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Introduction

• There are problems with existing alignment and 
phylogeny methods that can produce inaccurate results


• Introduce a new method based on Bayesian inference to 
simultaneously estimate the alignment and phylogeny


• Results show that trees remain consistent when more 
taxa are added



Existing Methods

• Two stages:


- Sequence alignment


- Phylogeny reconstruction 



Existing Methods

• Works well when alignments are well resolved


• Spurious or no results when alignments are uncertain


• Exaggerated support for phylogenies


• Biased towards the alignment guide tree



Existing Methods

• Solutions:


- Remove ambiguous regions from alignments


- Code ambiguity information into the alignment


- Optimization alignment: coestimation of alignments and 
phylogenies in a parsimony framework



Bayesian Coestimation

• Joint estimation of alignments and phylogenies


• Weighted by posterior probabilities 


• No external guide tree—eliminates bias


• More accurate substitution and indel models 



Bayesian Coestimation

• Markov chain Monte Carlo (MCMC) sampling


• Simplifying assumption: indels occur independently of 
branch length


- Can be modeled using a symmetrical pair-hidden 
Markov model (pair-HMM) 



P(H | E) = P(E | H) · P(H)
P(E)
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Bayes’ Theorem



Y = set of sequences
A = multiple alignment
· = unrooted tree topology
T = branch lengths
� = substitution parameters
� = indel parameters
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Variables



P(Y, ·, T, � | A) = P(Y | ·, T, �, A)
◊ P(·, T) ◊ P(�)
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Traditional Probabilistic Model



P(Y, A, ·, T, �, �) = P(Y | A, ·, T, �) ◊ P(A | ·, �)
◊ P(·, T) ◊ P(�) ◊ P(�)
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Coestimation Probabilistic Model



Posterior Sampling
• Sample from the model posterior P(A, τ, T, Θ, Λ | Y) using 

Markov Chain Monte Carlo (MCMC)


• Update the topology and each branch length, pairwise 
branch alignment, and internal node sequence length and 
alignment at least once each iteration


• Topology is updated with nearest-neighbor interchange


• Parameters sampled a Poisson number of times, with 
mean 1 + B/3, where B is the number of branches



• Early Branching in the Tree of Life: Resolving the Archaea


• Archaeal hypothesis: Archaea form a monophyletic group


• Eocyte hypothesis: Archaea are paraphyletic and that the 
eocyte Archaea are more closely related to Eukaryotes 
than to other Archaea

Results
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on standard PC hardware: an AMD Athlon 1.7 GHz
processor with 1 Gb of RAM. Generating posterior sam-
ples required 1 to 8 days of CPU time for our smallest to
largest problems.

RESULTS

Early Branching in the Tree of Life: Resolving the Archaea
Resolution of the early branching order in the Tree

of Life remains controversial because support for these
deep branches is often low and depends on the data and
phylogenetic methods used (Baldauf et al., 1996; Roger
et al., 1999; Brown and Doolittle, 1997). These issues are
exacerbated by the difficulty in aligning distantly re-
lated sequences; estimated phylogenies can be strongly
affected by biased multiple alignments generated using
guide trees (Lake, 1991) and by the common practice of
throwing out ambiguous regions in the alignment that
can decrease resolution (Lee, 2001).

One important question about deep branches in the
Tree of Life that remains unresolved is whether the Ar-
chaea form a monophyletic group (Brown and Doolittle,
1997). Archaea were initially classified as Eubacteria be-
cause both groups lack nuclei, but Woese et al. (1990) later
separated the Archaea from other prokaryotes based on
a phylogeny reconstruction using the 16S rRNA. Woese
et al. (1990) divided all living organisms into the three
domains: Archaea, Bacteria, and Eucarya. This division
has been further supported by research into the molecu-
lar biology of Archaea. Archaea have been found to have
many traits formerly thought to be exclusive to the Bac-
teria, e.g., lack of organelles, and exclusive to the Eukary-
otes, e.g., histone-like proteins and specific transfer RNA
(tRNA) introns (Brown and Doolittle, 1997). Although
initial 16S rRNA analyses suggest that Archaea form a
monophyletic group, some recent analyses based on pro-
teins such as EF-1α/Tu suggest that the Crenarchaeotes
branched separately from the remaining Archaea and are
sister taxa to the Eukaryotes (Rivera and Lake, 1992). This
discrepancy between results presents two alternative hy-
potheses about the early branching order in the Tree of
Life, each represented by a different phylogenetic tree.
The first tree contains a single Archaea clade; we refer to
this tree as the archaeal tree (Fig. 5a). The alternative tree
places the Crenarchaeotes, also called Eocytes after Lake
(1991), as sister taxa to the Eukaryotes; we refer to this tree
as the eocyte tree (Fig. 5b). We apply our methodology of
joint Bayesian estimation of alignment and phylogeny to

