genomic
fragments from specific lineages. Hypotheses about the
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specific metabolism of several novel archaeal groups
can now be formulated, which supplies the basis for
studying the ecological impact of these species in the
context of geochemical data and complex microbial
communities. The prediction of specific metabolisms
might eventually also aid enrichment efforts and enable
cultivation of some novel archaeal model organisms.

DEEP SUBSURFACE

Usually 50 m or more below the
surface, where the microbiota
is not immediately affected

by microbial functions or
biogeochemical processes

of the surface (as opposed

to shallow subsurface).
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of abody of water. Among the first discoveries of PCR-based molecular

ecological surveys was the detection of 16S rRNA of
members of the Crenarchaeota in the marine plank-
ton'>", Since then, novel archaeal ‘phylotypes’ (bacterial
phylogenetic types) have been detected in most environ-
mental surveys that have targeted archaeal sequences.
Three years ago, Philip Hugenholtz dissected 18 differ-
ent archaeal phyla (10 of which contained no cultivated
representatives) as opposed to 35 phyla of bacteria (13
without cultivated representatives), based on compara-
tive analyses of 16S rRNA gene sequences™. Meanwhile,
almost 8,000 archaeal 16S rRNA gene sequences from
environmental studies have been deposited in public
databases, extending the known groups and increasing
the number of novel lineages (FIG. 1). Many novel archaeal
groups seem (so far) to be confined to specific geographi-
cal locations or to ecosystems that have similar geochem-
istry, but other groups seem to be widely distributed. For
example, the two crenarchaeal lineages, which are mostly
defined from sequences of marine plankton (group L.1A,
FIG. 1) or soils (group L.1B, FIG. 1), are both also found in
freshwater samples and peep suBSUREACES® ™.

It is surprising that most of the newly discov-
ered lineages seem to expand the two major phyla
— Euryarchaeota and Crenarchaeota — that were
defined as early as 1986 based on only a few cultured
archaeal species® (FIG. 1). However, the discovery of
a few more distant and deeply branching lineages
through molecular surveys (Korarchaeota and AAG
(ancient archaeal group) in FIG. 1, REFS 1,3) or cultiva-
tion (Nanoarchaeota)?, indicates that greater archaeal
diversity is to be expected and that more lineages might
be recovered through improved molecular ecological
searches, more sophisticated cultivation techniques®
and perhaps by metagenomic approaches.

<« Figure 1| The domain Archaea — from diversity to function. A 16S rRNA tree of the
Archaea is shown, with groups of uncultivated species that have been targeted in genomic
studies emphasized as boxes. Genomic fosmids (prefix FOS), cosmids (COS), bacterial
artificial chromosomes (BACs) or sequences that have been assembled from shotgun
sequencing projects (SG) are shown in expanded boxes. Triangles in light colours represent
branches with exclusively uncultivated species, dark triangles show branches with cultivated
species. The size of the triangle is proportional to the number of sequences analysed. The red
hexagon in the centre indicates rooting to species in the domain Bacteria. The phylogenetic
tree is based on comparisons of 16S rRNA sequences from the Euryarcheota, Crenarcheota
and Korarchaeota phyla together with Nanoarchaeum equitans (dotted lines indicate uncertain
phylogenetic positions), clone pPOWA133 and the ancient archaeal group (AAG), which are not
classified within these phyla. In total, 1,344 16S rRNA sequences were included (mostly full-
length). Sequence data were analysed with the ARB software package®. The backbone tree
was calculated by using maximum likelihood in combination with filters excluding highly
variable positions with 55 full-length sequences (1,329 positions in length). Partial sequences
were inserted into the reconstructed tree by using parsimony criteria without allowing changes
to the overall tree topology. The scale bar for the whole tree represents 0.05 changes per
nucleotide. The complete dataset is available from the authors on request.
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Evidence for living archaeal populations

