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Wehave applied “whole-genome shotgun sequencing” tomicrobial populations
collected enmasse on tangential flow and impact filters from seawater samples
collected from the Sargasso Sea near Bermuda. A total of 1.045 billion base pairs
of nonredundant sequencewas generated, annotated, and analyzed to elucidate
the gene content, diversity, and relative abundance of the organisms within
these environmental samples. These data are estimated to derive from at least
1800 genomic species based on sequence relatedness, including 148 previously
unknown bacterial phylotypes. We have identified over 1.2 million previously
unknown genes represented in these samples, including more than 782 new
rhodopsin-like photoreceptors. Variation in species present and stoichiometry
suggests substantial oceanic microbial diversity.

Microorganisms are responsible for most of the
biogeochemical cycles that shape the environ-
ment of Earth and its oceans. Yet, these organ-
isms are the least well understood on Earth, as
the ability to study and understand the metabol-
ic potential of microorganisms has been ham-
pered by the inability to generate pure cultures.
Recent studies have begun to explore environ-
mental bacteria in a culture-independent man-
ner by isolating DNA from environmental sam-
ples and transforming it into large insert clones.
For example, a previously unknown light-driven
proton pump, proteorhodopsin, was discovered
within a bacterial artificial chromosome (BAC)
from the genome of a SAR86 ribotype (1 ), and
soil microbial DNA libraries have been construct-
ed and screened for specific activities (2 ).

Here we have applied whole-genome shot-
gun sequencing to environmental-pooled DNA
samples to test whether new genomic approach-
es can be effectively applied to gene and spe-
cies discovery and to overall environmental

characterization. To help ensure a tractable pilot
study, we sampled in the Sargasso Sea, a nutrient-
limited, open ocean environment. Further, we
concentrated on the genetic material captured on
filters sized to isolate primarily microbial inhabit-
ants of the environment, leaving detailed analysis
of dissolved DNA and viral particles on one end
of the size spectrum and eukaryotic inhabitants on
the other, for subsequent studies.
The Sargasso Sea. The northwest Sar-

gasso Sea, at the Bermuda Atlantic Time-series
Study site (BATS), is one of the best-studied
and arguably most well-characterized regions
of the global ocean. The Gulf Stream represents
the western and northern boundaries of this
region and provides a strong physical boundary,
separating the low nutrient, oligotrophic open
ocean from the more nutrient-rich waters of the
U.S. continental shelf. The Sargasso Sea has
been intensively studied as part of the 50-year
time series of ocean physics and biogeochem-
istry (3 , 4 ) and provides an opportunity for
interpretation of environmental genomic data in
an oceanographic context. In this region, for-
mation of subtropical mode water occurs each
winter as the passage of cold fronts across the
region erodes the seasonal thermocline and
causes convective mixing, resulting in mixed
layers of 150 to 300 m depth. The introduction
of nutrient-rich deep water, following the
breakdown of seasonal thermoclines into the
brightly lit surface waters, leads to the bloom-
ing of single cell phytoplankton, including two
cyanobacteria species, Synechococcus and Pro-

chlorococcus, that numerically dominate the
photosynthetic biomass in the Sargasso Sea.

Surface water samples (170 to 200 liters)
were collected aboard the RV Weatherbird II
from three sites off the coast of Bermuda in
February 2003. Additional samples were col-
lected aboard the SV Sorcerer II from “Hydro-
station S” in May 2003. Sample site locations
are indicated on Fig. 1 and described in table
S1; sampling protocols were fine-tuned from
one expedition to the next (5 ). Genomic DNA
was extracted from filters of 0.1 to 3.0 !m, and
genomic libraries with insert sizes ranging from
2 to 6 kb were made as described (5 ). The
prepared plasmid clones were sequenced from
both ends to provide paired-end reads at the J.
Craig Venter Science Foundation Joint Tech-
nology Center on ABI 3730XL DNA sequenc-
ers (Applied Biosystems, Foster City, CA).
Whole-genome random shotgun sequencing of
the Weatherbird II samples (table S1, samples 1 to
4) produced 1.66 million reads averaging 818 bp
in length, for a total of approximately 1.36 Gbp of
microbial DNA sequence. An additional 325,561
sequences were generated from the Sorcerer II
samples (table S1, samples 5 to 7), yielding ap-
proximately 265 Mbp of DNA sequence.
Environmental genome shotgun as-

sembly. Whole-genome shotgun sequencing
projects have traditionally been applied to iden-
tify the genome sequence(s) from one particular
organism, whereas the approach taken here is
intended to capture representative sequence
from many diverse organisms simultaneously.
Variation in genome size and relative abun-
dance determines the depth of coverage of any
particular organism in the sample at a given
level of sequencing and has strong implications
for both the application of assembly algorithms
and for the metrics used in evaluating the re-
sulting assembly. Although we would expect
abundant species to be deeply covered and well
assembled, species of lower abundance may be
represented by only a few sequences. For a
single genome analysis, assembly coverage
depth in unique regions should approximate a
Poisson distribution. The mean of this distribu-
tion can be estimated from the observed data,
looking at the depth of coverage of contigs
generated before any scaffolding. The assem-
bler used in this study, the Celera Assembler
(6 ), uses this value to heuristically identify
clearly unique regions to form the backbone of
the final assembly within the scaffolding phase.
However, when the starting material consists of
a mixture of genomes of varying abundance, a
threshold estimated in this way would classify
samples from the most abundant organism(s) as
repetitive, due to their greater-than-average
depth of coverage, paradoxically leaving the
most abundant organisms poorly assembled.
We therefore used manual curation of an initial

1The Institute for Biological Energy Alternatives, 2The
Center for the Advancement of Genomics, 1901 Re-
search Boulevard, Rockville, MD 20850, USA. 3The
Institute for Genomic Research, 9712 Medical Center
Drive, Rockville, MD 20850, USA. 4The J. Craig Venter
Science Foundation Joint Technology Center, 5 Re-
search Place, Rockville, MD 20850, USA. 5University of
Southern California, 223 Science Hall, Los Angeles, CA
90089–0740, USA. 6Bermuda Biological Station for
Research, Inc., 17 Biological Lane, St George GE 01,
Bermuda.