FIGURE 5. Two possibilities for early branching in the Tree of Life. (a) The archaeal tree implies that Archaea form a monophyletic group.
(b) The eocyte tree implies that Archaea are paraphyletic (Eocytes and Euryarchaeota) and that the eocyte Archaea are more closely related to
Eukaryotes than to other Archaea.

TABLE 1. Species contributing sequences to either example. The
12 taxa in this table make up the 12-taxon data set for the EF-1α/Tu
example. Taxa marked with a ⋆ make up the 5-taxon data set for the 5S
rRNA and EF-1α/Tu examples.

Taxa Domain Order Note

Homo sapiens (HS)⋆ Eukaryotes Metazoa Human beings
Nicotiana tabacum Eukaryotes Plantae Tobacco plant
Euglena gracilis Eukaryotes Protista Photosynthetic

single cell
Giardia lamblia Eukaryotes Diplomonadida Intestinal protist
Sulfolobus Archaea Crenarchaeota High pH

acidocaldarius (SA)⋆ thermophile
Aeropyrum pernix Archaea Crenarchaeota Anaerobic

thermophile
Pyrococcus Archaea Euryarchaeota Thermophile

woesei (PW)⋆

Halobacterium Archaea Euryarchaeota Methanogen
salinarum (HA)⋆

Methanococcus vannelli Bacteria Aquificae Thermophile
Thermotoga maritima Bacteria Thermotogales Thermophile
Anacystis nidularans Bacteria Cyanobacteria Photosynthetic,

aquatic
Escherichia coli (EC)⋆ Bacteria Proteobacteria Intestinal

symbiont

this problem in hopes of improving the consistency and
certainty of results.

We consider two different types of molecular se-
quences present throughout the Tree of Life: the short
nucleotide sequences of the 5S rRNA and the longer
amino acid sequences of the EF-1α/Tu protein. For each
type of sequence, we examine data sets containing five
taxa. In addition, we will examine a 12-taxon data set for
EF-1α/Tu, to show that our method can handle a larger
number of taxa if need be. Table 1 lists all 12 taxa used in
our analyses.

Example 1: 5S rRNA
The 5S rRNA is found in Archaea, Bacteria, and Eu-

karyotes and has a highly conserved secondary struc-
ture (Barciszewska et al., 2001). At the present time, only
a few organisms have been found to lack 5S rRNA; these
include Giardia (Edlind and Chakraborty, 1987) and some
mitochondria (Gray et al., 1999). The 5S rRNA forms part
of the large ribosomal subunit and is thought to play a
role in stabilizing that subunit. The 5S rRNAs we exam-
ine vary in length from 120 to 126 nucleotides, and their
sequence identity runs as low as 46%. Phylogenetic stud-
ies have generally focused on much larger rRNAs such as

(a): Archaeal

(b): Eocyte

Archaeal vs Eocyte Hypothesis



Species Examined
Taxa Domain Order Note
Homo sapiens Eukaryotes Metazoa Human beings
Nicotiana tabacum Eukaryotes Plantae Tobacco plant
Euglena gracilis Eukaryotes Protista Photosynthetic single cell
Giardia lamblia Eukaryotes Diplomonadida Intestinal protist
Sulfolobus acidocaldarius Archaea Crenarchaeota High pH thermophile
Aeropyrum pernix Archaea Crenarchaeota Anaerobic thermophile
Pyrococcus woesei Archaea Euryarchaeota Thermophile
Halobacterium salinarum Archaea Euryarchaeota Methanogen
Methanococcus vannelli Bacteria Aquificae Thermophile
Thermotoga maritima Bacteria Thermotogales Thermophile
Anacystis nidularans Bacteria Cyanobacteria Photosynthetic, aquatic
Escherichia coli Bacteria Proteobacteria Intestinal symbiont



Results

• 5– and 12–taxon datasets


• EF-1α/Tu protein: at least 26% conserved


• Near threshold of 20~25% where homology becomes 
difficult to detect
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FIGURE 8. MAP topologies for EF-1α/Tu 5- and 12-taxon data sets. Reported branch lengths are posterior means. The 12-taxon tree (b) is
consistent with the 5-taxon tree (a). Both trees support the eocyte hypothesis. Both trees also place P. woesei closer to the root and in a separate
clade from H. salinarum.

