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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 Sargasso Sea near Bermuda. A total of 1.045 billion base pairs

chlo
pho

wer
from
Feb
lect
stat
are
S1;
one
was
gen
2 to
prep
both
Cra
nolo
!2ers

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
Sargasso Sea near Bermuda. A total of 1.045 billion base
pairs of nonredundant sequence was 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.

Methods
• Plasmid library
• Shotgun sequence
• Assembled
• No Major Binning
• Potential “nearly” complete genomes
• Annotation, population analysis, phylogenetic analysis

tinct strains closely related to the published

Sargasso Sea

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.

http://www.sciencemag.org/content/304/5667/66
Fig. 2. Gene conser-
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• Why did the authors focus on the Sargasso Sea?

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.

Sargasso Sea (from Wikipedia)
• w

Sargasso Sea (from Wikipedia)

http://www.nature.com/nature/journal/v345/n6270/abs/345060a0.html
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MARINE BACTERIOPLANKTON

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
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• What did they sample and how did they sample?

tinct strains closely related to the published

Sargasso Sea

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.

http://www.sciencemag.org/content/304/5667/66
Fig. 2. Gene conser-
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Shotgun metagenomics

shotgun
sequence
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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). Wholegenome 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

http://www.sciencemag.org/content/304/5667/66
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• How can one do phylotyping with genes other than
rRNA?

Shotgun Sequencing Allows Alternative Anchors (e.g., RecA)
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Who is out there?

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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method based on fitting the observed depth of
coverage to a theoretical model of assembly
progress for a sample corresponding to a mix-

that a minimum of 12-fold deeper sampling
would be required to obtain 95% of the unique
sequence. However, these are only lower

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

AtpD
GyrB
Hsp70
RecA
RpoB
TufA

NTL01EC03653
NTL01EC03620
NT01EC0015
NTL01EC02639
NTL01EC03885
NTL01EC03262

1e-32
1e-11
1e-31
1e-21
1e-41
1e-41

Max.
fragment
depth

Observed
“species”

Singleton
“species”

Most
abundant
(%)

836
924
812
592
669
597

456
569
515
341
428
397

317
429
394
244
331
307

6
4
4
8
7
3

Table 3. Diversity models
based on depth of coverage. Each row correhttp://www.sciencemag.org/content/304/5667/66
sponds to an abundance class of organisms. The first column in each
model “fr(asm)” gives the fraction of the assembly consensus modeled
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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.
http://www.sciencemag.org/content/304/5667/66

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
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Functional Inference from Metagenomics
• Can work well for individual genes

!34

What are they doing?

frames (5). A total of 69,901 novel genes belonging to 15,601 single link clusters were identified. The predicted genes were categorized
Table 1. Gene count breakdown by TIGR role
category. Gene set includes those found on assemblies from samples 1 to 4 and fragment reads
from samples 5 to 7. A more detailed table, separating 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
Amino acid biosynthesis
Biosynthesis of cofactors,
prosthetic groups, and carriers
Cell envelope
Cellular processes
Central intermediary metabolism
DNA metabolism
Energy metabolism
Fatty acid and phospholipid
metabolism
Mobile and extrachromosomal
element functions
Protein fate
Protein synthesis
Purines, pyrimidines, nucleosides,
and nucleotides
Regulatory functions
Signal transduction
Transcription
Transport and binding proteins
Unknown function
Miscellaneous
Conserved hypothetical

Total
genes
37,118
25,905
27,883
17,260
13,639
25,346
69,718
18,558
1,061
28,768
48,012
19,912
8,392
4,817
12,756
49,185
38,067
1,864
794,061

Total number of roles assigned

1,242,230

Total number of genes

1,214,207

Fig. 5. Prochlorococcus-related scaffold 2223290 illustra
nity of closely related organisms, distinctly nonpunctat
global structure of Scaffold 2223290 with respect to asse
sequence alignment. Blue segments, contigs; green segm
stages of the assembly of fragments into the resulting
fragments were initially assembled in several different
form the final contig structure. The multiple sequenc
homogenous blend of haplotypes, none with sufficie
separate assembly.

http://www.sciencemag.org/content/304/5667/66
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Functional Diversity of Proteorhodopsins?

http://www.sciencemag.org/content/304/5667/66
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