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MICROBIAL COMMUNITY
GENOMICS IN THE OCEAN

Edward F. DeLong

Molecular approaches for characterizing microbial
species and assemblages have significantly influenced
our understanding of microbial diversity and ecology.
In particular, ribosomal RNA (rRNA) gene sequence
comparisons have provided a revolutionary approach
for interpreting microbial evolutionary relationships’.
In a logical extension of this technique, extraction
of phylogenetically informative genes (like rRNAs)
directly from naturally occurring microorganisms
represented another important development in micro-
bial biology, opening up the natural microbial world
to closer scrutiny®*. Resulting discoveries include the
recognition of new phylogenetic lineages**, distri-
butional mapping of taxa in sometimes unsuspected
habitats”® and the fundamental realization that most
extant microbial diversity had eluded detection by
traditional cultivation approaches®.

Advances in genome sequencing technologies have
similarly had great impact on microbial biology, pro-
viding new insights into microbial evolution, biochem-
istry, physiology and diversity. Genomic technologies
are now also extending their influence to microbial
ecology and environmental science. With respect
to ocean science, several marine microbial whole
genome sequences have been completed (TABLE1).
The first sequenced marine microorganism was that
of a marine archaeon, Methanocaldococcus jannaschii,

Abstract | Marine microbial communities were among the first microbial communities to be
studied using cultivation-independent genomic approaches. Ocean-going genomic studies are
now providing a more comprehensive description of the organisms and processes that shape
microbial community structure, function and dynamics in the sea. Through the lens of microbial
community genomics, a more comprehensive view of uncultivated microbial species, gene
and biochemical pathway distributions, and naturally occurring genomic variability is being
brought into sharper focus. Besides providing new perspectives on oceanic microbial
communities, these new studies are now poised to reveal the fundamental principles that drive
microbial ecological and evolutionary processes.

which was isolated from deep-sea hydrothermal vents’®,
and the list of sequenced marine microorganisms
now includes marine viruses (see also the article by
R.A. Edwards and E Rohwer in this issue), cyanobac-
teria'®'?, bacteria'®*-%, archaea®”~* and protists™ from
the upnoTIC ZONE, deep water, BenTHIC habitats and
hydrothermal vents. Many more marine bacterial,
archaeal and protistan genome sequencing projects
are now underway. As these new sequencing initiatives
progress (see Online links box), the database of refer-
ence sequences from ecologically relevant organisms
will expand rapidly. This is a crucial consideration in
cultivation-independent genomic projects, as whole
genome sequences from relevant organisms provide
the foundations for interpretation and annotation of
environmental genomic data.

Most recently, the merging of cultivation-
independent gene sequences with contemporary
genomic approaches (such as whole-genome
shotgun sequencing) is providing a more com-
prehensive picture of the structure and function
of indigenous microbial communities. Genomic
approaches for studying natural microbial assem-
blages have been variously dubbed environmental
genomics, population genomics, metagenomics or
ecogenomics. Regardless of the moniker, all these
approaches involve cultivation-independent genomic
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Table 1 | Published whole genomes from marine microorganisms

Species Genome size References
Bacteria

Photobacterium profundum 6,400 kb 21
Vibrio fischeri 4,284 kb 22
Silicibacter pomeroyi 4,109 kb 14
Idiomarina loihiensis 2,839 kb 13
Desulfotalea psychrophila 3,659 kb 18
Vibrio vulnificus 5,211 kb 15
Prochlorococcus marinus subsp. Pastoris MED4 1,657 kb 11
Prochlorococcus marinus MIT9313 2,410 kb 11
Synechococcus sp. 2,434 kb 12
Prochlorococcus marinus SS120 1,751 kb 10
Rhodopirellula baltica 7,145 kb 19
Vibrio parahaemolyticus 5,165 kb 16
Oceanobacillus iheyensis 3,630 kb 20
Archaea

Methanococcus maripaludis 1,661 kb 25
Methanosarcina acetivorans 5,751 kb 24
Methanopyrus kandleri 1,694 kb 30
Pyrococcus furiosus 1,908 kb 29
Pyrobaculum aerophilum 2,222 kb 113
Pyrococcus abyssi 1,765 kb 23
Thermotoga maritima 1,860 kb 17
Aeropyrum pernix 1,669 kb 27
Pyrococcus horikoshii 1,738 kb 26
Archaeoglobus fulgidus 2,178 kb 28
Methanocaldococcus jannaschii 1,664 kb 9
Eukarya

Thalassiosira pseudonana 25,000 kb Sl

analysis of DNA extracted from naturally occur-
ring microbial biomass. These techniques were
first applied to marine plankton to characterize
uncultivated marine bacterial and archaeal spe-
cies’*®, and are now becoming a common method
to characterize microbial assemblages. Applications
include the genome analysis of uncharacterized
taxa®*, expression of novel genes or pathways from
uncultured environmental microorganisms**%30-33,
elucidation of community-specific metabolism®*®
and comparison of different community gene con-
tents. Several recent reviews and commentaries have
summarized the history and potential applications
of cultivation-independent genomic surveys>**»*-¢2,
Here, the development, application and potential of
ocean-going microbial genomics is explored.