*To whom correspondence should be addressed. E-
mail: jcventer@tcag.org

RESEARCH ARTICLE

2 APRIL 2004 VOL 304 SCIENCE www.sciencemag.org66



We have applied “whole-genome shotgun sequencing” to 
microbial populations collected en masse on tangential flow 
and impact filters from seawater samples collected from the 
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Sargasso Sea

assembly to identify a set of large, deeply as-
sembling nonrepetitive contigs. This was used to
set the expected coverage in unique regions (to
23!) for a final run of the assembler. This al-
lowed the deep contigs to be treated as unique
sequence when they would otherwise be labeled
as repetitive. We evaluated our final assembly
results in a tiered fashion, looking at well-sampled
genomic regions separately from those barely
sampled at our current level of sequencing.

The 1.66 million sequences from the
Weatherbird II samples (table S1; samples 1 to
4; stations 3, 11, and 13), were pooled and
assembled to provide a single master assembly
for comparative purposes. The assembly gener-
ated 64,398 scaffolds ranging in size from 826
bp to 2.1 Mbp, containing 256 Mbp of unique
sequence and spanning 400 Mbp. After assem-
bly, there remained 217,015 paired-end reads,
or “mini-scaffolds,” spanning 820.7 Mbp as
well as an additional 215,038 unassembled sin-
gleton reads covering 169.9 Mbp (table S2,
column 1). The Sorcerer II samples provided
almost no assembly, so we consider for these
samples only the 153,458 mini-scaffolds, span-
ning 518.4 Mbp, and the remaining 18,692
singleton reads (table S2, column 2). In total,
1.045 Gbp of nonredundant sequence was gen-
erated. The lack of overlapping reads within the
unassembled set indicates that lack of addition-
al assembly was not due to algorithmic limita-
tions but to the relatively limited depth of se-
quencing coverage given the level of diversity
within the sample.

The whole-genome shotgun (WGS) assembly
has been deposited at DDBJ/EMBL/GenBank
under the project accession AACY00000000,
and all traces have been deposited in a corre-
sponding TraceDB trace archive. The version
described in this paper is the first version,
AACY01000000. Unlike a conventional WGS
entry, we have deposited not just contigs and
scaffolds but the unassembled paired singletons
and individual singletons in order to accurate-
ly reflect the diversity in the sample and
allow searches across the entire sample with-
in a single database.
Genomes and large assemblies. Our

analysis first focused on the well-sampled ge-
nomes by characterizing scaffolds with at least
3! coverage depth. There were 333 scaffolds
comprising 2226 contigs and spanning 30.9
Mbp that met this criterion (table S3), account-
ing for roughly 410,000 reads, or 25% of the
pooled assembly data set. From this set of well-
sampled material, we were able to cluster and
classify assemblies by organism; from the rare
species in our sample, we used sequence similar-
ity based methods together with computational
gene finding to obtain both qualitative and quan-
titative estimates of genomic and functional diver-
sity within this particular marine environment.

We employed several criteria to sort the
major assembly pieces into tentative organism
“bins”; these include depth of coverage, oligo-

nucleotide frequencies (7 ), and similarity to
previously sequenced genomes (5 ). With these
techniques, the majority of sequence assigned
to the most abundant species (16.5 Mbp of the
30.9 Mb in the main scaffolds) could be sepa-
rated based on several corroborating indicators.
In particular, we identified a distinct group of
scaffolds representing an abundant population
clearly related to Burkholderia (fig. S2) and
two groups of scaffolds representing two dis-
tinct strains closely related to the published

Shewanella oneidensis genome (8 ) (fig. S3).
There is a group of scaffolds assembling at over
6! coverage that appears to represent the ge-
nome of a SAR86 (table S3). Scaffold sets
representing a conglomerate of Prochlorococ-
cus strains (Fig. 2), as well as an uncultured
marine archaeon, were also identified (table S3;
Fig. 3). Additionally, 10 putative mega plasmids
were found in the main scaffold set, covered
at depths ranging from 4! to 36! (indicated
with shading in table S3 with nine depicted in

Fig. 1. MODIS-Aqua satellite image of
ocean chlorophyll in the Sargasso Sea grid
about the BATS site from 22 February
2003. The station locations are overlain
with their respective identifications. Note
the elevated levels of chlorophyll (green
color shades) around station 3, which are
not present around stations 11 and 13.

