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The Sequencing Revolution



Microbial Diversty w/ New Data

• Sequence data continues to revolutionize 
studies of microbial diversity

• To best take advantage of it:
• Better genomic sampling
• Better methods to use phylogeny



Whatever the History: 
Trying to Incorporate it is Critical 

from Lake et al. doi: 10.1098/rstb.2009.0035



Part I: Better Sampling



rRNA Tree of Life

Figure from Barton, Eisen et al. “Evolution”, 
CSHL Press. 2007.

Based on tree from Pace 1997 Science 
276:734-740
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http://www.jgi.doe.gov/programs/GEBA/pilot.html



GEBA Lesson 1:
The rRNA Tree of Life is a Useful Tool

From Wu et al. 2009 Nature 462, 1056-1060



GEBA Lesson 2:
The rRNA Tree of Life is not perfect ...

Badger et al. 2005  Int J System Evol Microbiol 55: 1021-1026. 

16s WGT, 23S



GEBA Lesson 3: 
Phylogeny improves genome annotation

• Took 56 GEBA genomes and compared results vs. 56 
randomly sampled new genomes

• Better definition of protein family sequence “patterns”
• Greatly improves “comparative” and “evolutionary” 

based predictions
• Conversion of hypothetical into conserved hypotheticals
• Linking distantly related members of protein families
• Improved non-homology prediction



GEBA Lesson 4 :
Metadata Important



GEBA Lesson 5:
Improves discovering new genetic diversity



Protein Family Rarefaction 

• Take data set of multiple complete 
genomes

• Identify all protein families using MCL
• Plot # of genomes vs. # of protein families 



Wu et al. 2009 Nature 462, 1056-1060



Synapomorphies exist

Wu et al. 2009 Nature 462, 1056-1060



GEBA Lesson 6:
Improves Analysis of Uncultured
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DNA 
extraction

Sequence

Sequence alignment = Data matrixPhylogenetic tree
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Major phyla of bacteria & archaea 

No cultures

Some cultures



rRNA Phylotyping Sargasso Data 

Venter et al., Science 304: 66. 2004



RecA Phylotyping Sargasso Data

Venter et al., Science 304: 66. 2004
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Protein vs. rRNA Sargasso Data



Metagenomics



Binning challenge
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GEBA Project 
improves 
metagenomic 
analysis

Venter et al., Science 304: 66-74. 2004
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Other Markers



GEBA Now

• 300+ genomes
• Rich sampling of major groups of 

cultured organisms
• Zoomed in sampling of haloarchaea, 

cyanobacteria and more



Part 2: Better Methods



I: Better Phylogenetic Methods 



Major Issues in Phylotpying

Beyond Moore’s Law Metagenomics

Short reads



Beyond Moore’s Law Metagenomics

Short reads

WE NEED NEW 
METHODS

Major Issues in Phylotpying



Method 1: Each is an island

• Each new sequences is an island

• Take reference data
• Build alignment, models, trees
• Add new sequence to reference alignment 

and build tree



STAP

STAP database, and the query sequence is aligned to them using
the CLUSTALW profile alignment algorithm [40] as described
above for domain assignment. By adapting the profile alignment

algorithm, the alignments from the STAP database remain intact,
while gaps are inserted and nucleotides are trimmed for the query
sequence according to the profile defined by the previous
alignments from the databases. Thus the accuracy and quality of
the alignment generated at this step depends heavily on the quality
of the Bacterial/Archaeal ss-rRNA alignments from the
Greengenes project or the Eukaryotic ss-rRNA alignments from
the RDPII project.

Phylogenetic analysis using multiple sequence alignments rests on
the assumption that the residues (nucleotides or amino acids) at the
same position in every sequence in the alignment are homologous.
Thus, columns in the alignment for which ‘‘positional homology’’
cannot be robustly determined must be excluded from subsequent
analyses. This process of evaluating homology and eliminating
questionable columns, known as masking, typically requires time-
consuming, skillful, human intervention. We designed an automat-
ed masking method for ss-rRNA alignments, thus eliminating this
bottleneck in high-throughput processing.