Practical approaches

Large-insert bacterial artificial chromosome and
fosmid libraries. Several strategies for cultivation-
independent genomic survey of marine microbial

communities have been used (FIG. 1). One of the
earliest examples used bacteriophage-A cloning
techniques to produce genomic libraries from
marine picoplankton?®?. More recently, fosmids and
bacterial artificial chromosomes®* (BACs) have
been applied in genomic analyses of naturally occur-
ring marine microorganisms®*3%38-40:495465 (p1G,. 1a).
These vectors are particularly useful for stable, high-
fidelity propagation of large DNA inserts®*¢*. DNA
fragments of up to 200 kb can be stably cloned in
these vectors; therefore, one clone could represent
5-10% of the entire genome of a small bacterium.
BACs prepared from microbial assemblage DNA
can be easily screened to identify and characterize
cloned gene fragments for functions or to evaluate
phylogeny. The first example of characterization of
a microorganism using this approach examined
an abundant but uncultivated group of planktonic
marine archaea®. Several studies have expanded
the characterization of uncultivated archaeal spe-
cies using this general approach (see also the article
by C. Schleper and colleagues in this issue). Large-
fragment cloning and sequencing has also led to
several fundamental discoveries about the genome
content, functional properties and potential eco-
logical significance of bacteria in the ocean envi-
ronment. Finally, BAC libraries are repositories of
genomic material, and can also serve as a valuable
reference resource for further sequencing and in vitro
biochemical experimentation.

Small-insert whole-genome shotgun libraries. Another
approach for cultivation-independent microbial
genome characterization is a variant of whole-genome
shotgun (WGS) sequencing® (FIG. 1b). For pure bacte-
rial cultures, the WGS approach has been important
for obtaining complete genome sequences, including
those of several marine bacteria and archaea (TABLE 1).
WGS sequencing has also been used to sequence
microbial symbionts®”® and, in one case, an extremely
simple microbial biofilm assemblage®. WGS sequenc-
ing relies on the preparation and end-sequencing of
small-DNA-insert libraries and subsequent sequence
assembly in silico. The high throughput nature of this
approach makes it extremely attractive. Variations
on this theme, using linker ligation and subsequent
amplification techniques, have also been used to gen-
erate shotgun libraries from naturally occurring viral
populations®*.

To date, it seems that WGS approaches alone can-
not adequately deconvolute whole genome sequences
from complex microbial assemblages. As with the
human genome sequencing effort’®”’, the most com-
plete and reliable datasets will probably result from
a combination of sequencing and analysis strate-
gies. These will also probably include front-end cell
purification strategies to reduce inherent complexity,
followed by combined WGS and large-insert sequenc-
ing strategies. In combination, these approaches
could enhance the accuracy, coverage and reliability
of genomics-based efforts to understand complex
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Figure 1 | Microbial community DNA sequencing. Schematic diagram of common
approaches for retrieving genomic sequence information from natural microbial populations.

a | One approach uses large DNA inserts recovered in bacterial artificial chromosomes (BACs)
that are each derived from an individual cell. Subsequent sequencing and assembly results in a
contiguous DNA sequence that is derived from a single cell in the original population. b | Another
approach is based on recovery of small inserts, and attempts subsequent assembly from
cloned DNA derived from a genetically heterogeneous population. The end result is an assembly
of DNA sequence that is derived from many different cells.

microbial communities. Nevertheless, WGS sequenc-
ing of microbial communities represents a powerful,
if expensive, approach for high-volume, single-pass
gene survey and sampling.