Fig. 2. Gene conser-
vation among closely
related Prochlorococ-
cus. The outermost
concentric circle of
the diagram depicts
the competed genom-
ic sequence of Pro-
chlorococcus marinus
MED4 (11). Fragments
from environmental
sequencing were com-
pared to this complet-
ed Prochlorococcus ge-
nome and are shown in
the inner concentric
circles and were given
boxed outlines. Genes
for the outermost cir-
cle have been as-
signed psuedospec-
trum colors based on
the position of those
genes along the chro-
mosome, where genes
nearer to the start of
the genome are col-
ored in red, and genes
nearer to the end of the genome are colored in blue. Fragments from environmental sequencing
were subjected to an analysis that identifies conserved gene order between those fragments and
the completed Prochlorococcus MED4 genome. Genes on the environmental genome segments
that exhibited conserved gene order are colored with the same color assignments as the
Prochlorococcus MED4 chromosome. Colored regions on the environmental segments exhibiting
color differences from the adjacent outermost concentric circle are the result of conserved gene
order with other MED4 regions and probably represent chromosomal rearrangements. Genes that
did not exhibit conserved gene order are colored in black.
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The Sargasso Sea. The northwest Sargasso Sea, at the Bermuda Atlantic Time-series Study site 
(BATS), is one of the best-studied and arguably most well-characterized regions of the global 
ocean. The Gulf Stream represents the western and northern boundaries of this region and provides 
a strong physical boundary, separating the low nutrient, oligotrophic open ocean from the more 
nutrient-rich waters of the U.S. continental shelf. The Sargasso Sea has been intensively studied as 
part of the 50-year time series of ocean physics and biogeochemistry (3, 4) and provides an 
opportunity for interpretation of environmental genomic data in an oceanographic context. In this 
region, formation of subtropical mode water occurs each winter as the passage of cold fronts across 
the region erodes the seasonal thermocline and causes convective mixing, resulting in mixed layers 
of 150 to 300 m depth. The introduction of nutrient-rich deep water, following the breakdown of 
seasonal thermoclines into the brightly lit surface waters, leads to the blooming of single cell 
phytoplankton, including two cyanobacteria species, Synechococcus and Prochlorococcus, that 
numerically dominate the photosynthetic biomass in the Sargasso Sea.
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The identification of the prokaryotic species which constitute marine bacterioplankton communities has been

a long-standing problem in marine microbiology. To address this question, we used the polymerase chain

reaction to construct and analyze a library of 51 small-subunit (16S) rRNA genes cloned from Sargasso Sea

bacterioplankton genomic DNA. Oligonucleotides complementary to conserved regions in the 16S rDNAs of
eubacteria were used to direct the synthesis of polymerase chain reaction products, which were then cloned by

blunt-end ligation into the phagemid vector pBluescript. Restriction fragment length polymorphisms and

hybridizations to oligonucleotide probes for the SARll and marine Synechococcus phylogenetic groups

indicated the presence of at least seven classes of genes. The sequences of five unique rDNAs were determined

completely. In addition to 16S rRNA genes from the marine Synechococcus cluster and the previously identified
but uncultivated microbial group, the SARll cluster [S. J. Giovannoni, T. B. Britschgi, C. L. Moyer, and

K. G. Field, Nature (London) 345:60-63], two new gene classes were observed. Phylogenetic comparisons
indicated that these belonged to unknown species of a- and -y-proteobacteria. The data confirm the earlier
conclusion that a majority of planktonic bacteria are new species previously unrecognized by bacteriologists.

Within the past decade, it has become evident that bacte-
rioplankton contribute significantly to biomass and bio-
geochemical activity in planktonic systems (4, 36). Until
recently, progress in identifying the microbial species which
constitute these communities was slow, because the major-
ity of the organisms present (as measured by direct counts)
cannot be recovered in cultures (5, 14, 16). The discovery a
decade ago that unicellular cyanobacteria are widely distrib-
uted in the open ocean (34) and the more recent observation
of abundant marine prochlorophytes (3) have underscored
the uncertainty of our knowledge about bacterioplankton
community structure.

Molecular approaches are now providing genetic markers
for the dominant bacterial species in natural microbial pop-
ulations (6, 21, 33). The immediate objectives of these
studies are twofold: (i) to identify species, both known and
novel, by reference to sequence data bases; and (ii) to
construct species-specific probes which can be used in
quantitative ecological studies (7, 29).

Previously, we reported rRNA genetic markers and quan-
titative hybridization data which demonstrated that a novel
lineage belonging to the oa-proteobacteria was abundant in
the Sargasso Sea; we also identified novel lineages which
were very closely related to cultivated marine Synechococ-
cus spp. (6). In a study of a hot-spring ecosystem, Ward and
coworkers examined cloned fragments of 16S rRNA cDNAs
and found numerous novel lineages but no matches to genes
from cultivated hot-spring bacteria (33). These results sug-
gested that natural ecosystems in general may include spe-
cies which are unknown to microbiologists.
Although any gene may be used as a genetic marker,

rRNA genes offer distinct advantages. The extensive use of
16S rRNAs for studies of microbial systematics and evolu-
tion has resulted in large computer data bases, such as the
RNA Data Base Project, which encompass the phylogenetic
diversity found within culture collections. rRNA genes are

* Corresponding author.

highly conserved and therefore can be used to examine
distant phylogenetic relationships with accuracy. The pres-
ence of large numbers of ribosomes within cells and the
regulation of their biosyntheses in proportion to cellular
growth rates make these molecules ideally suited for ecolog-
ical studies with nucleic acid probes.
Here we describe the partial analysis of a 16S rDNA

library prepared from photic zone Sargasso Sea bacterio-
plankton using a general approach for cloning eubacterial
16S rDNAs. The Sargasso Sea, a central oceanic gyre,
typifies the oligotrophic conditions of the open ocean, pro-
viding an example of a microbial community adapted to
extremely low-nutrient conditions. The results extend our
previous observations of high genetic diversity among
closely related lineages within this microbial community and
provide rDNA genetic markers for two novel eubacterial
lineages.

