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• How do they connect “who” and “what”?



Metagenomic Binning

Classification of sequences by taxa



How to do Binning

• Method 1: align reads to reference genome
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Binning challenge

Best binning method: reference genomes
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Fragment Recruitment







How to do Binning

• Method 1: align reads to reference genome 

• How would this work? 

• Advantages and disadvantages?



How to do Binning

• Method 2: Assembly



Four main challenges for de novo 
sequencing.

• Repeats. 
• Low coverage. 
• Errors 

These introduce breaks in the 
construction of contigs. 

• Variation in coverage – transcriptomes and metagenomes, as 
well as amplified genomic. 

This challenges the assembler to distinguish between erroneous 
connections (e.g. repeats) and real connections.

Slide from talk by Titus Brown



More assembly issues

• Many parameters to optimize! 

• Metagenomes have variation in copy number; 
naïve assemblers can treat this as repetitive and 
eliminate it. 

• Assembly requires gobs of memory (4 lanes, 60m 
reads => ~ 150gb RAM) 

• How do we evaluate assemblies? 
– What’s the best assembler?

Slide from talk by Titus Brown
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Wolbachia Metagenomic Sequencing

shotgun

sequence
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Wu et al., 2004. Collaboration between Jonathan Eisen and Scott O’Neill (Yale, U. Queensland). 

Wolbachia pipientis wMel
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Pierce’s Disease
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• Obligate xylem feeder 

• Transmits Xylella between 
plants 

• Much like mosquitoes 
transmit malarial pathogen 

• Only animal listed as 
possible “bioterror” agent 
by US DHS
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Glassy winged sharpshooter

GLASSY-WINGED
SHARPSHOOTER
A Serious Threat to California Agriculture

FROM THE

UNIVERSITY OF CALIFORNIA’S 
PIERCE’S DISEASE RESEARCH AND

EMERGENCY RESPONSE TASK FORCE

Glassy-winged sharpshooter eggs are laid together on the
underside of leaves, usually in groups of 10 to 12. The egg
masses appear as small, greenish blisters. These blisters are
easier to observe after the eggs hatch, when they appear
as tan to brown scars on the leaves.

Parasitized egg masses are tan to brown in color with
small, circular holes at one end of the eggs. 

This informational brochure was produced by ANR
Communication Services for the University of Califor-
nia Pierce’s Disease Research and Emergency
Response Task Force. You may download a copy of the
brochure from the Division of Agriculture and Natural
Resources web site at http://danr.ucop.edu or from the
Communication Services web site at
http://danrcs.ucdavis.edu.

Dow
nload a copy of this brochure from http://danr.ucop.edu or http://danrcs.ucdavis.edu

For local information, contact your UC Cooperative
Extension farm advisor:

Adults

Egg masses

Glassy-winged Sharpshooter
Generalized Lifecycle
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Glassy-winged sharpshooters overwinter as adults
and begin laying egg masses in late February
through May. This first generation matures as
adults in late May through late August. Second-
generation egg masses are laid starting in mid-
June through late September, which develop into
over-wintering adults.
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Moran N. A. PNAS 2007;104:8627-8633
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Sharpshooter:
Cuerna sayi

bacteriomes

Sharpshooters harbor two obligate
symbionts in their bacteriomes

Moran et al. 2003 Environ. Microbiol.
Moran et al. 2005 Appl. Environ. Microbiol. 

Candidatus “Baumannia cicadellinicola” (Gammaproteobacteria)

Candidatus “Sulcia muelleri” (Bacteroidetes)

D Takiya

0.1mm

Bacteriome dissected from anterior abdomen of H. vitripennis

Orange-red portion- Baumannia only 

Yellow portion- Baumannia and Sulcia

(Moran et al. 2003 Environmental Microbiology)
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“Candidatus Baumannia cicadellinicola” (Gammaproteobacteria) 

in “red” portion of bacteriome of Homalodisca vitripennis

N=host nucleus  B=Bacteriocyte membrane  E=Endosymbionts

Irregularly spherical

~2 !m diameter

Phylogeny of Sulcia muelleri from Auchenorrhyncha 

(Hemiptera): the oldest insect symbiont

Moran et al. Appl Env Micro 2005

Permian 

age fossils

(>270 myr)

•= 100% Bootstrap 

•support, all methods

Broad congruence with host 

relationships

Dates to the origins of vascular 

plant-feeding in insects

Symbionts derived 

from sharpshooters
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DNA 
extraction

PCR
Sequence 

rRNA genes

Sequence alignment = Data matrixPhylogenetic tree
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rRNA1 
5’ ...TACAGTATAGGTG
GAGCTAGCGATCGAT

CGA... 3’ 

PCR and phylogenetic analysis of rRNA genes
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Sharpshooter:
Cuerna sayi

bacteriomes

Sharpshooters harbor two obligate
symbionts in their bacteriomes

Moran et al. 2003 Environ. Microbiol.
Moran et al. 2005 Appl. Environ. Microbiol. 