First, an alignment score is calculated for each aligned column
by a method similar to that used in the CLUSTALX package [42].
Specifically, an R-dimensional sequence space representing all the
possible nucleotide character states is defined. Then for each
aligned column, the nucleotide populating that column in each of
the aligned sequences is assigned a score in each of the R
dimensions (Sr) according to the IUB matrix [42]. The consensus
‘‘nucleotide’’ for each column (X) also has R dimensions, with the
score for each dimension (Xr) calculated as the average of the
scores for that column in that dimension (average of Sr). Thus the
score of the consensus nucleotide is a mathematical expression
describing the average ‘‘nucleotide’’ in that column for that
alignment.

Figure 2. Domain assignment. In Step 1, STAP assigns a domain to
each query sequence based on its position in a maximum likelihood
tree of representative ss-rRNA sequences. Because the tree illustrated
here is not rooted, domain assignment would not be accurate and
reliable (sequence similarity based methods cannot make an accurate
assignment in this case either). However the figure illustrates an
important role of the tree-based domain assignment step, namely
automatic identification of deep-branching environmental ss-rRNAs.
doi:10.1371/journal.pone.0002566.g002

Figure 1. A flow chart of the STAP pipeline.
doi:10.1371/journal.pone.0002566.g001

ss-rRNA Taxonomy Pipeline

PLoS ONE | www.plosone.org 5 July 2008 | Volume 3 | Issue 7 | e2566

Wu et al. 2008 PLoS One
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Greengenes project or the Eukaryotic ss-rRNA alignments from
the RDPII project.
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consuming, skillful, human intervention. We designed an automat-
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bottleneck in high-throughput processing.
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score for each dimension (Xr) calculated as the average of the
scores for that column in that dimension (average of Sr). Thus the
score of the consensus nucleotide is a mathematical expression
describing the average ‘‘nucleotide’’ in that column for that
alignment.
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each query sequence based on its position in a maximum likelihood
tree of representative ss-rRNA sequences. Because the tree illustrated
here is not rooted, domain assignment would not be accurate and
reliable (sequence similarity based methods cannot make an accurate
assignment in this case either). However the figure illustrates an
important role of the tree-based domain assignment step, namely
automatic identification of deep-branching environmental ss-rRNAs.
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Figure 1. A flow chart of the STAP pipeline.
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ss-rRNA Taxonomy Pipeline
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Each sequence 
analyzed separately



AMPHORA

Guide tree

Wu and Eisen Genome 
Biology 2008 9:R151   
doi:10.1186/
gb-2008-9-10-r151



Phylotyping w/ Proteins

Wu and Eisen Genome Biology 2008 9:R151   doi:10.1186/gb-2008-9-10-r151



Method 2: All in the family

• Combine new sequences into one tree

• Take reference data
• Build alignment, models, trees
• Add all sequences to reference alignment 

and build tree



Phylogenetic Challenge

A single tree with everything?
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A single tree with everything
(as long as there is a lot of overlap)

Phylogenetic Challenge
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rRNA Phylotyping Sargasso Data 

Venter et al., Science 304: 66. 2004



RecA Phylotyping Sargasso Data

Venter et al., Science 304: 66. 2004
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Protein vs. rRNA Sargasso Data



A single tree with everything?

Phylogenetic Challenge



A single tree with everything?

Phylogenetic Challenge



alignment used to build the profile, resulting in a multiple
sequence alignment of full-length reference sequences and
metagenomic reads. The final step of the alignment process is a
quality control filter that 1) ensures that only homologous SSU-
rRNA sequences from the appropriate phylogenetic domain are
included in the final alignment, and 2) masks highly gapped
alignment columns (see Text S1).
We use this high quality alignment of metagenomic reads and

references sequences to construct a fully-resolved, phylogenetic
tree and hence determine the evolutionary relationships between
the reads. Reference sequences are included in this stage of the
analysis to guide the phylogenetic assignment of the relatively
short metagenomic reads. While the software can be easily
extended to incorporate a number of different phylogenetic tools
capable of analyzing metagenomic data (e.g., RAxML [27],
pplacer [28], etc.), PhylOTU currently employs FastTree as a
default method due to its relatively high speed-to-performance
ratio and its ability to construct accurate trees in the presence of
highly-gapped data [29]. After construction of the phylogeny,
lineages representing reference sequences are pruned from the
tree. The resulting phylogeny of metagenomic reads is then used to
compute a PD distance matrix in which the distance between a
pair of reads is defined as the total tree path distance (i.e., branch
length) separating the two reads [30]. This tree-based distance
matrix is subsequently used to hierarchically cluster metagenomic
reads via MOTHUR into OTUs in a fashion similar to traditional
PID-based analysis [31]. As with PID clustering, the hierarchical
algorithm can be tuned to produce finer or courser clusters,
corresponding to different taxonomic levels, by adjusting the
clustering threshold and linkage method.
To evaluate the performance of PhylOTU, we employed

statistical comparisons of distance matrices and clustering results
for a variety of data sets. These investigations aimed 1) to compare