(a) (b)

is longer than for the 5S rRNA and a model that can
generate multiple-residue indels is strongly preferred.
Substitution models with rate heterogeneity give very
similar estimates. For the 12-taxon example, log δ has a
posterior mean of −5.91 and log ϵ has a posterior mean
of −0.25. As expected, log δ is slightly smaller for the 12-
taxon data set, because branches are shorter (posterior
mean of µ: 0.200 vs 0.348). For the same reason, gaps
tend to be shorter, although the difference between ex-
amples is not as pronounced.

The MAP topology for the 5-taxon data set is drawn
in Figure 8a. In the topology, H. sapiens and S. acidocal-
darius are nearest neighbors with PP > 0.999. Thus, this
data set strongly supports the eocyte hypothesis under
our model. Part of this strong support stems from our
methodology’s ability to use the information from the
10–amino acid insertion shared by H. sapiens and S. aci-
docaldarius (Fig. 7) to support the clustering of these two
taxa. In addition, P. woesei is not grouped with H. sali-
narum on the MAP topology, as would be expected if the
remaining Archaea were monophyletic. Instead, P. woe-
sei is grouped with E. coli with PP = 0.974 (0.964–0.983,
95% BCI). This grouping is supported by the common in-
sertion in E. coli and P. woesei marked with ! in Figure 7.
Our findings for this gene imply that the Archaea may
have branched off independently several times and are
polyphyletic. However, we note that this finding is de-
pendent on the rooting of the Eukaryote-Archaea subtree
by the Eubacteria outgroup tree and that a more flexible
substitution model may be necessary to accurately han-
dle such questions (Phillipe and Forterre, 1999; Van de
Peer et al., 2000).

Incorporating both rate heterogeneity extensions leads
to three additional models: INV, $4 and INV+$4. These
three models have 1, 1, and 2 additional free parame-
ters, respectively. Using an importance sampling estima-
tor (Newton and Raftery, 1994; Suchard et al., 2003a),
we calculate that all extensions significantly increase
the marginal likelihood of the data, with the INV+$4
model leading to the most improvement of roughly 19
log units over a model without rate variation. Under the
INV+$4 model, posterior support for clustering E. coli

with P. woesei rises to 0.996 (0.992–0.999). This equates to
an increase in the odds ratio from 37.5 to 249.0, providing
further support for polyphyly in this gene.

Figure 8b shows the MAP topology for the 12-taxon
data set. The topology here is consistent with the MAP
topology for the 5-taxon data set and retains similarly
high support with a PP > 0.999. The only observed un-
certainty lies in the placement of P. woesei in a separate
clade from other Euryarchaeota. This branching is con-
sistent with the placement of the Thermococcales in EF-
1α/Tu phylogenies reconstructed by Keeling et al. (1998).
We note also that, in the MAP topology, E. gracilis finds
itself in the same clade as plants, as suggested by Van
de Peer et al. (2000). Finally, the MAP topology places
G. lamblia as an early branching Eukaryote, consistent
with previous studies (Keeling et al., 1998; Baldauf et al.,
1996).

Convergence and Efficiency
When estimating posterior probabilities via MCMC

sampling, it is common practice to throw out samples
from the beginning of the chain. By discarding this
burn-in period, we ignore initial samples that tend to
be correlated with the starting point of the chain and
not representative of the probability distribution of the
model we are simulating. A chain with a smaller burn-in
period requires less computation time to produce accu-
rate estimates of the posterior distribution of parameters
such as the alignment A, the tree (τ, T), the substitution
parameters Θ, and the indel parameters Λ. We show that
our MCMC algorithm converges to its equilibrium dis-
tribution more quickly than is possible given previously
available MCMC transition kernels. This speed-up al-
lows us to start from randomly chosen alignments and
trees, instead of starting from a position estimated us-
ing other software such as ClustalW. In addition, if two
successive samples from the MCMC chain are highly cor-
related, then one requires a large number of samples and,
therefore, a large amount of computer time in order to
produce accurate estimates from the samples remaining
after the burn-in period. We show that the number of

5-Taxon Tree
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FIGURE 8. MAP topologies for EF-1α/Tu 5- and 12-taxon data sets. Reported branch lengths are posterior means. The 12-taxon tree (b) is
consistent with the 5-taxon tree (a). Both trees support the eocyte hypothesis. Both trees also place P. woesei closer to the root and in a separate
clade from H. salinarum.