Marine microbial case studies

Several studies have used either large-insert DNA
cloning techniques, WGS approaches or both to char-
acterize marine microbial assemblages (TABLE 2). The
outcomes of these studies include the discovery of
unsuspected mechanisms of light-driven energy gen-
eration in the ocean®>*%72775 3 massive survey of the
gene complement of Sargasso Sea microorganisms”®”’
and the characterization of metabolic pathways of
methane-oxidizing archaea in deep-sea sediments™7*7.
A brief review of these studies illustrates the poten-
tial, progress and pitfalls of cultivation-independent
genomic analyses.
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Photobiology of marine picoplankton. Early forays
into environmental genomics demonstrated the fea-
sibility of obtaining informative genomic ‘snapshots’
from uncultivated marine microorganisms®4->>2,
Recent surveys of genome fragments from bacte-
rioplankton that were archived in BAC libraries have
led to several surprising discoveries. One approach
was to identify genome fragments containing phylo-
genetic markers (for instance, rRNAs) and sequence
the flanking genomic regions — a type of phyloge-
neticially anchored chromosome walking**. Using
this method, a 130 kb BAC clone was isolated from
an uncultivated SAR86 bacterium* (an abundant
component of a-proteobacteria in ocean surface
waters). Sequencing of the 130 kb fragment revealed
a new class of genes of the rhodopsin family (named
proteorhodopsin) that had never before been observed
in bacteria. When the bacterial proteorhodopsin was
expressed in Escherichia coli, it functioned as a light-
driven proton pump?. Before these genome-enabled
studies, these photoproteins had not been known to
occur in bacteria or the ocean. So, this genomic survey
of uncultivated marine bacteria led directly to the dis-
covery of a new type of light-driven energy generation
in oceanic bacteria. Later studies confirmed the pres-
ence of retinal-bound proteorhodopsin in the ocean,
and showed that optimized spectral ‘tuning’ of bacte-
rial rhodopsins matches depth-specific light availabil-
ity”>. Shotgun sequencing in the Sargasso Sea has now
verified both the abundance and diversity of this new
class of photoproteins. The emerging understanding
of proteorhodopsin taxonomic and environmental
distributions is providing new insights into gene and
genome evolution in microbial populations®*7>%,

As in other areas of science, discoveries encoun-
tered in environmental genomic surveys can influ-
ence different fields in unexpected ways. In terms of
biophysics, rhodopsins are possibly the most studied
and well-understood membrane proteins. Before
the discovery of proteorhodopsin, however, the only
known prokaryotic rhodopsins were from extremely
halophilic archaea, and these were difficult to express
functionally in E. coli. By contrast, proteorhodopsin is
readily expressed and functionally active in E. coli, and
has therefore become a valuable biophysical tool for
elucidating the biochemical and biophysical proper-
ties of these transmembrane proteins®-*'. The ability
to genetically and functionally manipulate natural and
engineered proteorhodopsin variants indicates their
potential for use in biotechnological applications®.

Other modes of bacterial phototrophy have also
recently been shown to be common in ocean surface
waters. These represent alternative strategies of light
utilization compared with that of well-known oxy-
genic photoautotrophs, like Synechococcus sp. and
Prochlorococcus spp. Abundant bacteriochlorophyll-
containing aerobic, anoxygenic phototrophic (AAnP)
bacteria were first identified in seawater through bio-
optical and biophysical measurements®*!. Following
these reports, several different types of AAnP were
found in Monterey Bay microbial BAC libraries®.
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Table 2 | Published marine microbial environmental genomic studies

SPECIES RICHNESS

The number of different species
in a given habitat, biotope,
community or assemblage.

Year Site Depth (meters) Community type Library type References

1991  Subtropical Pacific 0 Open ocean picoplankton A 32

1996 Oregon coast 200 Coastal picoplankton Fosmid 33,41

1996 Santa Barbara, 10 Sponge symbionts Fosmid 40,49
California

1999 Delaware Bay, 0 Estuarine picoplankton A 58
Delaware

2000 Monterey Bay, 0 Coastal picoplankton BAC 34,35,65
California

2002  Antarctic peninsula Coastal picoplankton Fosmid 101

2002  Mission Bay, California 0 Coastal planktonic virus Shotgun* 36,37

2003 Subtropical Pacific Open ocean picoplankton BAC 38

2004  Antarctic Polar front 500 Picoplankton Cosmid 43,45

2004 Sargasso Sea 0 Open ocean picoplankton Shotgun 7

2004  Mediterranean Sea 0 Open ocean picoplankton BAC 39,72

2004  Eel River Basin, 550 Deep-sea sediment Shotgun and 54
California microorganisms fosmid

2005 Pacific Ocean 1,674 Deep-sea whale fall Shotgun 55

2005 Antarctic peninsula 560 Deep-sea whale fall Shotgun 55)

*Modified linker-ligation shotgun libraries. BAC, bacterial articifial chromosome.