MATERIALS AND METHODS

Collection and amplification of rDNA. A surface (2-m)
bacterioplankton population was collected from hydrosta-
tion S (32° 4'N, 64° 23'W) in the Sargasso Sea as previously
described (8). The polymerase chain reaction (24) was used
to produce double-stranded rDNA from the mixed-microbi-
al-population genomic DNA prepared from the plankton
sample. The amplification primers were complementary to

conserved regions in the 5' and 3' regions of the 16S rRNA
genes. The amplification primers were the universal 1406R
(ACGGGCGGTGTGTRC) and eubacterial 68F (TNANAC
ATGCAAGTCGAKCG) (17). The reaction conditions were

as follows: 1 ,ug of template DNA, 10 ,ul of 10x reaction
buffer (500 mM KCI, 100 mM Tris HCI [pH 9.0 at 250C], 15
mM MgCl2, 0.1% gelatin, 1% Triton X-100), 1 U of Taq DNA
polymerase (Promega Biological Research Products, Madi-
son, Wis.), 1 ,uM (each) primer, 200 ,uM (each) dATP, dCTP,
dGTP, and dTTP in a 100-,ul total volume; 1 min at 94° C, 1
min at 600C, 4 min at 72° C; 30 cycles. Polymerase chain
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FIG. 4. Phylogenetic tree showing relationships of the rDNA clones from the Sargasso Sea to representative, cultivated species (2, 6, 18,
30, 31, 32, 35, 40). Positions of uncertain homology in regions containing insertions and deletions were omitted from the analysis.
Evolutionary distances were calculated by the method of Jukes and Cantor (15), which corrects for the effects of superimposed mutations.
The phylogenetic tree was determined by a distance matrix method (20). The tree was rooted with the sequence of Bacillus subtilis (38).
Sequence data not referenced were provided by C. R. Woese and R. Rossen.

phototroph phyla were conserved in the corresponding
genes, which could also be identified by overall primary
sequence similarities. The oxygenic phototroph genes
cloned from the bacterioplankton population were similar to
the 16S rRNA genes of cultured marine Synechococcus spp.
isolated from the same oceanic region (similarity, .0.96; 33).
Moreover, the cloned oxygenic phototroph genes contained
all of the eubacterial and cyanobacterial signature nucleo-
tides described by Woese (37). The differences among the
genes were localized in hypervariable regions of the mole-
cule and were confirmed by compensatory base changes
across helices.
When multiple genes of a given type were sequenced, as

with the SAR11 and oxygenic phototroph groups, a pattern
of sequence variation which indicated the presence of clus-
ters of very closely related genes emerged. We reported this
phenomenon earlier and further confirm it with the addi-
tional sequences presented here (SAR95, SAR100, and
SAR139). Three approaches indicated that the sources of
this variation were biological, rather than artifactual. First,
in all cases compensatory changes were found in bases
paired across helices. Second, identical primary sequences
and variations were observed when SAR11 cluster genes
amplified from natural population Sargasso Sea DNA with
specific primers (SAR11 F and 1406 R) were sequenced
directly (unpublished data). Third, the distributions of the
variations within the sequences were inconsistent with the
explanation that chimeric gene artifacts had occurred. For
example, there were no genes containing ambiguous combi-
nations of signature nucleotides, tracts of unpaired bases in
helical regions, or mosaic patterns of similarity in dot plots.
A noteworthy exception occurred in the SAR11 cluster, in
which all members exhibited an inversion on the order of a
very highly conserved base pair between positions 570 and

880 (G - C to C G). We note with caution that some classes
of chimeric gene artifacts, particularly those involving mul-
tiple exchanges among very closely related genes, would be
impossible to detect.
There are several alternative explanations for the variabil-

ity within the sequence clusters. Microheterogeneities in 16S
rDNA gene families may account for some of the variability,
particularly among very closely related genes (e.g., SAR1
and SAR95; SAR100 and SAR139). There currently are no
documented cases of microheterogeneities in 16S rDNA
gene families, although many investigators informally report
their occurrence. It is likely that some of the sequence
variability among the more distantly related sequences is a
consequence of the divergence and speciation of cellular
lineages. Wood and Townsend reported high genetic diver-
sity among marine Synechococcus isolates on the basis of
RFLP data from four loci (39). The clone model of bacterial
population structure, which states that natural populations
are mixtures of independent clonal cell lines (26), predicts
that genetic diversity will be high in bacterial populations
with large effective population sizes. We estimate that the
actual marine Synechococcus population size is ca. 1026.
Viral predation may also play a role by promoting the
divergence of lineages through disruptive selection (22).
The two novel eubacterial 16S rRNA lineages described

here, SAR83 and SAR92, could both be identified as proteo-
bacteria. SAR92, a member of the ly-proteobacteria, formed
no closer specific relationships. Since the -y-proteobacteria
are diverse in metabolic capacity, an ecological role for
SAR92 could not be deduced from the observed phyloge-
netic relationships.
The specific phylogenetic relationship between SAR83

and the marine species E. longus Ochll4 suggests the
intriguing possibility that these organisms might also share
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Sargasso Sea

assembly to identify a set of large, deeply as-
sembling nonrepetitive contigs. This was used to
set the expected coverage in unique regions (to
23!) for a final run of the assembler. This al-
lowed the deep contigs to be treated as unique
sequence when they would otherwise be labeled
as repetitive. We evaluated our final assembly
results in a tiered fashion, looking at well-sampled
genomic regions separately from those barely
sampled at our current level of sequencing.