PD versus PID clustering, 2) to explore overlap between PhylOTU
clusters and recognized taxonomic designations, and 3) to quantify
the accuracy of PhylOTU clusters from shotgun reads relative to
those obtained from full-length sequences.

PhylOTU Clusters Recapitulate PID Clusters
We sought to identify how PD-based clustering compares to

commonly employed PID-based clustering methods by applying
the two methods to the same set of sequences. Both PID-based
clustering and PhylOTU may be used to identify OTUs from
overlapping sequences. Therefore we applied both methods to a
dataset of 508 full-length bacterial SSU-rRNA sequences (refer-
ence sequences; see above) obtained from the Ribosomal Database
Project (RDP) [25]. Recent work has demonstrated that PID is
more accurately calculated from pairwise alignments than multiple
sequence alignments [32–33], so we used ESPRIT, which
implements pairwise alignments, to obtain a PID distance matrix
for the reference sequences [32]. We used PhylOTU to compute a
PD distance matrix for the same data. Then, we used MOTHUR to
hierarchically cluster sequences into OTUs based on both PID
and PD. For each of the two distance matrices, we employed a
range of clustering thresholds and three different definitions of
linkage in the hierarchical clustering algorithm: nearest-neighbor,
average, and furthest-neighbor.
To statistically evaluate the similarity of cluster composition

between of each pair of clustering results, we used two summary
statistics that together capture the frequency with which sequences
are co-clustered in both analyses: true conjunction rate (i.e., the
proportion of pairs of sequences derived from the same cluster in
the first analysis that also are clustered together in the second
analysis) and true disjunction rate (i.e., the proportion of pairs of
sequences derived from different clusters in the first analysis that
also are not clustered together in the second analysis) (see Methods

Figure 1. PhylOTU Workflow. Computational processes are represented as squares and databases are represented as cylinders in this generalize
workflow of PhylOTU. See Results section for details.
doi:10.1371/journal.pcbi.1001061.g001

Finding Metagenomic OTUs

PLoS Computational Biology | www.ploscompbiol.org 3 January 2011 | Volume 7 | Issue 1 | e1001061

PhylOTU - Sharpton et al. PLoS Comp. Bio 2011

PhylOTU



Phylosift/ pplacer



Method 3: All in the genome

• Combine new sequences from different 
gene families into one tree

• Take reference data
• Build alignment, models
• Concatenate
• Add all sequences to reference alignment 

and build tree



Kembel et al. The phylogenetic diversity of metagenomes. PLoS One 2011

Kembel Combiner



Kembel Combiner

cally defined by a sequence similarity threshold) in the sample
as equally related. Newer ! diversity measures that incorporate
phylogenetic information are more powerful because they ac-
count for the degree of divergence between sequences (13, 18,
29, 30). Phylogenetic ! diversity measures can also be either
quantitative or qualitative depending on whether abundance is
taken into account. The original, unweighted UniFrac measure
(13) is a qualitative measure. Unweighted UniFrac measures
the distance between two communities by calculating the frac-
tion of the branch length in a phylogenetic tree that leads to
descendants in either, but not both, of the two communities
(Fig. 1A). The fixation index (FST), which measures the
distance between two communities by comparing the genetic
diversity within each community to the total genetic diversity of
the communities combined (18), is a quantitative measure that
accounts for different levels of divergence between sequences.
The phylogenetic test (P test), which measures the significance
of the association between environment and phylogeny (18), is
typically used as a qualitative measure because duplicate se-
quences are usually removed from the tree. However, the P
test may be used in a semiquantitative manner if all clones,
even those with identical or near-identical sequences, are in-
cluded in the tree (13).