Some of these BAC clones contained ‘photosynthetic
superoperons, which encode the photosynthetic reac-
tion centre, and carotenoid and bacteriochlorophyll
biosynthetic genes*. Both the genes and genomic
organization indicated that some of these photo-
synthetic superoperons were peripherally related
to more familiar planktonic AAnP bacteria of the
o.-proteobacteria group. Other planktonic pho-
totrophs, containing photosynthetic superoperons
that seem unrelated to o-proteobacteria, were also
prevalent among the Monterey Bay BAC clones. The
photoprotein gene similarity and gene order of these
clones indicated a possible relationship to B-proteo-
bacteria or y-proteobacteria. Planktonic AAnP bac-
teria that are more closely affiliated with Roseobacter
species have also been reported using genomic
techniques’>*>%. In total, the combined biophysical,
genomic and culture-based studies have indicated
that bacteriochlorophyll-containing AAnP bacteria
are broadly distributed throughout the world’s oceans,
both taxonomically and geographically. Together,
these genome-enabled analyses of proteorhodopsin
and AAnP marine bacteria are changing our views
about the nature and prevalence of light-utilization
strategies in ocean surface waters.

Shotgun sequencing of Sargasso Sea microorganisms.
One of the more remarkable applications of envi-
ronmental genomics to date is a WGS sequencing
effort of the microbial community in the Sargasso
Sea””. This study produced a total of 1,987,936 DNA
sequence reads, yielding approximately 1,625 Mb of
DNA sequence. In their first analyses, Venter et al.
pooled shotgun DNA sequences from four out of
seven discrete samples (~1.36 Gb of sequence total)

for subsequent in silico DNA assembly. The dataset is
remarkable in terms of its sheer magnitude and total
gene content. This data collection effort demonstrated
the raw power of environmental genomics for explor-
ing natural microbial gene content and diversity. The
study also reveals some of the pitfalls that can be
encountered in sampling, contig assembly, data analyses
and interpretation.

The gene complement of the assembled Sargasso Sea
dataset consisted of about 1,214,207 identified protein-
encoding genes, encompassing ~1,412 individual rRNA
genes. Counts of phylogenetically informative genes
were used to estimate species ricHNEss. The observed
species number within these protein-encoding genes
was estimated by counting ‘genomic species, defined
as clusters of assemblies or individual sequence reads
with >94% similarity at the DNA level. Using two
separate approaches, Venter and colleagues inferred a
minimal total number of 1,800 species in their sample
— corresponding with the total unique rRNA counts.

The type and distribution of microorganisms present
in the Sargasso Sea samples were fairly consistent with
known oceanic microbial species and distributions. As
expected, bacterial groups known to be abundant in
marine surface waters*, such as the o.-proteobacteria
SARI11 clade (~400 different SAR11 rRNA sequences
were detected), the y-proteobacteria SAR86 clade
(known to contain the photoprotein proteorhodopsin),
cyanobacteria and Cytophaga sp. were well represented.
Other typical marine planktonic microorganisms, such
as Roseobacter spp., Alteromonas spp., the SAR116 clade
and marine crenarchaeota were also detected.

Among the native microbial Sargasso Sea sequence
assemblies, it is clear that there are still difficul-
ties in assembling large, accurate DNA contigs and
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Figure 2 | Burkholderia and Shewanella gene content in Sargasso Sea samples.
BLAST!2 analyses of the percentage of Burkholderia cepacia or Shewanella oneidensis top
hits (blastn DNA local alignment hits with expectation cutoff values less than 1 x 1029, using
the Sargasso Sea tracefiles deposited in NCBI. Contaminating vector and repetitive sequence
was removed from the tracefile data before analyses. Green bars represent the percentage of
top BLAST hits to B. cepacia recovered in individual Sargasso Sea sample datasets. Red bars
represent the percentage of top BLAST hits to S. oneidensis recovered in individual Sargasso

Sea sample datasets.

SYMPATRIC

Populations, species or
taxa occurring in the same
geographical area.