Several molecular ecological studies indicate that many
of the novel archaeal organisms that are predicted by
PCR-based studies do in fact represent metabolically
active populations. For example, marine planktonic
archaea?, a sponge-associated crenarchaeote®, cre-
narchaeota on plant roots'® and euryarchaeota in
sediments' as well as in sulphurous marsh water
enriched on polyethylene nets* have all been visual-
ized with fluorescence in situ hybridization (FIG. 2),
indicating a distinct morphology and high rRNA
content, as expected for living cells. Furthermore,
the abundance, distribution and dynamics of several
groups shows patterns that are characteristic of active
microbial populations. For example, marine plank-
tonic archaea, which are found in many different
oceanic provinces and represent approximately 20%
of the total microbial planktonic population®, vary
in relative abundance with respect to water depth and
season®”*’. Similarly, marine BentHIC crenarchaeota
and euryarchaeaota show depth-related variability in
deep-sea sediments®. A specific phylotype of cold-water
archaea, the crenarchaeote Cenarchaeum symbiosum,
was found in association with a marine sponge® and
related phylotypes were recovered from other sponges
in different oceanic regions, indicating specific meta-
zoan-archaeal associations®*. Euryarchaeota species
from the three different anaerobic methane oxidation
(ANME) lineages are found within the microbial mats
of cold seeps, sometimes at high abundance (up to 50%
for ANME-1), and have various distributions accord-
ing to depth and geographical location®. Furthermore,
these methanotrophic archaea form specific aggregates
with their syntrophic sulphate-reducing bacterial part-
ners'. Crenarchaeota representatives have been found
in diverse soil samples, including sandy ecosystems,
pristine forest soil, agricultural fields, contaminated
soil and the rhizosphere®*,and represent a consider-
able fraction (up to 5%) of the total prokaryotic com-
munity”®. They show spatial heterogeneity and changes
in abundance and community structure dependent on
succession, land-management strategies, heavy-metal
contamination or rhizosphere type®’-*°. These find-
ings indicate dynamic and active archaeal popula-
tions that react according to changing environmental
parameters.

Despite the accumulated knowledge of several
novel archaeal groups and their apparent abundance,
none of these archaea have been obtained in pure
laboratory cultures. The preliminary evidence for their
specific physiologies mostly stems from environmental
genomic studies.

Genome analyses of cultivated archaea

The availability of complete genome sequences from
cultivated archaeal species — 45 genomes completed
or near completion (listed in REE 40) — has not only
stimulated new research areas that reach far beyond
the archaeal community but has served as an impor-
tant framework for tracking genomes of uncultivated
archaea in complex communities.
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Figure 2 | Visualization of uncultivated archaea in various environments by fluorescence in situ hybridization (FISH).

10 um

a | ANME-2C euryarchaeota (red) in association with sulphate-reducing bacteria (green) in sediments above methane hydrates.
Image courtesy of T. Lésekann and K. Knittel, Max-Planck Institute for Marine Microbiology, Bremen, Germany. b | The freshwater
euryarchaeon SM1 (green; belonging to group Pendant-33 in FIG. 1) in association with Thiotrix (red). Image courtesy of

C. Moissl and R. Huber, Univeristy of Regensburg, Germany. ¢ | Cenarchaeum symbiosum (green; belonging to group [.1Ain
FIG. 1) from the sponge Axinella mexicana (nuclei in red). Image courtesy of C. Preston, Monterey Bay Aquarium Research
Institute, Moss Landing, USA. d | Crenarchaeota (red; belonging to group I.1B in FIG. 1) of tomato roots, enriched (associated
bacteria in green). Image courtesy of H. Simon, Oregon Health & Science University, Beaverton, USA.

Mostly through comparative genomic studies, it has
become evident that the core components of archaeal
information processing systems — replication, tran-
scription, translation and DNA repair — show strik-
ing similarities to those of eukaryotes (reviewed in
REFS 4,40,41). This finding has supported the status
of the Archaea as a unique and separate domain, as
predicted by Carl Woese more than 25 years ago*>.
The study of information processing in the simpler,
more streamlined systems of the Archaea has become
increasingly relevant to understanding cellular evolu-
tion and the complex interactions that occur in the
eukaryal nucleus*~*. Long before the genomic era,
the intriguing relationship with eukaryotes was
revealed by Zillig and colleagues, who realized that
the archaeal DNA-dependent RNA polymerase and the
basal promoter sequences have striking similarities to
those of eukaryotes*”*, Nevertheless, archaeal genomes
are typically prokaryotic in terms of their small size and
organization of genes and operon structures. Archaeal
genome diversity reflects the physiological versatility
of the Archaea and the wide range of growth condi-
tions, as well as frequent gene acquisition by horizontal
gene transfer”. Based on the unique archaeal informa-
tion-processing machineries, conserved archaeal ‘core’
genes*' and archaeal transcription signals, we can dif-
ferentiate archaeal and bacterial genomes, and can even
differentiate euryarchaeotes and crenarchaeotes. Even in
complex environmental DNA libraries, it is often pos-
sible to distinguish large archaeal genome fragments
from bacterial fragments, based on gene content and
phylogenetic marker genes. However, assigning as-yet-
uncultivated archaea to distinct lineages is not easy.
As often nothing but the 16S rRNA gene sequence of
a novel lineage is known, this information has initially
been used as a phylogenetic anchor to retrieve spe-
cific genome fragments from complex environmental
libraries. More comprehensive environmental genomic
studies of specific lineages became possible with large-
scale sequence analyses from samples with some highly
enriched organisms that allow the subsequent assembly
of longer genomic contigs or even almost complete
genomes (see below).