Here we describe a quantitative version of UniFrac that we
call “weighted UniFrac.” We show that weighted UniFrac be-
haves similarly to the FST test in situations where both are

applicable. However, weighted UniFrac has a major advantage
over FST because it can be used to combine data in which
different parts of the 16S rRNA were sequenced (e.g., when
nonoverlapping sequences can be combined into a single tree
using full-length sequences as guides). We use two different
data sets to illustrate how analyses with quantitative and qual-
itative ! diversity measures can lead to dramatically different
conclusions about the main factors that structure microbial
diversity. Specifically, qualitative measures that disregard rel-
ative abundance can better detect effects of different founding
populations, such as the source of bacteria that first colonize
the gut of newborn mice and the effects of factors that are
restrictive for microbial growth such as temperature. In con-
trast, quantitative measures that account for the relative abun-
dance of microbial lineages can reveal the effects of more
transient factors such as nutrient availability.

MATERIALS AND METHODS

Weighted UniFrac. Weighted UniFrac is a new variant of the original un-
weighted UniFrac measure that weights the branches of a phylogenetic tree
based on the abundance of information (Fig. 1B). Weighted UniFrac is thus a
quantitative measure of ! diversity that can detect changes in how many se-
quences from each lineage are present, as well as detect changes in which taxa
are present. This ability is important because the relative abundance of different
kinds of bacteria can be critical for describing community changes. In contrast,
the original, unweighted UniFrac (Fig. 1A) is a qualitative ! diversity measure
because duplicate sequences contribute no additional branch length to the tree
(by definition, the branch length that separates a pair of duplicate sequences is
zero, because no substitutions separate them).

The first step in applying weighted UniFrac is to calculate the raw weighted
UniFrac value (u), according to the first equation:

u ! !
i

n

bi " "Ai

AT
#

Bi

BT
"

Here, n is the total number of branches in the tree, bi is the length of branch i,
Ai and Bi are the numbers of sequences that descend from branch i in commu-
nities A and B, respectively, and AT and BT are the total numbers of sequences
in communities A and B, respectively. In order to control for unequal sampling
effort, Ai and Bi are divided by AT and BT.

If the phylogenetic tree is not ultrametric (i.e., if different sequences in the
sample have evolved at different rates), clustering with weighted UniFrac will
place more emphasis on communities that contain quickly evolving taxa. Since
these taxa are assigned more branch length, a comparison of the communities
that contain them will tend to produce higher values of u. In some situations, it
may be desirable to normalize u so that it has a value of 0 for identical commu-
nities and 1 for nonoverlapping communities. This is accomplished by dividing u
by a scaling factor (D), which is the average distance of each sequence from the
root, as shown in the equation as follows:

D ! !
j

n

dj " #Aj

AT
$

Bj

BT
$

Here, dj is the distance of sequence j from the root, Aj and Bj are the numbers
of times the sequences were observed in communities A and B, respectively, and
AT and BT are the total numbers of sequences from communities A and B,
respectively.

Clustering with normalized u values treats each sample equally instead of

TABLE 1. Measurements of diversity

Measure Measurement of " diversity Measurement of ! diversity

Only presence/absence of taxa considered Qualitative (species richness) Qualitative
Additionally accounts for the no. of times that

each taxon was observed
Quantitative (species richness and evenness) Quantitative

FIG. 1. Calculation of the unweighted and the weighted UniFrac
measures. Squares and circles represent sequences from two different
environments. (a) In unweighted UniFrac, the distance between the
circle and square communities is calculated as the fraction of the
branch length that has descendants from either the square or the circle
environment (black) but not both (gray). (b) In weighted UniFrac,
branch lengths are weighted by the relative abundance of sequences in
the square and circle communities; square sequences are weighted
twice as much as circle sequences because there are twice as many total
circle sequences in the data set. The width of branches is proportional
to the degree to which each branch is weighted in the calculations, and
gray branches have no weight. Branches 1 and 2 have heavy weights
since the descendants are biased toward the square and circles, respec-
tively. Branch 3 contributes no value since it has an equal contribution
from circle and square sequences after normalization.
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Weird Stuff is Out There



GOS 1

GOS 2

GOS 3

GOS 4

GOS 5

RecA, RpoB in GOS

Wu et al PLoS One 2011



II: More Gene Families
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More Markers