Candidatus “Baumannia cicadellinicola” (Gammaproteobacteria)

Candidatus “Sulcia muelleri” (Bacteroidetes)

D Takiya

0.1mm

Bacteriome dissected from anterior abdomen of H. vitripennis

Orange-red portion- Baumannia only 

Yellow portion- Baumannia and Sulcia

(Moran et al. 2003 Environmental Microbiology)
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Baumania is close relative of Buchnera symbionts of aphids

Sharpshooters
Aphids
Aphids
Aphids
Ants
Flies

!23
Wu et al. 2006 PLoS Biology 4: e188.

http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
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Baumania is close relative of Buchnera symbionts of aphids

Sharpshooters
Aphids
Aphids
Aphids
Ants
Flies

!24
Wu et al. 2006 PLoS Biology 4: e188.

http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
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Sharpshooter Shotgun Sequencing

shotgun

Wu et al. 2006 PLoS Biology 4: e188.
Collaboration with Nancy Moran’s 
lab

http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
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Baumannia is a Vitamin and Cofactor Producing Machine

Wu et al. 
2006 PLoS 
Biology 4: 
e188.

!29

VITAMIN AND 
COFACTOR 

PRODUCING MACHINE

http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188


How to do Binning

• Method 2: Assembly in More Complex Ecosystems 

• How would this work? 

• Advantages and disadvantages?



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.

R E S E A R C H A R T I C L E

www.sciencemag.org SCIENCE VOL 304 2 APRIL 2004 67



Fig. 4). Other organisms were not so readily
separated, presumably reflecting some combi-
nation of shorter assemblies with less “taxo-
nomic signal,” less distinctive sequence, and
greater divergence from previously sequenced
genomes (9 ).
Discrete species versus a population

continuum. The most deeply covered of the
scaffolds (21 scaffolds with over 14! coverage
and 9.35 Mb of sequence), contain just over 1
single nucleotide polymorphism (SNP) per
10,000 base pairs, strongly supporting the pres-
ence of discrete species within the sample. In
the remaining main scaffolds (table S3), the
SNP rate ranges from 0 to 26 per 1000 bp, with
a length-weighted average of 3.6 per 1000 bp.
We closely examined the multiple sequence
alignments of the contigs with high SNP rates
and were able to classify these into two fairly
distinct classes: regions where several closely
related haplotypes have been collapsed, in-
creasing the depth of coverage accordingly
(10 ), and regions that appear to be a relatively
homogenous blend of discrepancies from the
consensus without any apparent separation into
haplotypes, such as the Prochlorococcus scaf-
fold region (Fig. 5). Indeed, the Prochlorococ-
cus scaffolds display considerable heterogene-
ity not only at the nucleotide sequence level
(Fig. 5) but also at the genomic level, where
multiple scaffolds align with the same region of
the MED4 (11) genome but differ due to gene
or genomic island insertion, deletion, rearrange-
ment events. This observation is consistent with
previous findings (12 ). For instance, scaffolds
2221918 and 2223700 share gene synteny with
each other and MED4 but differ by the insertion
of 15 genes of probable phage origin, likely
representing an integrated bacteriophage. These
genomic differences are displayed graphically
in Fig. 2, where it is evident that up to four
conflicting scaffolds can align with the same
region of the MED4 genome. More than 85%
of the Prochlorococcus MED4 genome can be
aligned with Sargasso Sea scaffolds greater
than 10 kb; however, there appear to be a
couple of regions of MED4 that are not repre-
sented in the 10-kb scaffolds (Fig. 2). The
larger of these two regions (PMM1187 to
PMM1277) consists primarily of a gene cluster
coding for surface polysaccharide biosynthesis,
which may represent a MED4-specific polysac-
charide absent or highly diverged in our Sar-
gasso Sea Prochlorococcus bacteria. The heter-
ogeneity of the Prochlorococcus scaffolds suggest
that the scaffolds are not derived from a single
discrete strain, but instead probably represent a
conglomerate assembled from a population of
closely related Prochlorococcus biotypes.
The gene complement of the Sargasso.

