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Abstract

Because horizontal gene transfer can confound the recovery of the largely prokaryotic tree of life (ToL), most genome-based
techniques seek to eliminate horizontal signal from ToL analyses, commonly by sieving out incongruent genes and data. This
approach greatly limits the number of gene families analysed to a subset thought to be representative of vertical evolutionary
history. However, formalized tests have not been performed to determine whether combining the massive amounts of information
available in fully sequenced genomes can recover a reasonable ToL. Consequently, we used empirically defined gene homology
definitions from a previous study that delineate xenologous gene families (gene families derived from a common transfer event) to
generate a massively concatenated, combined-data ToL matrix derived from 323 404 translated open reading frames arranged into
12 381 gene homologue groups coded as amino acid data and 63 336, 64 105, 65 153, 66 922 and 67 109 gene homologue groups
coded as gene presence/absence data for 166 fully sequenced genomes. This whole-genome gene presence/absence and amino acid
sequence ToL data matrix is composed of 4867 184 characters (a combined data-type mega-matrix). Phylogenetic analysis of this
mega-matrix yielded a fully resolved ToL that classifies all three commonly accepted domains of life as monophyletic and groups
most taxa in traditionally recognized locations with high support. Most importantly, these results corroborate the existence of a
common evolutionary history for these taxa present in both data types that is evident only when these data are analysed in
combination.

© The Willi Hennig Society 2010.

A tangled web

Tree of life (ToL) systematists can be sure that a great
proportion of the taxa we analyse are to some degree the
products of horizontal gene transfer (HGT) from
distantly related organisms. Consequently, techniques
have been developed that attempt to recover a ToL by
excluding as much potentially misleading signal as
possible (data sieving). Multiple techniques for data
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sieving have been proposed. Some techniques avoid
using gene sequence data in favour of using other types
of characters such as functional characteristics (Briones
et al., 2005), similarity of metabolic networks (Oh et al.,
2006), protein conservation profiles (Tekaia and Yera-
mian, 2005), gene order (Kunisawa, 2006), or gene
network composition (Ding et al., 2008). Most analyses
seek to eliminate horizontal signal from ToL analyses by
limiting the gene families used to those thought to
approximate the vertical history of life based upon a
variety of criteria (Table 1). Recently, the implied
histories of gene families identified as not subject to
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Table 1
Methods of approximation of vertical history in TOL analyses

Method

Reference

COG reciprocal best hits test

Inclusion in a single, pre-determined genome

The super-tree approach

The complexity hypothesis

Wide, balanced distribution of gene presence
Ubiquitous gene presence in the ToL

Consistency with small subunit DNA (SSUrDNA)
Congruence with other putative non-HGT gene families

Ge et al. (2005)

Lake and Rivera (2004)

Daubin et al. (2002), Beiko et al. (2005), Pisani et al. (2007)

Rivera et al. (1998), Jain et al. (1999), Brochier and Philippe (2002)
Charlebois and Doolittle (2004)

Lerat et al. (2003), Ciccarelli et al. (2006)

Harris et al. (2003)

Brochier et al. (2005), Ciccarelli et al. (2006)

HGT were found to be so different as to preclude the
ability to recover anything other than a “semi-rake” of a
tree (Bapteste et al., 2008). Because of the unresolved
and sometimes bizarre inferences of relationship made
for the prokaryotic ToL, as well as the propensity of
phylogenetic techniques that use the presence and
absence of genes as characters to group genomes of
unusual size (GOUS) based on size (Big Genome
Attraction, or BGA; Lake and Rivera, 2004), serious
questions have arisen about the feasibility of construct-
ing a vertical ToL, or whether Darwin’s tree hypothesis
even applies to the evolution of prokaryotic organisms
(Doolittle and Bapteste, 2007; Koonin and Wolf, 2009;
Mcinerney et al., 2008; Puigbo et al., 2009). The pur-
pose of the present study was to explore the possibility
that a resolved and consistent vertical ToL can be
obtained by using as much genomic information as
possible. We used empirically defined similarity values
to delineate gene homologue groups out of the whole
genome translated ORF SWISSPROT database (sensu
Lienau et al., 2006; see Methods) that are representative
of xenologue families (Lienau et al., 2006 and unpub-
lished data), or gene groups that are descended from a
common gene transfer event, and analysed them both as
whole-genome amino acid sequence data (AD) and
whole-genome gene presence/absence data (PD) in a
massively concatenated, combined data (CD) ToL
matrix. Phylogenetic analysis of this CD matrix yields
a single, highly supported and corroborated ToL that
reveals a strong phylogenetic signal common to both the
AD and PD that was not apparent during separate
analyses of these two kinds of data.