Phylogenetic group Genome 
Number

Gene 
Number

Maker 
Candidates

Archaea 62 145415 106
Actinobacteria 63 267783 136
Alphaproteobacteria 94 347287 121
Betaproteobacteria 56 266362 311
Gammaproteobacter
ia

126 483632 118
Deltaproteobacteria 25 102115 206
Epislonproteobacter
ia

18 33416 455
Bacteriodes 25 71531 286
Chlamydae 13 13823 560
Chloroflexi 10 33577 323
Cyanobacteria 36 124080 590
Firmicutes 106 312309 87
Spirochaetes 18 38832 176
Thermi 5 14160 974
Thermotogae 9 17037 684

 

 



Gene Fams in Metagenomes
Characterizing the niche-space distributions of components
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Figure 3: a) Niche-space distributions for our five components (HT ); b) the site-
similarity matrix (ĤT Ĥ); c) environmental variables for the sites. The matrices are
aligned so that the same row corresponds to the same site in each matrix. Sites are
ordered by applying spectral reordering to the similarity matrix (see Materials and
Methods). Rows are aligned across the three matrices.

Figure 3a shows the estimated niche-space distribution for each of the five com-
ponents. Components 2 (Photosystem) and 4 (Unidentified) are broadly distributed;
Components 1 (Signalling) and 5 (Unidentified) are largely restricted to a handful of
sites; and component 3 shows an intermediate pattern. There is a great deal of overlap
between niche-space distributions for di�erent components.

Figure 3b shows the pattern of filtered similarity between sites. We see clear pat-
terns of grouping, that do not emerge when we calculate functional distances without
filtering, or using PCA rather than NMF filtering (Figure 3 in Text S1). As with
the Pfams, we see clusters roughly associated with our components, but there is more
overlapping than with the Pfam clusters (Figure 2b).

Figure 3c shows the distribution of environmental variables measured at each site.
Inspection of Figure 3 reveals qualitative correspondence between environmental factors
and clusters of similar sites in the similarity matrix. For example, the “North American
East Coast” samples are divided into two groups, one in the top left and the other in the
bottom right of the similarity matrix. Inspection of the environmental features suggests
that the split in these samples could be mostly due to the di�erences in insolation and
water depth.

We can also examine patterns of similarity between the components themselves,
using niche-site distributions or functional profiles (see Figure 5 in Text S1). All 5
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III: Zoom in on Lineages
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Figure 8. Independent expansion of the TATA-binding protein family in two haloarchaeal genera. Phylogeny of TATA-binding protein (TBP) homologs identified by RAST with Bootstrap values 
shown. Colored branches represent duplication events (with the dark blue branch representing four duplications). Ancestral TBP (found in all genomes) is shown on the purple branch. Successive 
duplications are shown in darkening shades of green (Halobacterium) or blue (Haloferax). Lynch et al. in preparation



IV: Better Reference Tree



V: Uncultured Lineages



rRNA Tree of Life

Figure from Barton, Eisen et al. “Evolution”, 
CSHL Press. 2007.

Based on tree from Pace 1997 Science 
276:734-740

Archaea

Eukaryotes

Bacteria



PD: Genomes

From Wu 
et al. 2009 
Nature 
462, 
1056-1060



From Wu 
et al. 2009 
Nature 
462, 
1056-1060

PD: Genomes + GEBA



PD: Isolates

From Wu et al. 2009 Nature 462, 1056-1060



PD: All

 From Wu et al. 2009 Nature 462, 1056-1060



Uncultured Lineages:

• Get into culture
• Enrichment cultures
• If abundant in low diversity ecosystems
• Flow sorting
• Microbeads
• Microfluidic sorting
• Single cell amplification
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Number of SAGs from Candidate Phyla

O
D

1

O
P

1
1

O
P

3

S
A

R
4

0
6

Site A: Hydrothermal vent 4 1 - -
Site B: Gold Mine 6 13 2 -
Site C: Tropical gyres (Mesopelagic) - - - 2
Site D: Tropical gyres (Photic zone) 1 - - -

Sample collections at 4 additional sites are underway.

Phil Hugenholtz

GEBA uncultured



Experiments?

Need Experiments from Across 
the Tree of Life too
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