The 1.66 million sequences from the
Weatherbird II samples (table S1; samples 1 to
4; stations 3, 11, and 13), were pooled and
assembled to provide a single master assembly
for comparative purposes. The assembly gener-
ated 64,398 scaffolds ranging in size from 826
bp to 2.1 Mbp, containing 256 Mbp of unique
sequence and spanning 400 Mbp. After assem-
bly, there remained 217,015 paired-end reads,
or “mini-scaffolds,” spanning 820.7 Mbp as
well as an additional 215,038 unassembled sin-
gleton reads covering 169.9 Mbp (table S2,
column 1). The Sorcerer II samples provided
almost no assembly, so we consider for these
samples only the 153,458 mini-scaffolds, span-
ning 518.4 Mbp, and the remaining 18,692
singleton reads (table S2, column 2). In total,
1.045 Gbp of nonredundant sequence was gen-
erated. The lack of overlapping reads within the
unassembled set indicates that lack of addition-
al assembly was not due to algorithmic limita-
tions but to the relatively limited depth of se-
quencing coverage given the level of diversity
within the sample.

The whole-genome shotgun (WGS) assembly
has been deposited at DDBJ/EMBL/GenBank
under the project accession AACY00000000,
and all traces have been deposited in a corre-
sponding TraceDB trace archive. The version
described in this paper is the first version,
AACY01000000. Unlike a conventional WGS
entry, we have deposited not just contigs and
scaffolds but the unassembled paired singletons
and individual singletons in order to accurate-
ly reflect the diversity in the sample and
allow searches across the entire sample with-
in a single database.
Genomes and large assemblies. Our

analysis first focused on the well-sampled ge-
nomes by characterizing scaffolds with at least
3! coverage depth. There were 333 scaffolds
comprising 2226 contigs and spanning 30.9
Mbp that met this criterion (table S3), account-
ing for roughly 410,000 reads, or 25% of the
pooled assembly data set. From this set of well-
sampled material, we were able to cluster and
classify assemblies by organism; from the rare
species in our sample, we used sequence similar-
ity based methods together with computational
gene finding to obtain both qualitative and quan-
titative estimates of genomic and functional diver-
sity within this particular marine environment.

We employed several criteria to sort the
major assembly pieces into tentative organism
“bins”; these include depth of coverage, oligo-

nucleotide frequencies (7 ), and similarity to
previously sequenced genomes (5 ). With these
techniques, the majority of sequence assigned
to the most abundant species (16.5 Mbp of the
30.9 Mb in the main scaffolds) could be sepa-
rated based on several corroborating indicators.
In particular, we identified a distinct group of
scaffolds representing an abundant population
clearly related to Burkholderia (fig. S2) and
two groups of scaffolds representing two dis-
tinct strains closely related to the published

Shewanella oneidensis genome (8 ) (fig. S3).
There is a group of scaffolds assembling at over
6! coverage that appears to represent the ge-
nome of a SAR86 (table S3). Scaffold sets
representing a conglomerate of Prochlorococ-
cus strains (Fig. 2), as well as an uncultured
marine archaeon, were also identified (table S3;
Fig. 3). Additionally, 10 putative mega plasmids
were found in the main scaffold set, covered
at depths ranging from 4! to 36! (indicated
with shading in table S3 with nine depicted in

Fig. 1. MODIS-Aqua satellite image of
ocean chlorophyll in the Sargasso Sea grid
about the BATS site from 22 February
2003. The station locations are overlain
with their respective identifications. Note
the elevated levels of chlorophyll (green
color shades) around station 3, which are
not present around stations 11 and 13.

Fig. 2. Gene conser-
vation among closely
related Prochlorococ-
cus. The outermost
concentric circle of
the diagram depicts
the competed genom-
ic sequence of Pro-
chlorococcus marinus
MED4 (11). Fragments
from environmental
sequencing were com-
pared to this complet-
ed Prochlorococcus ge-
nome and are shown in
the inner concentric
circles and were given
boxed outlines. Genes
for the outermost cir-
cle have been as-
signed psuedospec-
trum colors based on
the position of those
genes along the chro-
mosome, where genes
nearer to the start of
the genome are col-
ored in red, and genes
nearer to the end of the genome are colored in blue. Fragments from environmental sequencing
were subjected to an analysis that identifies conserved gene order between those fragments and
the completed Prochlorococcus MED4 genome. Genes on the environmental genome segments
that exhibited conserved gene order are colored with the same color assignments as the
Prochlorococcus MED4 chromosome. Colored regions on the environmental segments exhibiting
color differences from the adjacent outermost concentric circle are the result of conserved gene
order with other MED4 regions and probably represent chromosomal rearrangements. Genes that
did not exhibit conserved gene order are colored in black.
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Shotgun metagenomics

shotgun
sequence

!18



Surface water samples (170 to 200 liters) were collected aboard the RV 
Weatherbird II from three sites off the coast of Bermuda in February 
2003. Additional samples were collected aboard the SV Sorcerer II from 
“Hydrostation S” in May 2003. Sample site locations are indicated on 
Fig. 1 and described in table S1; sampling protocols were fine-tuned 
from one expedition to the next (5). Genomic DNA was extracted from 
filters of 0.1 to 3.0 μm, and genomic libraries with insert sizes ranging 
from 2 to 6 kb were made as described (5). The prepared plasmid 
clones were sequenced from both ends to provide paired-end reads at 
the J. Craig Venter Science Foundation Joint Technology Center on ABI 
3730XL DNA sequencers (Applied Biosystems, Foster City, CA). Whole-
genome random shotgun sequencing of the Weatherbird II samples 
(table S1, samples 1 to 4) produced 1.66 million reads averaging 818 bp 
in length, for a total of approximately 1.36 Gbp of microbial DNA 
sequence. An additional 325,561 sequences were generated from the 
Sorcerer II samples (table S1, samples 5 to 7), yielding approximately 
265 Mbp of DNA sequence.











• What are some questions one might want to answer 
about the Sargasso Sea samples / sequences?