(a) (b)

is longer than for the 5S rRNA and a model that can
generate multiple-residue indels is strongly preferred.
Substitution models with rate heterogeneity give very
similar estimates. For the 12-taxon example, log δ has a
posterior mean of −5.91 and log ϵ has a posterior mean
of −0.25. As expected, log δ is slightly smaller for the 12-
taxon data set, because branches are shorter (posterior
mean of µ: 0.200 vs 0.348). For the same reason, gaps
tend to be shorter, although the difference between ex-
amples is not as pronounced.

The MAP topology for the 5-taxon data set is drawn
in Figure 8a. In the topology, H. sapiens and S. acidocal-
darius are nearest neighbors with PP > 0.999. Thus, this
data set strongly supports the eocyte hypothesis under
our model. Part of this strong support stems from our
methodology’s ability to use the information from the
10–amino acid insertion shared by H. sapiens and S. aci-
docaldarius (Fig. 7) to support the clustering of these two
taxa. In addition, P. woesei is not grouped with H. sali-
narum on the MAP topology, as would be expected if the
remaining Archaea were monophyletic. Instead, P. woe-
sei is grouped with E. coli with PP = 0.974 (0.964–0.983,
95% BCI). This grouping is supported by the common in-
sertion in E. coli and P. woesei marked with ! in Figure 7.
Our findings for this gene imply that the Archaea may
have branched off independently several times and are
polyphyletic. However, we note that this finding is de-
pendent on the rooting of the Eukaryote-Archaea subtree
by the Eubacteria outgroup tree and that a more flexible
substitution model may be necessary to accurately han-
dle such questions (Phillipe and Forterre, 1999; Van de
Peer et al., 2000).

Incorporating both rate heterogeneity extensions leads
to three additional models: INV, $4 and INV+$4. These
three models have 1, 1, and 2 additional free parame-
ters, respectively. Using an importance sampling estima-
tor (Newton and Raftery, 1994; Suchard et al., 2003a),
we calculate that all extensions significantly increase
the marginal likelihood of the data, with the INV+$4
model leading to the most improvement of roughly 19
log units over a model without rate variation. Under the
INV+$4 model, posterior support for clustering E. coli

with P. woesei rises to 0.996 (0.992–0.999). This equates to
an increase in the odds ratio from 37.5 to 249.0, providing
further support for polyphyly in this gene.

Figure 8b shows the MAP topology for the 12-taxon
data set. The topology here is consistent with the MAP
topology for the 5-taxon data set and retains similarly
high support with a PP > 0.999. The only observed un-
certainty lies in the placement of P. woesei in a separate
clade from other Euryarchaeota. This branching is con-
sistent with the placement of the Thermococcales in EF-
1α/Tu phylogenies reconstructed by Keeling et al. (1998).
We note also that, in the MAP topology, E. gracilis finds
itself in the same clade as plants, as suggested by Van
de Peer et al. (2000). Finally, the MAP topology places
G. lamblia as an early branching Eukaryote, consistent
with previous studies (Keeling et al., 1998; Baldauf et al.,
1996).

Convergence and Efficiency
When estimating posterior probabilities via MCMC

sampling, it is common practice to throw out samples
from the beginning of the chain. By discarding this
burn-in period, we ignore initial samples that tend to
be correlated with the starting point of the chain and
not representative of the probability distribution of the
model we are simulating. A chain with a smaller burn-in
period requires less computation time to produce accu-
rate estimates of the posterior distribution of parameters
such as the alignment A, the tree (τ, T), the substitution
parameters Θ, and the indel parameters Λ. We show that
our MCMC algorithm converges to its equilibrium dis-
tribution more quickly than is possible given previously
available MCMC transition kernels. This speed-up al-
lows us to start from randomly chosen alignments and
trees, instead of starting from a position estimated us-
ing other software such as ClustalW. In addition, if two
successive samples from the MCMC chain are highly cor-
related, then one requires a large number of samples and,
therefore, a large amount of computer time in order to
produce accurate estimates from the samples remaining
after the burn-in period. We show that the number of

12-Taxon Tree