Methods
Three massively concatenated matrices

PD matrix. For the PD matrix, we used the gene
presence/absence data of Lienau et al. (2006), a study
that accounted for the uncertainty as to what similarity
threshold to use to arrange gene clusters to test
relationships in the ToL by testing the phylogenetic

behaviour of PD matrices constructed at a range of
similarity thresholds for determining gene homology
definitions. Lienau et al. (2006) used 111 different
BLAT (Kent, 2002) e-value cutoffs in a single linkage
sequence-clustering (SLC) algorithm to define gene
homology groups out of 323 404 translated open
reading frames (ORFs) for 166 fully sequenced
genomes. An SLC algorithm includes any sequence that
is similar above a defined similarity threshold to at least
one member of a gene cluster in that homology group.
In Lienau et al. (2006), the homologue group definitions
derived from the SLC algorithm at 111 different e-value
similarity cutoffs were used to construct 111 gene PD
matrices. Phylogenetic analysis of these matrices yielded
111 whole-genome gene PD phylogenetic trees. The
study then examined the strict consensus tree resolution
and character consistency of each phylogenetic tree
made from each translated ORF presence/absence
matrix defined by each separate e-value. Specifically,
we used the combined corroboration metric (CCM)
defined as the product of the rescaled consistency index
(RCI; Farris, 1989) and the Rohlf consensus index 1
(Rohlf, 1982) as an indication of the quality of the gene
homology definitions for use in phylogenetic analysis.
The results showed that there were several e-values that
gave rise to data sets that yielded ToLs with nearly
identically high CCM scores, each separated by ranges
of e-values that gave data sets and ToLs with less
optimal CCM scores. Because of this, and to account
for the likelihood that no one e-value is suitable for gene
homology definition for the entirety of the ToL, Lienau
et al. (2006) selected the top five PD data matrices
(those derived from the e-values: 10788, 107%°, 10781,
1077% and 10772, and defining 63 336, 64 105, 65 153,
66 922 and 67 109 gene clusters, respectively) for use in
a concatenated gene presence/absence matrix. We used
this gene presence/absence matrix as the PD in this
study.

AD matrix. We used the best e-value (107%) found in
Lienau et al. (2006) to define gene homologue groups in
the amino acid sequence matrix. Because multiple gene
sequences in a taxon belonging to a single gene family
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can be counted as a single “present” in a pres-
ence/absence matrix, the Lienau et al. (2006) publica-
tion did not need to address the problem of paralogy;
however, we needed to address this problem when using
amino acid sequences in the AD and CD analyses. To
remove all paralogous sequences, we searched for and
removed any gene sequences that were present in two or
more copies for any taxon in the analysis. This yielded a
data set of 12 381 homologous gene groups for 165 taxa;
we aligned these groups with muscle (Edgar, 2004) and
concatenated the alignments to yield a multilocus
translated ORF matrix that contained 4 540 579 char-
acters. We customized a version of PAUP*4.0 so that it
was able to import the 4450 579 characters in the amino
acid matrix. We then output the 846 999 parsimony-
informative amino acid sequence characters to a parsi-
mony-informative only AD matrix (see Table 2).

CD mega-matrix. We concatenated the gene PD matrix
from Lienau et al. (2006) (see Table 2) with the AD
matrix to create a combined data (gene gain and loss
and amino acid sequence evolution) ToLL mega-matrix
(CD matrix—see Table 2) comprising 166 taxa and
4867 184 characters, 1173 599 of which are parsimony-
informative (846 999 from the concatenated AD matrix
and 326 605 from the PD matrix); one eukaryote, Homo
sapiens, had no amino acid data due to the exclusion of
paralogous sequences and therefore its placement was
based only on information from the PD matrix.