Who is out there?



rRNA phylotyping from metagenomics
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• How can one do phylotyping with genes other than 
rRNA?



Shotgun Sequencing Allows Alternative Anchors (e.g., RecA)



Who is out there?

using the curated TIGR role categories (5 ). A
breakdown of predicted genes by category is
given in Table 1.

The samples analyzed here represent only
specific size fractions of the sampled environ-
ment, dictated by the pore size of the collection
filters. By our selection of filter pore sizes, we
deliberately focused this initial study on the
identification and analysis of microbial organ-
isms. However, we did examine the data for the
presence of eukaryotic content as well. Al-
though the bulk of known protists are 10 !m
and larger, there are some known in the range
of 1 to 1.5 !m in diameter [for example, Os-
treococcus tauri (15 ) and the Bolidomonas spe-
cies (16 )], and such organisms could potentially
work their way through a 0.80 !m prefilter. An
initial screening for 18S ribosomal RNA
(rRNA), a commonly used eukaryotic marker,
identified 69 18S rRNA genes, with 63 of these
on singletons and the remaining 6 on very
small, lowcoverage assemblies. These 18S
rRNAs are similar to uncultured marine eu-
karyotes and are indicative of a eukaryotic pres-
ence but inconclusive on their own. Because
bacterial DNA contains a much greater density
of genes than eukaryotic DNA, the relative
proportion of gene content can be used as an-
other indicator to distinguish eukaryotic mate-
rial in our sample. An inverse relation was
observed between the pore size of the pre-filters
and collection filters and the fraction of se-
quence coding for genes (table S5). This rela-
tion, together with the presence of 18S rRNA
genes in the samples, is strong evidence that
eukaryotic material was indeed captured.
Diversity and species richness. Most

phylogenetic surveys of uncultured organisms
have been based on studies of rRNA genes
using polymerase chain reaction (PCR) with
primers for highly conserved positions in those
genes. More than 60,000 small subunit rRNA
sequences from a wide diversity of prokaryotic
taxa have been reported (17 ). However, PCR-
based studies are inherently biased, because not
all rRNA genes amplify with the same “univer-
sal” primers. Within our shotgun sequence data
and assemblies, we identified 1164 distinct
small subunit rRNA genes or fragments of
genes in the Weatherbird II assemblies and
another 248 within the Sorcerer II reads (5 ).
Using a 97% sequence similarity cutoff to dis-
tinguish unique phylotypes, we identified 148
previously unknown phylotypes in our sample
when compared against the RDP II database
(17 ). With a 99% similarity cutoff, this number
increases to 643. Though sequence similarity is
not necessarily an accurate predictor of func-
tional conservation and sequence divergence
does not universally correlate with the biologi-
cal notion of “species,” defining species (also
known as phylotypes) by sequence similarity
within the rRNA genes is the accepted standard
in studies of uncultured microbes. All sampled
rRNAs were then assigned to taxonomic groups

using an automated rRNA classification pro-
gram (5 ). Our samples are dominated by rRNA
genes from Proteobacteria (primarily members
of the ", #, and $ subgroups) with moderate
contributions from Firmicutes (low-GC Gram
positive), Cyanobacteria, and species in the
CFB phyla (Cytophaga, Flavobacterium, and
Bacteroides) (fig. S4A; Fig. 6). The patterns we
see are similar in broad outline to those ob-
served by rRNA PCR studies from the Sargasso
Sea (18 ), but with some quantitative differences
that reflect either biases in PCR studies or dif-
ferences in the species found in our sample
versus those in other studies.

An additional disadvantage associated with
relying on rRNA for estimates of species diver-
sity and abundance is the varying number of
copies of rRNA genes between taxa (more than
an order of magnitude among prokaryotes)
(19 ). Therefore, we constructed phylogenetic
trees (fig. S4, B to E) using other represented
phylogenetic markers found in our data set,
[RecA/RadA, heat shock protein 70 (HSP70),
elongation factor Tu (EF-Tu), and elongation
factor G (EF-G)]. Each marker gene interval in
our data set (with a minimum length of 75
amino acids) was assigned to a putative taxo-
nomic group using the phylogenetic analysis
described for rRNA. For example, our data set

contains over 600 recA homologs from
throughout the bacterial phylogeny, including
representatives of Proteobacteria, low- and
high-GC Gram positives, Cyanobacteria, green
sulfur and green nonsulfur bacteria, and other
groups. Assignment to phylogenetic groups
shows a broad consensus among the different
phylogenetic markers. For most taxa, the
rRNA-based proportion is the highest or lowest
in comparison to the other markers. We believe
this is due to the large amount of variation in
copy number of rRNA genes between species.
For example, the rRNA-based estimate of the
proportion of $Proteobacteria is the highest,
while the estimate for cyanobacteria is the low-
est, which is consistent with the reports that
members of the $-Proteobacteria frequently
have more than five rRNA operon copies,
whereas cyanobacteria frequently have fewer
than three (19 ).