The heterogeneity of the Sargasso sequences
complicates the identification of microbial
genes. The typical approach for microbial an-
notation, model-based gene finding, relies en-
tirely on training with a subset of manually

Fig. 3. Comparison of
Sargasso Sea scaf-
folds to Crenarchaeal
clone 4B7. Predicted
proteins from 4B7
and the scaffolds
showing significant
homology to 4B7 by
tBLASTx are arrayed
in positional order
along the x and y
axes. Colored boxes
represent BLASTp
matches scoring at
least 25% similarity
and with an e value
of better than 1e-5.
Black vertical and
horizontal lines delin-
eate scaffold borders.

Fig. 4. Circular diagrams of nine complete megaplasmids. Genes encoded in the forward direction
are shown in the outer concentric circle; reverse coding genes are shown in the inner concentric
circle. The genes have been given role category assignment and colored accordingly: amino acid
biosynthesis, violet; biosynthesis of cofactors, prosthetic groups, and carriers, light blue; cell
envelope, light green; cellular processes, red; central intermediary metabolism, brown; DNA
metabolism, gold; energy metabolism, light gray; fatty acid and phospholipid metabolism, magenta;
protein fate and protein synthesis, pink; purines, pyrimidines, nucleosides, and nucleotides, orange;
regulatory functions and signal transduction, olive; transcription, dark green; transport and binding
proteins, blue-green; genes with no known homology to other proteins and genes with homology
to genes with no known function, white; genes of unknown function, gray; Tick marks are placed
on 10-kb intervals.

R E S E A R C H A R T I C L E

2 APRIL 2004 VOL 304 SCIENCE www.sciencemag.org68



DeLong Lab

• Studying Sar86 and other marine plankton 

• Note - published one of first genomic studies of 
uncultured microbes - in 1996

JOURNAL OF BACTERIOLOGY, Feb. 1996, p. 591–599 Vol. 178, No. 3

0021-9193/96/$04.00�0

Copyright � 1996, American Society for Microbiology

Characterization of Uncultivated Prokaryotes: Isolation and

Analysis of a 40-Kilobase-Pair Genome Fragment

from a Planktonic Marine Archaeon
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1
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2
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3
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California Institute of Technology, Pasadena, California 911254
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One potential approach for characterizing uncultivated prokaryotes from natural assemblages involves
genomic analysis of DNA fragments retrieved directly from naturally occurring microbial biomass. In this
study, we sought to isolate large genomic fragments from a widely distributed and relatively abundant but as
yet uncultivated group of prokaryotes, the planktonic marine Archaea. A fosmid DNA library was prepared
from a marine picoplankton assemblage collected at a depth of 200 m in the eastern North Pacific. We
identified a 38.5-kbp recombinant fosmid clone which contained an archaeal small subunit ribosomal DNA
gene. Phylogenetic analyses of the small subunit rRNA sequence demonstrated its close relationship to that of
previously described planktonic archaea, which form a coherent group rooted deeply within the Crenarchaeota
branch of the domain Archaea. Random shotgun sequencing of subcloned fragments of the archaeal fosmid
clone revealed several genes which bore highest similarity to archaeal homologs, including large subunit
ribosomal DNA and translation elongation factor 2 (EF2). Analyses of the inferred amino acid sequence of
archaeoplankton EF2 supported its affiliation with the Crenarchaeote subdivision of Archaea. Two gene frag-
ments encoding proteins not previously found in Archaea were also identified: RNA helicase, responsible for the
ATP-dependent alteration of RNA secondary structure, and glutamate semialdehyde aminotransferase, an
enzyme involved in initial steps of heme biosynthesis. In total, our results indicate that genomic analysis of
large DNA fragments retrieved from mixed microbial assemblages can provide useful perspective on the
physiological potential of abundant but as yet uncultivated prokaryotes.

Characterization of complex microbial communities by iso-

lation and analysis of phylogenetically informative gene se-

quences has been an exciting development in microbiology (27,

32). Studies using molecular phylogenetic approaches based on

small subunit (ssu) rRNA sequence analyses have resulted in

new estimates of the phylogenetic diversity contained within

naturally occurring microbial assemblages. Entirely new phy-

logenetic lineages, which may sometimes represent major con-

stituents of natural microbial communities, have been revealed

by using such approaches (3, 4, 7, 13, 16, 22, 29). Although

results of these studies have contributed substantially to assess-

ments of naturally occurring microbial diversity, their utility as

predictors of the physiological attributes of newly described

phylotypes has been more limited. This is partly because many

phylogenetically coherent prokaryote lineages, for example,

the proteobacteria, often encompass a bewildering array of

physiological and metabolic diversity. The problem is further

complicated by the fact that many of the newly discovered

phylotypes revealed by molecular phylogenetic analysis are

proving difficult to enrich and isolate in pure culture. These

limitations suggest the need for alternative approaches to char-

acterize the physiological and metabolic potential of as yet

uncultivated microorganisms, which to date have been charac-

terized solely by analyses of PCR-amplified rRNA gene frag-

ments, clonally recovered from mixed assemblage nucleic ac-

ids.