Genomic studies of marine planktonic archaea
The new field of cultivation-independent genomic
studies of microorganisms was initiated when Edward
DeLong and collaborators attempted to characterize
genome fragments of marine planktonic archaea®.
Inspired by the rapid advances in genomic techniques
applied to cultivated microorganisms, they used a bac-
terial artificial chromosome (BAC)-derived fosmid
vector to prepare a large-insert library from marine
plankton of the North-Eastern Pacific. A 38.5-kb
genomic fragment of an uncultivated mesophilic
crenarchaeote was identified within 3,552 clones,
using archaea-specific 16S rDNA probes (FOS-4B7,
Group I.1A in FIG. 1). Even snapshot sequencing of
this clone confirmed its archaeal origin*. Further
genome fragments of marine archaea have been iso-
lated from BAC, fosmid or cosmid libraries of sur-
face®*!and deep waters®>* of the Antarctic and the
North Pacific. Conservation of gene order around
the 16S rRNA gene confirmed the close relationship
of the planktonic crenarchaeota, even in strains from
different oceanic regions®*** (FIG. 3). By contrast, it is
noticeable that considerable genomic variation can
be dissected, including microheterogeneity in pro-
tein-encoding regions and intergenic spacers, when
genome fragments with otherwise identical or almost
identical 16S RNA genes were compared from the
same DNA library®*.

The planktonic archaeal clones share several
genomic features with their hyperthermophilic relatives,
including the estimated low GC content (~32-36%)
as well as the gene repertoire and the structure of the
rRNA operon. However, some genes that are so far
unique to planktonic archaea have also been identified,
such as a putative RNA-binding protein that shares fea-
tures with the bacterial cold-shock family and a novel
zinc-finger protein that was previously only found in
eukaryotes™.

Given the abundance and ubiquity of marine
planktonic archaea, it is plausible that large numbers
of archaeal genes would be detected in a random
sequencing survey of DNA obtained from filtered sur-
face waters. This is in fact the case. The large dataset
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Figure 3 | Conservation among genomic regions of uncultivated marine crenarchaeota. This figure shows a comparison
of genomic regions from marine crenarchaeota that were isolated from different environments (surface, deep water or metazoan
tissue) in four different ocean locations, and reveals high genomic conservation with respect to gene similarities and order.
Orthologous genes with a score of more than 50 using blastp searches (comparing an amino acid query sequence against a
protein sequence database) were identified (coloured boxes) using the Artemis comparison tool ACT®. Three genome fragments
that were cloned directly from the environment and one assembled scaffold (Sargasso Sea) are shown. Note that the Sargasso
Sea scaffold is interrupted by regions of unknown sequence composition (black bars) and by ribosomal RNA sequences of

Shewanella that have apparently been misassembled (white box).

of roughly 1 billion basepairs with 1.2 million novel
genes obtained by shotgun sequencing samples from
the Sargasso Sea® contains considerable amounts of
archaeal sequences. Complete and partial 16S rRNA
genes (FIG. 1) and other phylogenetic markers indicate
the presence of crenarchaeota and euryarchaeota. In
many cases, the genomic fragments cannot be clearly
ascribed to either branch. Furthermore, the assembly
of larger scaffolds in the dataset should be re-examined
as misassemblies are present (see also the article by
E.F. DeLong in this issue). But with more sophisti-
cated annotation tools or simply with the help of large
genomic fragments of marine archaeal species isolated
earlier from BAC or fosmid libraries, a considerable
number of archaeal genes and scaffolds can clearly be
assigned (REE 54 and C.S., unpublished data). Scaffold
CHO004643 from the Sargasso Sea dataset, for example,
links three crenarchaeal fragments that were previously
isolated from three different oceanic locations (FIG. 3).