Just as phylogenetic classification is
strengthened by a more comprehensive marker
set, so too is the estimation of species richness.
In this analysis, we define “genomic” species as
a clustering of assemblies or unassembled reads
more than 94% identical on the nucleotide lev-
el. This cutoff, adjusted for the protein-coding
marker genes, is roughly comparable to the
97% cutoff traditionally used for rRNA. Thus

Fig. 6. Phylogenetic diversity of Sargasso Sea sequences using multiple phylogenetic markers. The
relative contribution of organisms from different major phylogenetic groups (phylotypes) was
measured using multiple phylogenetic markers that have been used previously in phylogenetic
studies of prokaryotes: 16S rRNA, RecA, EF-Tu, EF-G, HSP70, and RNA polymerase B (RpoB). The
relative proportion of different phylotypes for each sequence (weighted by the depth of coverage
of the contigs from which those sequences came) is shown. The phylotype distribution was
determined as follows: (i) Sequences in the Sargasso data set corresponding to each of these genes
were identified using HMM and BLAST searches. (ii) Phylogenetic analysis was performed for each
phylogenetic marker identified in the Sargasso data separately compared with all members of that
gene family in all complete genome sequences (only complete genomes were used to control for
the differential sampling of these markers in GenBank). (iii) The phylogenetic affinity of each
sequence was assigned based on the classification of the nearest neighbor in the phylogenetic tree.
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defined, the mean number of species at the
point of deepest coverage was 451 [averaged
over the six genes analyzed; range 341 to 569
(Table 2)]; this serves as the most conservative
estimate of species richness.

Although counts of observed species in a
sample are directly obtainable, the true number
of distinct species within a sample is almost
certainly greater than that which can be ob-
served by finite sequence sampling. That is,
given a diverse sample at any given level of
sequencing, random sampling is likely to en-
tirely miss some subset of the species at lowest
abundance. We considered three approaches to
estimating the true diversity: nonparametric
methods for small sample corrections (20),
parametric methods assuming a log-normal dis-
tribution of species abundance (21), and a novel
method based on fitting the observed depth of
coverage to a theoretical model of assembly
progress for a sample corresponding to a mix-

ture of organisms at different abundances. All
three methods agree on a minimum of at least
300 species per sample, with more than 1000
species in the combined sample (5). We de-
scribe in detail a model based on assembly
depth of coverage (5). Assuming standard ran-
dom models for shotgun sequencing, sequenc-
ing of an environmental sample should result in
depths of sequence coverage reflecting a mix-
ture of Poisson distributions. We computed the
empirical distribution of coverage depth at ev-
ery position in the full set of assemblies (includ-
ing single fragment contigs, but not counting
gaps between contigs), and compared it with
hand-constructed mixtures of Poisson distribu-
tions. The three depth of coverage–based mod-
els shown in Table 3 indicate that there are at
least 1800 species in the combined sample, and
that a minimum of 12-fold deeper sampling
would be required to obtain 95% of the unique
sequence. However, these are only lower

bounds. The depth of coverage modeling is
consistent with as much as 80% of the assem-
bled sequence being contributed by organisms
at very low individual abundance and thus
would be compatible with total diversity orders
of magnitude greater than the lower bound. The
assembly coverage data also implies that more
than 100 Mbp of genome (i.e., probably more
than 50 species) is present at coverage high
enough to permit assembly of a complete or
nearly complete genome were we to sequence
to 5- to 10-fold greater sampling depth.

Taking the well-known marine rRNA clade
SAR11 as an example, one can readily get a
more tangible view of the diversity within our
sample. The SAR11 rRNA group accounts for
26% of all RNA clones that have been identi-
fied by culture-independent PCR amplification
of seawater (22) and has been found in nearly
every pelagic marine bacterioplankton commu-
nity. However, there are very few cultured rep-
resentatives of this clade (23), and little is
known about its metabolic diversity. In total, 89
scaffolds and 291 singletons from our data set
contain a SAR11 rRNA sequence. However,
even with these nearly 400 representatives of
SAR11 within our sample, assembly depth of
coverage ranges from only from 0.94- to 2.2-
fold, and the largest scaffold is quite small at
21,000 bp. This indicates a much more diverse
population of organisms than previously attrib-
uted to SAR11 based on rRNA PCR methods.
Variability in species abundance. A

key advantage to the random sampling ap-
proach described here is that it allows assess-
ment of the stoichiometry (that is, estimation of
the relative abundance of the dominant organ-
isms). For example, we found that more than
half of all assemblies with more than 50 frag-
ments were from organisms that were not at
equal relative abundance in all of the samples
collected, suggesting widespread “patchiness”

Table 2 . Diversity of ubiquitous single copy protein coding phylogenetic markers. Protein column uses
symbols that identify six proteins encoded by exactly one gene in virtually all known bacteria. Sequence
ID specifies the GenBank identifier for corresponding E. coli sequence. Ortholog cutoff identifies BLASTx
e-value chosen to identify orthologs when querying the E. coli sequence against the complete Sargasso
Sea data set. Maximum fragment depth shows the number of reads satisfying the ortholog cutoff at the
point along the query for which this value is maximal. Observed “species” shows the number of distinct
clusters of reads from the maximum fragment depth column, after grouping reads whose containing
assemblies had an overlap of at least 40 bp with ! 94% nucleotide identity (single-link clustering).
Singleton “species” shows the number of distinct clusters from the observed “species” column that
consist of a single read. Most abundant column shows the fraction of the maximum fragment depth that
consists of single largest cluster.

Protein Sequence ID Ortholog
cutoff

Max.
fragment
depth

Observed
“species”

Singleton
“species”

Most
abundant
(%)

AtpD NTL01EC03653 1e-32 836 456 317 6
GyrB NTL01EC03620 1e-11 924 569 429 4
Hsp70 NT01EC0015 1e-31 812 515 394 4
RecA NTL01EC02639 1e-21 592 341 244 8
RpoB NTL01EC03885 1e-41 669 428 331 7
TufA NTL01EC03262 1e-41 597 397 307 3

Table 3. Diversity models based on depth of coverage. Each row corre-
sponds to an abundance class of organisms. The first column in each
model “fr(asm)” gives the fraction of the assembly consensus modeled
due to organisms at an abundance giving “Depth” coverage depth (second

column) in the sample. The third column [“E(s)”] gives the fraction of such
a genome expected to be sampled. The fourth column (“Genomes”)
gives the resulting estimated number of genomes in the abun-
dance class.