Tree search

We searched for the optimal topology for all data sets
using the parsimony ratchet technique (Nixon, 1999).
We used PAUPRat OS X (Sikes and Lewis, 2001) to
generate command files for implementation in
paup*4b10-ppc-macosx (Swofford, 2000) and did per-
formed runs of 200 iterations each (three times with 15,
17 and 21% character perturbation per iteration using

Table 2
Matrix construction

TBR). After the ratchet we continued the tree search
using TBR and the “Mul-trees” option in paup*4bl10-
ppc-macosx (Swofford, 2000) using the most optimal
tree(s) from the ratchet search as starting topologies.
Gaps were treated as missing data. For final parsimony
calculations, all characters and state transformations
were given equal weight.

Data-type parsimony ratchet

To further explore the tree space in our heuristic tree
search for the combined matrix, we designed a strategy
based on the ratchet method of Nixon (1999) that
differentially weighted the characters from each data
type (i.e. PD and AD matrices) as opposed to randomly
selecting characters to up-weight as in the original
parsimony ratchet technique. For this ‘“‘data-type
ratchet” search we increased the number of PD charac-
ters by three, to provide equal chance that a character
from each data-type would be chosen for up-weighting
in the parsimony ratchet procedure. To test the effec-
tiveness of this method, we used the ratchet procedure as
implemented above (random selection of characters to
up-weight during that part of the technique, which
favoured the selection of AD characters, which occurs
by default as this partition was larger). The data-type
ratchet technique found a shorter tree (calculated using
the equally weighted matrix) than the regular parsimony
ratchet analysis. We therefore used this approach when
calculating Bremer support measures, but not bootstrap
support measures (see below). For all analyses, gaps in
the AD matrix were treated as missing data.

Support calculations

Bootstrap support was calculated using the bootstrap
search in paup*4bl0-ppc-macosx (Swofford, 2000) at
100 iterations with the un-weighted CD matrix. We used
Auto Decay (Eriksson, 2001) to generate Bremer

Matrix

Homologue groups

Taxa

Characters

Amino acid (AD)

Gene presence/
absence (PD)

Combined
AD + PD
(the mega-matrix,
CD)

12 381 homologue groups

63 336, 64 105, 65 153, 66 922 and
67 109 homologue groups

63 336, 64 105, 65 153, 66 922 and
67 109 homologue groups coded
as gene presence/absence, 12 381
of those homologue groups coded
as amino acid sequence data

165 (three domains—missing
Homo sapiens)

166 (three domains—includes
Homo sapiens)

166 (three domains—includes
Homo sapiens)

4540 579 amino acid sequence
characters (846 999
informative)

326 605 informative gene gain and
loss characters (five matrices
constructed at five e-value cutoffs
from the same protein set; Lienau
et al., 20006)

4867 184  characters; 1173 604

informative (the combination of

the AD and PD data matrices)
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support indices (BSIs; Bremer, 1994). Global hidden
support for each partition on the combined, total
evidence tree was calculated after the technique of
Baker and Desalle (1997) by measuring the difference in
length of the partition on its own most optimal tree from
that of its length on the total evidence tree (CDToL).
We used Auto decay (Eriksson, 2001) to generate
partition Bremer support indices (pBSIs) for all three
data matrices (PD, AD and CD) on all nodes of the
CDToL according to Baker et al. (1998).

We used a new measure, the local hidden support
index (IhBSI) to measure the contribution of support of
each partition to each node of the CDToL. We
calculated the contribution of support due to the
combination of data types for each node in the CDToL
by subtracting the sum of the BSI calculated for each
individual partition (PD and AD) on each node of the
CDToL from the BSI calculated for the combined CD
matrix on each node of the CDToL. This operation can
be summarized by the following formula:

1hBSI for each node on the CDToL:

1hBSI (CDToL) = [CDToL BSI-(PD CDToL BSI
+ AD CDToL BSI)],

which can be read, “the local hidden Bremer support
index for a node on the CDToL equals the Bremer
support index for that node on the CDToL calculated
using the CD matrix minus the sum of the Bremer
support index for that node on the CDToL calculated
using the PD matrix plus the Bremer support index
calculated for that node using the AD matrix.”

By measuring the difference between the sum of the
BSIs calculated on the CDToL using the PD and AD
separately from the BSI calculated using the CDToL
using the CD together, this calculation gives a measure
of the support for each node in the CDToL that is due
to simultaneous analysis of the two partitions together.