SPECIES EVENNESS

The relative abundance of
species in a given habitat,
biotope, community

or assemblage.

scaffolds from complex mixed microbial populations.
In relatively few cases, large contigs could be assem-
bled from known abundant population constituents,
like Prochlorococcus spp., SAR11 and SAR86 bacte-
rial types. For SAR11, the largest contig that could be
assembled was only 21 kb (REE 77). For open ocean,
SARS86-like, proteorhodopsin-containing DNA frag-
ments, the largest assemblies were around 10 kb,
compared with the 70 to 180 kb of genome sequence
information in BAC clones from these and other pro-
teorhodopsin-containing microorganisms*’. These
problems probably originate from the high levels of
‘microheterogeneity’ known to exist within sympaTrIC
bacterioplankton species. The first observations of
the SAR11 clade originally revealed substantial rRNA
sequence microheterogeneity”. It is now known that
many bacterioplankton species, including the SAR11
clade, marine crenarchaeota, Prochlorococcus spp. and
Vibrio spp., have high levels of sympatric sequence
variation® ', Recent studies indicate that increased
sympatric sequence variation in naturally occurring
microbial populations cannot be explained either by
intracellular variation in rRNA operons or by sequenc-
ing errors or PCR artefacts!*>!®® Instead, sympatric,
nonclonal microbial populations that harbour vast
amounts of allelic-sequence diversity seem to be
the rule and not the exception in co-occurring spe-
cies populations. This inherent intra-species genetic

© FOCUS ON METAGENOMICS

complexity, combined with variable species richness
and spECIES EVENNESs, poses challenges for current shotgun
sequencing and in silico assembly algorithms.

The difficulties encountered in assembling well-
known and abundant bacterioplankton genomes
serves as a backdrop for a surprising result reported
in the Sargasso Sea work. Successful assembly of
near-complete genome scaffolds from two different
bacterial genera — one Burkholderia species and two
Shewanella types — was reported. The 8.5 Mb scaffold
of Burkholderia contigs contained several small subunit
rRNA genes, each matching sequences from terrestrial
Burkholderia cepacia strains at >98% sequence similar-
ity. The Burkholderia assemblies contained low levels
of single nucleotide polymorphisms (SNPs) — about 1
polymorphism per 10,000 bases, which is quite unusual
considering known levels of sympatric sequence varia-
tion in marine bacterioplankton populations. The two
other sets of large scaffolds seemed to be derived from
Shewanella species. These Shewanella contig sets were
similar in gene order and showed sequence similarity
to the genome sequence of Shewanella oneidensis, a
freshwater, manganese-reducing bacterium. Ribosomal
RNA genes in these contigs were >98% similar to those
of S. oneidensis and other closely related terrestrial
Shewanella putrefaciens strains.

Although the Shewanella and Burkholderia DNA
sequence assembly results are impressive, there remain
doubts as to whether these sequences truly represent
indigenous Sargasso Sea microorganisms. First, both
the S. oneidensis and B. cepacia genome sequences
reported are more similar, in terms of DNA sequence
similarity, to terrestrial and freshwater strains. These
terrestrial bacterial species have not been reported in
significant numbers in open ocean marine bacterio-
plankton, even though they are readily detected in
other habitats. Second, the level of SNPs found in the
B. cepacia sequence assemblies (1 in 10,000) is astound-
ingly low, especially for naturally occurring bacterio-
plankton. Almost every cultivation-independent gene
survey of marine microorganisms conducted over the
past decade has revealed the presence of extensive
sympatric sequence microheterogeneity, even among
highly conserved rRNA genes*?7-*#19-1%4 By contrast,
the Venter et al. Burkholderia assembly reflected a dom-
inant clonal population of a single B. cepacia strain”.
Third, the assembled Shewanella and Burkholderia
genomes (and their rRNAs in individual sequence
reads) were significantly represented in only one of
the seven Sargasso Sea samples sequenced'*”’, with
over 5% of the samples bearing more than 80% DNA
sequence homology to B. cepacia (FIG. 2). Together,
these two groups comprised >50% of all the data in
this single sample”’. Finally, the Sargasso Sea results
seem internally inconsistent, as an identical seawater
sample, collected on the same day at the same site, con-
tained no Shewanella or Burkholderia'*”. Although the
authors suggested that high nutrient sources in marine
snow and/or marine mammal vectors might explain
the presence of these terrestrial-like Burkholderia
and Shewanella strains, their extraordinarily high
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biomass and anomalous near-clonal nature render these
explanations unlikely. Instead, shipboard contamina-
tion of the sample (specifically, sample 1, see FIG. 2) with
atLocHTHoNous Shewanella and Burkholderia seems the
most probable explanation. These results emphasize
the need for careful sampling and verification pro-
cedures, and coordination with field experts in such
large-scale sequencing studies. Ecologically oriented
population, phylogenetic or quantitative studies using
the currently deposited Venter et al. dataset should pro-
ceed with caution, and might best focus on the (uncon-
ALLOCHTHONOUS taminated) Sargasso Sea samples 2-7 (REFS 14,77) (FIG. 2).