Cenarchaeum symbiosum — a model archaeon
Among the complex prokaryotic community harboured
in the tissues of the marine sponge Axinella mexicana,
a sole archaeal phylotype, Cenarchaeum symbiosum,
was detected by 16S-RNA-based PCR surveys®. It can
be maintained over many months in stable association
with its host, under controlled laboratory conditions
at temperatures 40-50°C below the optimum of its
closest cultivated relatives, the hyperthermophilic
crenarchaeota. This crenarchaeal-metazoan associa-
tion therefore provides a tractable system for the study
of non-thermophilic marine crenarchaeota and gives
access to relatively large amounts of biomass (and
DNA) from this species. Although C. symbiosum has

not been cultivated or completely physically separated
from the tissues of its host and the coexisting bacteria,
cell fractions that are enriched for the archaeon have
allowed the construction of large-insert genomic librar-
ies®, facilitating the isolation of genome fragments and
leading to a genome sequencing project (E.F. DeLong,
personal communication). Many features, including
a homologue of a family B DNA polymerase that is
encoded on an isolated fosmid, show the close relation-
ship of C. symbiosum to cultivated hyperthermophiles®.
The biochemical characterization of this protein, how-
ever, substantiated the prediction that the organism is
adapted to low temperatures*. Unexpectedly, the analy-
sis of genomic contigs from C. symbiosum revealed the
presence of two closely related variants that were found
in most sponge individuals analysed®. The two genomic
entities have less than 0.7% deviation in the 16S rRNA
gene and identical gene order, but vary by up to 20% in
the protein-encoding regions and up to 30% in inter-
genic regions. This study was among the first to reveal
genomic microheterogeneity at the species level based
on environmental genomic studies, and indicates con-
siderable functional diversity and perhaps adaptation
to special niches in populations of coexisting, closely
related prokaryotic strains. It also reveals the primary
complications inherent to this approach (that is, the risk
of genome misassembly of closely related species) when
genomes of natural populations are being analysed
instead of genomes from pure cultures of laboratory
strains. This observation was confirmed by the study of
closely affiliated archaeal planktonic fosmids* and was
largely extended in the shotgun-sequencing projects of
the Sargasso Sea and of an acidic mine drainage during
the assembly process of huge datasets®*".
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Figure 4 | Expansion of the Amo/Pmo protein family by environmental genomic sequencing — hints of ammonia
oxidation in moderate Crenarchaeota. a | An amoA/pmoA phylogeny that was reconstructed using 200 aligned amino-acid
positions of AMoA (ammonia monooxygenases) and PmoA (particulate methane monooxygenases subunit A) proteins, as well
as homologous proteins that were predicted from environmental genome fragments or PCR products. DNA sequences were
directly amplified from nucleic acids isolated from soil using PCR (soil DNA) or reverse transcription-PCR (soil cDNA) or were
obtained from genomic fosmid 54d9 (AJ627422) and the Sargasso Sea data set (REE. 66). Bootstrap values shown are the
maximum values for the respective groups and were obtained from three independent reconstructions using 1,000 rounds of
PROTPARS (protein sequence parsimony method) and FITCH (distance matrix) each, as well as 100 rounds of PROML (protein
maximum likelihood program). All phylogenetic programs were from PHYLIP (phylogeny inference package). b | A comparison
between fosmid clone 54d9 from soil with sequences from the Sargasso Sea database, indicating the similarity of amoA/B and
the linked genes. The similarities of amoA/B genes from the Sargasso Sea to the homologues that are located on clone 54d9
were more than 70% at the nucleotide level. Clone 54d9, which contains ribosomal RNA genes (shown in yellow) therefore
clearly links the amoA/B genes identified in soil and marine plankton to the non-thermophilic crenarchaeota.