Comparison of the mega matrix ToL to the Ciccarelli
et al. (2006) ToL

We compared the topologies generated by the
Ciccarelli et al. (2006) data set (a matrix constructed
using a set of 31 universal gene families that showed
little reticulate evolution and were readily aligned for
191 genomes from all domains of life) and the CDToL
by measuring the resolution of the strict consensus tree
of the two trees generated by each data set with the
Rohlf consensus index 1 (Rohlf, 1982). We also
compared the average bootstrap support indices for
each hierarchical level of the trees generated by the
Ciccarelli et al. (2006) data set and the CDToL as well
as the distribution of Bremer support by node for the
CD ToL and the tree generated by the Ciccarelli et al.
(2006) data set. To compare the support for each

matrix (that of Ciccarelli et al. (2006) and the CD
matrix) under the same conditions we followed the
identical procedure we used for tree searching and
support calculations we used for the mega-matrix on
the Ciccarelli et al. (2006) dataset.

Results
A combined data-type (CD) mega-matrix

We generated a translated ORF sequence super-
matrix (amino acid alignment) based on the xenologue
clusters, or gene presences, implied in the optimal
presence/absence matrix from Lienau et al. (2006)
(e-value 107%%). After removing all sequences that were
paralogous (that had two or more copies in a genome;
see Methods), this matrix contained 4540 579 (846 999
parsimony-informative) amino acid characters corre-
sponding to 12 381 xenologue families and 165 taxa
from all three domains of life. Phylogenetic analysis of
the concatenated amino acid character matrix yielded
50 most-parsimonious trees, the strict consensus of
which failed to resolve any domain of life as monophy-
letic (Fig. 1). Even so, compared with the phylogeny
derived from the concatenated five best e-value gene
presence/absence matrices reported in Lienau et al.
(2006), this amino-acid-based phylogeny was more
successful in grouping many of the small genome
bacteria such as Rickettsia, Wolbachia, Buchnera and
Mycoplasmales in (or near in the case of Mycoplas-
males) well-accepted taxonomic groupings for these
enigmatic taxa, indicating that amino acid data are not
as vulnerable to BGA (Lake and Rivera, 2004) as are
gene content data. A potential explanation for the
ambiguous results of the concatenated amino acid
analysis is the lack of data pertaining to the acquisition
and loss of genes that is contained in the presence/
absence data.

We hypothesized that the addition of these data to
our amino acid sequence data might help to resolve
many of the more ancient relationships in the ToL by
providing another test of history based on a separate
biological process. To test this hypothesis we combined
the AD data set with the five most optimal gene content
data sets from Lienau et al. (2006)—the PD dataset—to
construct a combined, gene presence/absence and con-
catenated amino acid sequence CDToL mega-matrix.
Derived from 166 fully sequenced genomes that span all
three domains of life, this combined data set is
composed of 4867 184 characters, 1173 599 of which
are parsimony-informative (846 999 from the concate-
nated AD matrix and 326 605 from the PD matrix),
representing 323 404 translated genes. This body of data
is observed from six “vantage points” of test (sensu
Lienau and Desalle, 2008), meaning that this analysis
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Fig. 1. The strict consensus of 50 most-parsimonious trees derived from the concatenated amino acid sequence matrix all of lengths 2 302 639,
consistency indices (CI) of 0.742, homoplasy indices (HI) of 0.258, retention indices (RI) of 0.795, rescaled consistency indices (RC) of 0.589 and a
CCM (Lienau et al., 2006) of 0.571. Major taxonomic groups are labelled in colours as follows: Firmicutes (green), Cyanobacteria (darker blue),
Actinobacteria (lighter orange), Mycoplasmales (yellow-green), Chlamydiales (blue-green). Taxa belonging to the Archaea are coloured darker
orange; Eukarya, yellow; Bacteria, pale blue. Taxa belonging to the o Proteobacteria are navy; f§, mauve; y, purple; 6, burgundy; ¢, red. Bootstrap and
Bremer support indices were low for basal nodes (data not shown). Note both the paraphyly of all three domains Archaea, Eukarya and Bacteria as
well as the general lack of resolution in the tree. Also note the placement of small genomes, such as of Mycoplasma, and HGT promiscuous genomes,

such as of Fusobacterium, bacteria in or close to traditional locations.