Non-native. Found somewhere
other than the place of origin.

Currently, these individual sample data are only available
as sequence trace files in the GenBank database.

Within the Sargasso Sea sequence assemblies, there
are also clear misplacements of genes within scaffolds
of contigs organized in ‘organism bins’ (see Online
links box). As an example, two large Sargasso Sea
scaffolds labelled as Archaea (gi 44893855 and
gi 44893849) both contain large portions of bacterial
5S and 23S rRNA genes, embedded within the largely
archaeal-protein-encoding gene scaffolds (see also
the article by C. Schleper and colleagues in this issue).
These bacterial rRNA genes are not examples of lateral
gene transfer, but instead represent systematic in silico
assembly errors within scaffolds. Whereas misassemblies
of bacterial rRNAs placed within an archaeal scaffold
might be easy to correct, more subtle errors will prob-
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CONTINENTAL MARGIN
Shallow submarine extension
of the continents, generally tens
of meters deep, that extends
seaward to the continental
slope and the deep ocean.

ably not be so readily detected and corrected. For exam-
ple, a misplaced Vibrio spp. rRNA assembled within a
Pseudomonas spp. scaffold would be almost impossible
to identify and correct with any certainty. Considering
the above, WGS assembly data from mixed microbial
communities needs to be approached more cautiously
than do sequences derived from individual BACs or
whole genome sequences of pure cultures. In analogy
to results from the Human Genome Project”®’’, the
Sargasso Sea effort demonstrates that shotgun sequenc-
ing efforts alone are insufficient to accurately decon-
volute contiguous genome sequences from complex,
naturally occurring microbial populations.

Nevertheless, the Sargasso Sea dataset represents
a very useful resource when placed in the appropriate
context and interpreted properly. The value of the data-
set is evident from the large number of new genes that it
contains. For example, among previously known genes
like those encoding proteorhodopsins, the Sargasso
Sea shotgun dataset has revealed many new variations
on a theme. In addition, newer comparative analyses
that take a more general ‘gene-centric’ approach®, as
opposed to a more ‘genome-centric’ assembly-based
focus’”, highlight the value and power of the approach.
Important considerations that should guide future stud-
ies include well-considered choice of sampling sites and
the availability of ancillary data, the cost-to-benefit ratio
of deep versus shallow sequencing, and optimizing
strategies that leverage the most biological information
for the cost, effort and ecological range of communities
studied. In many ways, future discussions in this area
will not be so different from previous whole-genome
sequencing prioritization, which focused on enhancing
phylogenetic breadth and depth.

Genomic approaches for reconstructing in situ metabo-
lism. In deep-sea marine sediments near CONTINENTAL
MARGINS, large quantities of methane are stored in
reservoirs of solid gas hydrates that congeal in low-
temperature, high-pressure environments. The fact
that little of this methane escapes into the overlying
water column has been a geochemical mystery for
some time. Recently, it has been discovered that sedi-
ment-dwelling deep-sea microorganisms can consume
this methane anaerobically and couple this methane
oxidation to sulphate reduction. Although no anaero-
bic methane-oxidizing microorganisms have been
cultivated so far, rRNA surveys'” and stable isotope
analyses'?”!% have revealed the presence of metha-
nogen-related archaea that are responsible for this
process. Consortia of these archaeal methanotrophs,
along with sulphate-reducing bacteria, can oxidize
methane to CO, with concomitant sulphate reduction
in these deep-sea, methane-rich habitats. As they have
not been cultivated, however, the biochemical path-
way for this unusual methane metabolism remained
undescribed.

Hallam et al. recently applied community genomic
approaches to characterize these archaeal methano-
trophs from complex sediment microbial communi-
ties in the deep-sea®'®. This study used an alternative