Model 1 Model 2 Model 3

fr(asm) Depth E(s) Genomes fr(asm) Depth E(s) Genomes fr(asm) Depth E(s) Genomes

0.0055 25 1.00E"00 2.5 0.0055 25 1.00E"00 2.5 0.0055 25 1.00E"00 2.5
0.005 21 1.00E"00 2.3 0.005 21 1.00E"00 2.3 0.005 21 1.00E"00 2.3
0.0035 13 1.00E"00 1.6 0.0035 13 1.00E"00 1.6 0.0035 13 1.00E"00 1.6
0.004 9 1.00E"00 1.8 0.004 9 1.00E"00 1.8 0.004 9 1.00E"00 1.8
0.008 7 9.99E-01 3.6 0.0088 7 9.99E-01 4 0.0088 7 9.99E-01 4
0.0047 6 9.98E-01 2.1 0.0047 6 9.98E-01 2.1 0.0047 6 9.98E-01 2.1
0.01 4 9.82E-01 4.6 0.029 2.4 9.09E-01 14.4 0.029 2.4 9.09E-01 14.4
0.0258 2.4 9.09E-01 12.8 0.096 2 8.65E-01 50 0.097 2 8.65E-01 50.5
0.07 2 8.65E-01 36.4 0.0235 1 6.32E-01 16.7 0.0225 1 6.32E-01 16
0.8635 0.25 2.21E-01 1,756.7 0.06 0.5 3.93E-01 68.6 0.06 0.5 3.93E-01 68.6

0.76 0.09 8.61E-02 3,973.6 0.66 0.124 1.17E-01 2,546.7
0.1 0.001 1.00E-03 45,022.5

Total 1824.4 4137.6 47,733
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MS 1093857: Environmental Genome Shotgun Sequencing of the Sargasso Sea 
Venter et al., revised 

Figure S6. Accumulation curve for rpoB. Observed (black) OTU counts for rpoB (based 
on the fragment grouping summarized in Table 2), as well as the Chao1-corrected 
estimate of total species (red; see (3)). Points are mean values of 1000 shufflings of the 
observed data, while bars show 90% confidence intervals. 
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What are they doing?



Community Function?

• Many attempts to treat community as a bag of genes 

• The run pathway prediction tools on entire data set to try and 
predict “community metabolism” 

• Does not work very well

!33



Functional Inference from Metagenomics

• Can work well for individual genes

!34



What are they doing?

identified and curated genes. With the vast ma-
jority of the Sargasso sequence in short (less
than 10 kb), unassociated scaffolds and single-
tons from hundreds of different organisms, it is
impractical to apply this approach. Instead, we
developed an evidence-based gene finder (5).
Briefly, evidence in the form of protein align-
ments to sequences in the bacterial portion of
the nonredundant amino acid (nraa) data set
(13) was used to determine the most likely
coding frame. Likewise, approximate start and
stop positions were determined from the bound-
ing coordinates of the alignments and refined to
identify specific start and stop codons. This
approach identified 1,214,207 genes covering
over 700 MB of the total data set. This repre-
sents approximately an order of magnitude
more sequences than currently archived in the
curated SwissProt database (14), which con-
tains 137,885 sequence entries at the time of
writing; roughly the same number of sequences
as have been deposited into the uncurated
REM-TrEMBL database (14) since its incep-
tion in 1996. After excluding all intervals cov-
ered by previously identified genes, additional
hypothetical genes were identified on the basis
of the presence of conserved open reading
frames (5). A total of 69,901 novel genes be-
longing to 15,601 single link clusters were iden-
tified. The predicted genes were categorized

Fig. 5. Prochlorococcus-related scaffold 2223290 illustrates the assembly of a broad commu-
nity of closely related organisms, distinctly nonpunctate in nature. The image represents (A)
global structure of Scaffold 2223290 with respect to assembly and (B) a sample of the multiple
sequence alignment. Blue segments, contigs; green segments, fragments; and yellow segments,
stages of the assembly of fragments into the resulting contigs. The yellow bars indicate that
fragments were initially assembled in several different pieces, which in places collapsed to
form the final contig structure. The multiple sequence alignment for this region shows a
homogenous blend of haplotypes, none with sufficient depth of coverage to provide a
separate assembly.

Table 1. Gene count breakdown by TIGR role
category. Gene set includes those found on as-
semblies from samples 1 to 4 and fragment reads
from samples 5 to 7. A more detailed table, sep-
arating Weatherbird II samples from the Sorcerer II
samples is presented in the SOM (table S4). Note
that there are 28,023 genes which were classified
in more than one role category.

TIGR role category Total
genes

Amino acid biosynthesis 37,118
Biosynthesis of cofactors,
prosthetic groups, and carriers

25,905

Cell envelope 27,883
Cellular processes 17,260
Central intermediary metabolism 13,639
DNA metabolism 25,346
Energy metabolism 69,718
Fatty acid and phospholipid
metabolism

18,558

Mobile and extrachromosomal
element functions

1,061

Protein fate 28,768
Protein synthesis 48,012
Purines, pyrimidines, nucleosides,
and nucleotides

19,912

Regulatory functions 8,392
Signal transduction 4,817
Transcription 12,756
Transport and binding proteins 49,185
Unknown function 38,067
Miscellaneous 1,864
Conserved hypothetical 794,061

Total number of roles assigned 1,242,230

Total number of genes 1,214,207
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Functional Diversity of Proteorhodopsins?
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