The C. symbiosum genome has a considerably higher
GC content® (>55%) than its relatives in the marine
plankton (~34%) (FIG. 3), which might reflect adapta-
tion to the lifestyle in the metazoan host instead of a
large evolutionary distance. Despite this difference,
however, a considerable number of genomic scaffolds
with homologous, syntenic regions can be identified
using C. symbiosum genome fragments to query the
environmental database from the Sargasso Sea (FIG. 3
and C.S., unpublished data). This indicates a close affili-
ation to planktonic relatives, and the potential of using
C. symbiosum as a model system to study free-living
marine crenarchaeota.

Crenarchaeota in soil might be nitrifiers

16S rRNA sequences of crenarchaeota from the upper
layer of soils can be recovered on all continents from
almost any terrestrial ecosystem. Similar to the
marine crenarchaeota, most of these species seem to
be closely related (group I.1B in FIG. 1), but not all (for
example, group FFS from forest soils*® in FIG. 1). The
characterization of soil microorganisms by genomic
techniques is particularly challenging. Soils are the
most diverse ecosystems on the planet, with an esti-
mated 12,000 to 18,000 different dominant species
in one small sample® and a species richness that is
20-fold higher than that of seawater®. Therefore,
huge DNA libraries are needed to capture a reason-
able fraction of the genomic diversity. Furthermore,
the use of soil samples is particularly challenging,
because DNA preparations are heavily contaminated

with polyphenolic compounds (humic and fulvic
acids) and need to be specifically purified before
cloning®®. Several large genome fragments from
crenarchaeota that were identified by 16S RNA or
archaeal-specific core genes have been isolated from
complex soil libraries®**¢*, Ribosomal RNA operon
structure and phylogenetic analyses, as well as the
low GC content and predicted proteins, confirm
the crenarchaeal origin of these fragments. Several
genes provide first clues about the energy metabolism
of these archaea. In particular, the identification of two
genes encoding proteins related to subunits of ammo-
nia monooxygenases (AmoAB), the central enzymes
of ammonia oxidation in bacterial nitrifiers®, led to
the speculation that non-thermophilic crenarchaeota
use ammonia as their primary energy source® (FIG. 4).
Proteins from the family of ammonia monooxyge-
nases and particulate methane monooxygenases (of
methanotrophs) have so far only been detected in
the Proteobacteria. The novel, quite distant homo-
logues from archaea expand this well known family
to a third group (FIG. 4a). Interestingly, homologues of
the amo-like genes from the soil crenarchaeote were
found in the dataset from the Sargasso Sea, indicating
that marine crenarchaeota could also be capable of
ammonia oxidation (FIG. 4b). As autotrophic growth
of marine crenarchaeota has been inferred by radio-
carbon studies®, it is tempting to speculate that at
least some groups of non-thermophilic crenarchaeota
could be chemolithoautotrophic ammonia oxidiz-
ers (nitrifiers). As bacterial nitrifiers are not easily
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recovered in pure laboratory cultures, this might even
explain why non-thermophilic archaea, although
cosmopolitan, have not yet been cultured.

Interestingly, a homologue of a copper-containing
nitrite reductase (NirK), the key enzyme of dissimilatory
nitrate reduction®, was also identified in the archaeal
soil clone (FIG. 4) as well as in the Sargasso Sea dataset
(not shown). As this protein is also found in ammonia-
oxidizing bacteria (nitrifiers) and might even have a
key role in their metabolism®, it lends further support
to the hypothesis that the primary energy metabolism
of mesophilic terrestrial and marine crenarchaeota is
based on ammonia oxidation.

Several, but not all, archaeal contigs that were recov-
ered from soil libraries show considerable genomic
overlap (that is, syntenic regions of high similarity)
with scaffolds from the Sargasso Sea dataset (M. J. and
C.S., unpublished observations), indicating that some,
but not all, soil groups share metabolic capacities with
marine planktonic crenarchaeota.