© FOCUS ON METAGENOMICS

strategy intended to reduce the overall complexity
of the microbial community before sequencing and
provide more reliable and accurate coverage. As each
gram of sediment contains a diverse array of micro-
organisms, the deep-sea-sediment microorganisms
were first subjected to density-gradient separation,
followed by size fractionation by filtration. Genomic
DNA from the purified methanotroph-enriched cells
was then used to produce small-insert (3 kb)WGS
libraries and large-insert (average insert size ~36 kb)
fosmid libraries. Shotgun sequences, fosmid-end
sequences and full-length fosmid sequences were then
produced and analysed with a specific focus on the
putative methane metabolism. A total of 111 Mb of
small-insert shotgun sequence, 4.6 Mb of fosmid-end
sequence and 7.4 Mb of complete fosmid sequence
was produced. The 191 fosmids selected for com-
plete sequencing were chosen based on paired-end
sequencing combined with information on rRNA and
functional gene content. Phylogenetic analysis of the
shotgun and fosmid sequence data verified strong
enrichment in the sample for archaeal methanotrophs
in the purified cell preparation. Out of 114 rRNA genes
found among shotgun sequences, 66% were derived
from archaeal methanotrophs, with 46% from one spe-
cific lineage, ANME-1. The ANME-1-derived fosmids
were identified based on gene-content phylogenetic
analyses, as well as GC content versus read-depth
correlations. This approach combined most fosmids
sequenced into one group of high-read-depth fosmids
with an average GC content of 45%. On the basis of
independent evidence, this bin of 51 fosmids originated
from the ANME-1 group of archaeal methanotrophs.

Homologues of known genes in the methanogen-
esis pathway mapped specifically to the ANME-1
genome-sequence bin, supporting previously hypo-
thesized mechanisms of archaeal methane oxidation.
In support of the ‘reverse methanogenesis’ hypothesis,
expected components of the methanogenic pathway
were present at similar frequencies and stoichiometry
in both shotgun and fosmid sequence datasets (FIG. 3),
and were specifically linked to the highly represented
ANME-1 genome bin®**. Genes encoding proteins
involved in all but one of the seven steps of the metha-
nogenic pathway were found to be associated with the
ANME-1 archaeal methanotrophs® (FIG. 3a). Only one
central gene in the methane-metabolizing pathway
(mer, methylenetetrahydromethanopterin reduct-
ase), which has been found in all other methanogens
examined to date, seemed to be missing. The mer
gene encodes an enzyme that catalyses a key reduc-
tive step in the methanogenic pathway. Alteration of
this step could regulate the directional flux of carbon
for archaeal methanotrophs in the oxidative direction
(FIG. 3b). Additionally, the absence of this key gene in
the ANME-1 group might indicate that archaeal meth-
anotrophs have lost the ability to generate methane and
are now committed to a methane-consuming lifestyle.
These genome-based results are consistent with other
genetic and biochemical studies conducted on archaeal
methanotrophs™”.
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Figure 4 | Apparent taxonomic affiliation of protein-encoding genes from different depths in Monterey Bay.

The percentage of predicted open reading frames that most closely match the indicated taxon present in bacterial artificial
chromosomes (BACS) collected at each different depth. BLAST!!2 analyses were carried out using blastx and an expectation cutoff
value of 1 x 108, For a description of the BAC libraries and associated metadata see REFE. 111. The primary sequence data are
available at http://www.tigr.org/tdb/MBMO. Silicibacter sp.-like protein sequences represented 18% of the total sequences in both
0 m and 80 m BAC libraries from Monterey Bay. Ribosomal-RNA gene sequences from Silicibacter sp.-like bacteria represented

21.1%, and 23.6% of the total rRNA genes in the same 0 m and 80 m BAC libraries, respectively

1 Give, Gram-positive.

This research demonstrates that more detailed
analysis of multicomponent metabolic pathways of
uncultured microorganisms from complex microbial
assemblages is an achievable goal (FIG. 3b). In addition
to providing new information on the potential meta-
bolic pathways in archaeal methanotrophs, this study
highlights several promising directions for future envi-
ronmental genomic studies®. First, reduction of micro-
bial community complexity before DNA extraction can
prove extremely useful. Targeted microbial groups
can be physically separated before genomic characteri-
zation, which greatly simplifies downstream analyses.
Other potential techniques to separate DNAs on the
basis of size include the use of laser tweezers or flow
cytometry. Single-cell isolation techniques coupled with
genome amplification strategies, such as rolling-circle
amplification, offer promising future alternatives for
deconvoluting single genome sequences from complex
microbial populations''’. Such purification strategies
complement, but do not replace, whole-community
genome surveys and analyses. Second, this study shows
that combined use of small-insert and large-insert
libraries (in this case, shotgun and fosmid libraries) is

an obvious and important application that has been
essential to most whole-genome projects conducted
to date. Combined WGS and large-genome-fragment
analyses provides more complete information than
either strategy does alone.