Recent work has demonstrated that prokaryotes of the do-

main Archaea (35, 37) are more phylogenetically diverse and

ecologically widespread than has been previously suspected (3,

7, 13, 24). Marine planktonic archaea have now been shown to

occur in relatively high abundance in a variety of marine plank-

tonic environments. For instance, in surface waters of Antarc-

tica during late winter, as well as in subsurface waters of coastal

temperate regions, planktonic marine archaeal rRNA can ac-

count for a significant fraction (5 to 35%) of the total pico-

plankton rRNA (7, 8). These and other data indicate that

archaeoplankton are widespread, abundant components of

marine picoplankton and presumably are important partici-

pants in microbially mediated cycling of energy and matter in

the sea. Specific relatives of the crenarchaeote-affiliated ma-

rine archaea have also been detected in soil microbial assem-

blages indicating their further diversification (33a).

Although the genotypic and phenotypic properties of marine

pelagic archaea are unknown at present, their abundance and

ecological distribution suggest that they may represent entirely

new phenotypic groups within the domain Archaea. Available

data on these microorganisms consist solely of quantitative

estimates of their abundance and distribution derived from ssu

rRNA hybridization experiments (7, 8) or of the recovery and

sequence analysis of PCR-amplified rRNA gene fragments (7,

* Corresponding author. Mailing address for Jefferey L. Stein: Re-

combinant BioCatalysis, Inc., 505 Coast Blvd. South, La Jolla, CA

92037. Electronic mail address: jstein@vaxkiller.agi.org. Mailing ad-

dress for Edward F. DeLong: Department of Ecology, Evolution and

Marine Biology, University of California, Santa Barbara, CA 93106.

Electronic mail address: delong@marbtech.lscf.ucsb.edu.
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Fig. 4). Other organisms were not so readily
separated, presumably reflecting some combi-
nation of shorter assemblies with less “taxo-
nomic signal,” less distinctive sequence, and
greater divergence from previously sequenced
genomes (9 ).
Discrete species versus a population

continuum. The most deeply covered of the
scaffolds (21 scaffolds with over 14! coverage
and 9.35 Mb of sequence), contain just over 1
single nucleotide polymorphism (SNP) per
10,000 base pairs, strongly supporting the pres-
ence of discrete species within the sample. In
the remaining main scaffolds (table S3), the
SNP rate ranges from 0 to 26 per 1000 bp, with
a length-weighted average of 3.6 per 1000 bp.
We closely examined the multiple sequence
alignments of the contigs with high SNP rates
and were able to classify these into two fairly
distinct classes: regions where several closely
related haplotypes have been collapsed, in-
creasing the depth of coverage accordingly
(10 ), and regions that appear to be a relatively
homogenous blend of discrepancies from the
consensus without any apparent separation into
haplotypes, such as the Prochlorococcus scaf-
fold region (Fig. 5). Indeed, the Prochlorococ-
cus scaffolds display considerable heterogene-
ity not only at the nucleotide sequence level
(Fig. 5) but also at the genomic level, where
multiple scaffolds align with the same region of
the MED4 (11) genome but differ due to gene
or genomic island insertion, deletion, rearrange-
ment events. This observation is consistent with
previous findings (12 ). For instance, scaffolds
2221918 and 2223700 share gene synteny with
each other and MED4 but differ by the insertion
of 15 genes of probable phage origin, likely
representing an integrated bacteriophage. These
genomic differences are displayed graphically
in Fig. 2, where it is evident that up to four
conflicting scaffolds can align with the same
region of the MED4 genome. More than 85%
of the Prochlorococcus MED4 genome can be
aligned with Sargasso Sea scaffolds greater
than 10 kb; however, there appear to be a
couple of regions of MED4 that are not repre-
sented in the 10-kb scaffolds (Fig. 2). The
larger of these two regions (PMM1187 to
PMM1277) consists primarily of a gene cluster
coding for surface polysaccharide biosynthesis,
which may represent a MED4-specific polysac-
charide absent or highly diverged in our Sar-
gasso Sea Prochlorococcus bacteria. The heter-
ogeneity of the Prochlorococcus scaffolds suggest
that the scaffolds are not derived from a single
discrete strain, but instead probably represent a
conglomerate assembled from a population of
closely related Prochlorococcus biotypes.
The gene complement of the Sargasso.