Methane-oxidizing archaea in the deep sea
Different lineages of Euryarchaeota that are affili-
ated with Methanosarcinales (ANME-1, ANME-2
and ANME-3 in FIG. 1) have been found in the upper
subsurface sediments that lie above the large reservoirs
of methane deep below the ocean floors'*'>7*"!. The
anaerobic oxidation of methane in these sediments is
an important microbial process, as it prevents the flux
of considerable amounts of the greenhouse gas into the
hydrosphere. In situ analyses based on lipid and isotope
signatures, as well as 16S-rRNA-based surveys of the
microbial communities feeding on methane seeps, have
indicated that archaea belonging to the ANME lineages
should be methanotrophs, which convert methane
into CO, and reduce the by-products in a process that
is coupled to sulphate reduction by closely associated
bacteria'#'>"*”!. Genes for methyl coenzyme M reduct-
ase (MCR), which carries out the terminal step in
methanogenesis, were found in association with ANME
lineages’™, and a novel nickel compound, a variant of the
MCR cofactor F430 of methanogenic archaea associated
with an MCR-like protein, was characterized in a com-
bined biochemical and environmental genomic study”.
The hypothesis that ANME archaea carry out a ‘reverse
methanogenesis’ was recently supported by Hallam
et al”, who have isolated nearly all the genes typically
associated with methane production in an approach that
combined shotgun-sequencing efforts and large-insert
libraries made from highly enriched samples of methane
seep sediments (see also the article by E.E DeLong in
this issue).

Reconstructing a genome of Ferroplasma

A composite genome of an extremophilic archaeon,
a Ferroplasma species, has been reconstructed from a
dataset obtained by random shotgun sequencing from
a natural biofilm of an acidic mine drainage compris-
ing only very few microbial species”. In addition to
the full genome of a Leptospirillum species (Nitrospira
class), an almost complete Ferroplasma genome of
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1.82 Mb was reconstructed within the 76 Mb dataset
of environmental sequences.

The genome contained a 16S RNA with 99% iden-
tity to that of Ferroplasma acidarmanus (isolated earlier
from the same location”), but there was a sequence
divergence of 22% on the nucleotide level when compar-
ing the two largely syntenic genomes. Most interestingly,
the reconstructed genome of the Ferroplasma type 11
strain revealed an extensive degree of nucleotide poly-
morphism (different in its pattern from that observed
with the assembled Leptospirillum genome) that was
most probably explained by frequent recombination
events among closely related Ferroplasma type II strains.
Apart from cryptic prophages and putative mobile
genetic (retro)-elements, no evidence was found for the
mechanism underlying this frequent gene exchange.
Genetic exchange among laboratory archaeal strains of
euryarchaeota” and crenarchaeota”’® was shown earlier.
Furthermore, frequent events of homologous recombi-
nation®, even leading to a degree of linkage equilibrium
resembling that of a sexual population”, have recently
been suggested for other naturally occuring archaeal
assemblages, indicating that extensive genetic exchange
could be a more general feature within the archaea.

Conclusions

Even the few initial environmental genomic studies
on archaea (TABLE 1) have shed light on the potential of
this novel research field. The approaches range from
the identification of potential key metabolic traits
based in specifically identified large genome frag-
ments (as for soil crenarchaeota), the use of model
organisms within well-circumscribed systems (such
as C. symbiosum) and the modelling of complex bio-
chemical pathways from more comprehensive datasets
(as exemplified for methanotrophs) to the collection
of large datasets through random shotgun sequencing
(such as those of the Sargasso Sea and an acid mine
drainage). A compilation of these initial environ-
mental studies shows that the different approaches
are useful individually but are also complementary.
Furthermore, it is evident that studying the genomics
of natural microbial communities can provide new
insights into population structures, genome dynamics
and speciation that cannot be obtained solely through
the analysis of laboratory strains.

This novel approach marks the beginning of a
second dimension in microbial genomics, as it takes
into account the true microbial diversity. Extrapolating
from the impact of these first datasets, one can specu-
late that we might soon be able to comprehensively
study the capacity and dynamics of microorganisms
in complex natural assemblies within a framework of
changing environmental parameters. We will also be
able to compare the genomic diversity and activity of
different microbial consortia.

However, several challenges must be met in the
future. Even more than with genome analyses of cul-
tivated organisms, the full potential of environmental
sequences can only be exploited if the hypotheses based
on in silico data can be supported by functional studies.
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Table 1 | Published studies involving genomic analyses of uncultivated archaea

Environment

North Pacific, marine plankton

Californian pacific coast, marine
sponge Axinella mexicana

Californian coast, surface
waters

Antarctic, coastal waters

Calcerous grassland soil,
aerobic layer

Eel River Basin, Monterey
Canyon, microbial mats
associated with deep methane
seeps