From systems biology to systems ecology

In the near future, ocean microbial genomics will con-
tinue to mine complex community datasets to better
understand how community gene content maps onto
taxonomic composition, metabolic repertoire and phe-
notypic expression. Current efforts are starting to define
the ‘parts list. Systematic sampling, together with other
environmental physical and chemical data, promises
to increase our current knowledge of microbial geno-
types and phenotypes in the oceans. Important issues to
tackle include assessing the relative quality and useful-
ness of different data types such as WGS assemblies,
completed BACs and whole genomes. Additionally,
organizing appropriate community data centres that can
accommodate environmental metadata not currently
present in sequence databases, such as sampling loca-
tion and physical and chemical parameters, will be an
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important development. In the future, careful coor-
dination of sampling, genome sequence analyses and
downstream field efforts will increase the value and
usefulness of environmental genomic datasets.

One exciting new direction includes compara-
tive genomics approaches within microbial commu-
nity genomics. Comparisons among environmental
genomic datasets originating from different microbial
habitats are now starting to emerge and will probably
become a common strategy for comparing different
microbial communities and their genomic and meta-
bolic potential. Tringe et al.* recently compared the
acid mine drainage, Sargasso Sea, whale fall and silage
shotgun datasets derived from associated microbial
communities. Microbial gene content in the Sargasso
Sea was fundamentally different from the acid mine
drainage microbial community, the anaerobic ‘whale
bone communities’ and silage, in fairly predictable
ways®. Whereas these vastly different microbial habi-
tats and communities can be readily discriminated,
could useful biological information be extracted from
more similar assemblages that have more subtle dif-
ferences, using comparative community genomic
approaches? Are specific adaptations detectable along
the depth, light or redox gradients, for example? Can
lateral gene transfer be ‘caught in the act, along such
gradients of varying population composition and selec-
tive pressures? Can such gene flow and the selective
pressures that enrich for particular metabolic features
be detected without any a priori knowledge of the
specific genes or selection pressures involved?

Genomic comparisons of bacterioplankton along
temporal and spatial gradients are beginning to indi-
cate that even modest sequencing efforts can yield
important information about microbial distributions,
population structure and function. For example, by
randomly sequencing only 500 bp from the ends of
approximately 1,000 BAC clones from libraries pre-
pared at different depths, insight can be obtained on
population structure, taxa distribution and functional
gene content in the water column (FIG. 4). Important
differences that reflect microbial population structure
in the water column and identify differences between
depth-stratified microbial populations are evident
at the genomic level. In general, these genomically
inferred profiles map reasonably well onto other inde-
pendent analyses. For example, the concentrations of
Synechococcus sp. inferred from the BAC-derived shot-
gun sequence data are consistent with typical depth

© FOCUS ON METAGENOMICS

distributions determined by epifluorescence micro-
scopic counts or flow cytometric data. In addition,
the depth distribution and abundance of Silicibacter-
like genome sequences is internally consistent with
rRNA gene counts within the same BAC libraries'"", as
well as with predicted abundances of Silicibacter-like
microorganisms in coastal surface waters'.

Ecologically and biogeochemically relevant informa-
tion can also be extracted from comparative analyses
of gene and taxon distributions inferred from shotgun
sequence distributions. One advantage to analyses con-
ducted with BACs is that, attached to the 500-1,000 bp
of shotgun sequence information, 35-200 kb more of
detailed, contiguous genome sequence information
can be obtained in association with each and every
sequence. Similar correlative gene surveys and com-
parative community genomic analyses will undoubtedly
shape the future of how we analyse and interpret natural
microbial community structure and function.

Microbial community genomics can now provide
a deeper view of the network of genes, genomes,
organisms and communities present in the natural
world. These studies cross the traditional disciplinary
boundaries of microbial ecology, evolution, biogeo-
chemistry and Earth science. Integrated studies linking
multiple hierarchical levels of biological organization,
from metabolic pathways to ecosystem modelling,
represent one possible outcome of current research.
Systems biology seeks to interpret the connections
and interactions between various parts of complex bio-
logical networks, usually at the intracellular level. By
contrast, systems ecology seeks to define higher-order
relationships between complex biotic and abiotic Earth
systems at the ecosystem level. The application and
‘postgenomic’ use of microbial community genome
datasets might help to bridge the gap between highly
reductionist molecular approaches and more holistic
views of biotic systems at the ecosystem level. New
analyses and theoretical developments, spanning from
genomes to biomes, will soon begin to more closely
approximate how the complex Earth system, largely
driven by biological processes and evolution, operates.
The oceans represent an outstanding environment in
which to begin , in part because microbial populations
there are stably stratified on spatial scales (from meters
to tens of meters) that can be readily and reproduc-
ibly sampled. Future ocean-going microbial genomic
surveys will undoubtedly have a lot to teach us over
the coming years.
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