The heterogeneity of the Sargasso sequences
complicates the identification of microbial
genes. The typical approach for microbial an-
notation, model-based gene finding, relies en-
tirely on training with a subset of manually

Fig. 3. Comparison of
Sargasso Sea scaf-
folds to Crenarchaeal
clone 4B7. Predicted
proteins from 4B7
and the scaffolds
showing significant
homology to 4B7 by
tBLASTx are arrayed
in positional order
along the x and y
axes. Colored boxes
represent BLASTp
matches scoring at
least 25% similarity
and with an e value
of better than 1e-5.
Black vertical and
horizontal lines delin-
eate scaffold borders.

Fig. 4. Circular diagrams of nine complete megaplasmids. Genes encoded in the forward direction
are shown in the outer concentric circle; reverse coding genes are shown in the inner concentric
circle. The genes have been given role category assignment and colored accordingly: amino acid
biosynthesis, violet; biosynthesis of cofactors, prosthetic groups, and carriers, light blue; cell
envelope, light green; cellular processes, red; central intermediary metabolism, brown; DNA
metabolism, gold; energy metabolism, light gray; fatty acid and phospholipid metabolism, magenta;
protein fate and protein synthesis, pink; purines, pyrimidines, nucleosides, and nucleotides, orange;
regulatory functions and signal transduction, olive; transcription, dark green; transport and binding
proteins, blue-green; genes with no known homology to other proteins and genes with homology
to genes with no known function, white; genes of unknown function, gray; Tick marks are placed
on 10-kb intervals.

R E S E A R C H A R T I C L E
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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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Figure S10. Scaffold 2217664, containing the gene encoding Proteorhodopsin. Genes are 
colored using color assignments described in Fig. 2, and contig boundaries are indicated 
with red vertical lines.  In this scaffold, rhodopsin is associated with a DNA-directed 
RNA polymerase, sigma subunit (rpoD) originating in the CFB group.



How to do Binning

• Method 2: Assembly in More Complex Ecosystems 

• How would this work? 

• Advantages and disadvantages?



How to do Binning

• Method 3: Composition of Reads / Contigs 

• How would this work? 

• Advantages and disadvantages?



PCA separates species

Gluconobacter oxydans[65% GC] and Rhodospirillum rubrum[61% GC]



Effect of Skewed Relative Abundance

B. anthracis and L. monogocytes

Abundance 1:1 Abundance 20:1



How to do Binning

• Method 4: Coverage of Reads / Contigs 

• How would this work? 

• Advantages and disadvantages?





How to do Binning

• Method 5: Phylogenetic Analysis of Reads / Contigs 

• How would this work? 

• Advantages and disadvantages?



Slides for UC Davis EVE161 Course Taught by Jonathan Eisen Winter 2014

Baumannia is a Vitamin and Cofactor Producing Machine

Wu et al. 
2006 PLoS 
Biology 4: 
e188.

!44

NO PATHWAYS FOR 
ESSENTIAL AMINO  
ACID SYNTHESIS

http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
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Slides for UC Davis EVE161 Course Taught by Jonathan Eisen Winter 2014

A
B
C
D
E
F
G

T
U
V
W
X
Y
Z

Binning challenge

No reference genome? What do you do?

Phylogeny ....
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CFB Phyla



Slides for UC Davis EVE161 Course Taught by Jonathan Eisen Winter 2014Wu et al. 2006 PLoS Biology 4: e188.

Baumannia makes amino acids

Sulcia makes vitamins and cofactors

�50

http://biology.plosjournals.org/perlserv/?request=get-document&doi=10.1371/journal.pbio.0040188
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• Method 6: Long Reads 

• How would this work? 
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How to do Binning

• Method 7: Cross-linking 

• How would this work? 

• Advantages and disadvantages?



HiC

From  Belton JM1, McCord RP, Gibcus JH, Naumova N, Zhan Y, Dekker J.  Methods. 
2012 Nov;58(3):268-76. doi: 10.1016/j.ymeth.2012.05.001. Hi-C: a comprehensive 
technique to capture the conformation of genomes.

http://www.ncbi.nlm.nih.gov/pubmed/?term=Belton%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=22652625
http://www.ncbi.nlm.nih.gov/pubmed/?term=McCord%20RP%5BAuthor%5D&cauthor=true&cauthor_uid=22652625
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gibcus%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=22652625
http://www.ncbi.nlm.nih.gov/pubmed/?term=Naumova%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22652625
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22652625
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dekker%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22652625
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• Method 8: Experiments … 

• How would this work? 

• Advantages and disadvantages?