Northwestern Black Sea shelf,
microbial mats from methane
seeps

Antarctic polar front, waters of

500 m depth

Acid mine drainage biofilm

Sargasso Sea surface waters

Methanogenic consortium

Archaeal group Library type Comments References
Group I.1A, marine planktonic  Fosmids First described genomic fragment from an 49,50
crenarchaeota uncultured prokaryote
Group I.1A, crenarchaeote: Fosmids Archaeal extracellular symbiont, stable 55,56
Cenarchaeum symbiosum association in laboratory aquaria, libraries
enriched for archaeon, ongoing genome project
Group Il, marine planktonic BACs 60-kb clone, identified through 23S rRNA gene 51
euryarchaeota
Group I.1A, planktonic Fosmids Comparative analysis of highly related fragments 50
crenarchaeota
Group 1.1B, soail Fosmids Identification of archaeal fosmids through 61,64,66
crenarchaeota 16S RNA genes or random end sequencing
ANME-1 and -2 Fosmids Methanotrophs in syntrophy with sulphate- 72,74
reducing bacteria, genes for reverse
methanogenesis
ANME-1 Fosmids Biochemical isolation of a novel Ni-cofactor of 73
methyl-coenzyme M reductase from the same
sample
Group |.1A crenarchaeota, Cosmids Study of horizontal gene transfer in 52,68
group ll, euryarchaeote crenarchaeote
Ferroplasma Plasmids Ferroplasma type Il (complete genome almost 57
(smallinserts)  reconstructed), also A-type, G-type fragments
Planktonic crenarchaeota and Plasmids >1 Gb of environmental DNA sequenced 54
euryarchaeota (small inserts)
Rice cluster | methanogens Fosmids Stably maintained, 3-year old bacterial/archaeal 84

consortium, anaerobic, 50°C

BACs, bacterial artificial chromosomes.

This will involve the integration of biological disciplines
on a large scale. In the context of environmental genom-
ics, expertise from systems biology, transcriptomics and
biogeochemistry will be needed. Ten years ago, when
the first environmental or ‘metagenomic’ libraries were
constructed, the assembly of a complete or near com-
plete genome of an uncultivated microorganism was a
huge challenge. With the first large-scale sequencing
projects, this proof of principle was confirmed. But it
has also become clear that even larger efforts than origi-
nally anticipated, involving novel and cheaper sequenc-
ing technologies and more sophisticated bioinformatic
tools, will be needed in the future if complex microbial
communities are to be characterized on a genomic
scale. In the future, however, genomes of specific
microbial species in complex communities might be
isolated with less effort, as new technologies are being
developed that allow an a priori enrichment before the
construction of environmental libraries. These more
focused second-generation, metagenomic libraries
could be constructed based on metabolic predictions
and parameters obtained in the first round of environ-
mental studies. Similarly, libraries enriched for DNA
from metabolically active populations can be made
by isolating heavy DNA after incubation of environ-
mental samples with stable-isotope-labelled substrates
— SIP-enabled metagenomics (see also the article by
M.G. Dumont and J.C. Murrell in this issue).

From the perspective of a researcher of Archaea,
other inspirations have emerged from this first wave

of population genomics. After the astonishing finding
that archaea are so widespread on Earth, we now have
the tools to recognize, or at least approach, their eco-
logical impact and interaction with other life forms. It
is also possible that population genomics will lead to
the identification of archaeal pathogens® or to novel,
divergent archaeal lineages that have eluded PCR-based
molecular surveys. As the extent of prokaryotic diver-
sity and horizontal gene transfer is far from completely
understood®, this could mean that the phylogenetic
trees will again be radically altered.

Pioneering groundwork in the archaeal research
field has been the isolation and cultivation of hyper-
thermophilic organisms and other extremophiles. This
has not only led to the discovery of novel metabolisms
and special adaptations of archaea, but also to a more
fundamental understanding of the features that unify
the organisms of this third domain of life. It will be
as exciting and important to isolate species of those
archaeal groups that have so far solely been studied
by molecular techniques. In particular, some of the
organisms that are commonly found in moderate,
aerobic environments should eventually be brought
into culture, perhaps assisted by predictions made in
metagenomic studies. Although the study of model
organisms remains crucial, it has become clear over
the past years of archaeal research that cultivation-
independent techniques, including population genom-
ics, will be indispensable if we want to fully understand
the diversity and ecological impact of archaea.
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