tests the hypotheses of relationship of the 166 taxa using
five different PD data sets derived from the e-values
107%%,107%, 1078, 1077* and 1077, and defining 63 336,
64 105, 65 153, 66 922 and 67 109 xenologue families,
respectively, and one amino acid sequence data set
derived from the e-value 107® corresponding to 12 381
of those xenologue families. Data-type parsimony
ratchet analysis (see Methods) after Nixon (1999) with
varied character perturbations (see Methods) of this CD
mega-matrix yielded a single most-parsimonious ToL
with an RCI of 0.613, and given that the tree is totally
resolved, a CCM of 0.613, indicating highly consistent
and congruent phylogenetic signal. In other words, these
data contain tree-like structure. Greater than 94% of
the nodes on this tree have 100% bootstrap support and
the BSIs range from 11 to 146 667. All three domains of
life (Woese, 1987; Woese et al., 1990; Pace et al., 1986)
are monophyletic with BSI > 108. We rooted our tree
of life (Fig. 2) with the traditional division between the

Bacteria and Archaca/Eukarya (Iwabe et al., 1989;
Gogarten et al., 1989).

Character interaction in the mega-matrix ToL (CDToL)

Our combined gene PD and AD data set (the mega
matrix; CD) produced a fully resolved, highly corrobo-
rated ToL hypothesis (the CDToL) while the concate-
nated translated gene sequence data set alone produced
an unresolved tree which was unable to classify any
domain of life as monophyletic. To investigate this
phenomenon, we examined the contribution of support
from each data type using the partition Bremer support
method of Baker and Desalle (1997) and a new, related
method we call the hBSI method. We found that the CD
mega-matrix showed significant Bremer support for all
nodes of the CDToL and that separate analysis of the AD
matrix and the PD matrix alone gave patchy support
(Fig. 3a). Thus, the combination of these two types of
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Fig. 2. The combined data mega-matrix tree of life (CDToL) is a single most-parsimonious tree with a tree length of 2 710 148, consistency index
(CI) of 0.751, homoplasy index (HI) of 0.249, retention index (RI) of 0.816, a rescaled consistency index (RC) of 0.613 and therefore a CCM of 0.613.
Bremer support indices are indicated above each node by differently coloured and sized circles. Bootstrap values are not listed (see Fig. 4); 94.5% of
nodes had bootstrap support of 100%. Major taxonomic groups are labelled with boxes of the colours used in Fig. 1. All Proteobacteria are in
traditional locations (including the small genome Rickettsiales in the o protebacterial clade, and the small genome Buchnera within the 7y

proteobacteria) with the exception of the ¢ Proteobacteria, which resolve with the thermophilic bacteria as sister to Mycoplasma. This mycoplasma/¢
proteobacteria clade is sister to the traditional relatives of Mycoplasmales, the Firmicutes.

data in a simultaneous analysis revealed a clear phyloge-
netic signal that was common to both types of data but not
strong enough in either matrix alone to support the
combined tree; this type of phylogenetic signal is the
hidden support of Gatesy et al. (1999, 2002) (Fig. 3b).

Comparison of the CDToL to a recent ToL analysis

We compared the topologies and support measures
of the CDToL with the results of Ciccarelli et al.

(2006). Overall, the tree topologies (pruned to contain
the same taxa) showed remarkable congruence, as
indicated by the resolution of the strict consensus trees
made from both topologies (data not shown). We
compared the average bootstrap support and Bremer
support measures for the nodes for both matrices and
found that the bootstrap measures were generally
comparable, but the CD mega-matrix showed much

higher and more evenly distributed Bremer support
for all nodes (Fig. 4).
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(a) Partition Bremer support (BSI) and local hidden Bremer support (LHBSI) by node
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Fig. 3. Partitioned and hidden support in the CDToL. (a) Bremer support indices are indicated for each node of the CDToL as calculated for CD,
the combined matrix (blue), AD, the amino-acid matrix (yellow), and PD, the presence/absence matrix (purple). The zero line on the graph
corresponds to the number of steps required by each matrix to explain the data on the combined mega-matrix ToL. Positive Bremer support values
indicate that the data partition under study favours the existence of the node; negative values indicate that the data partition under study is explained
more parsimoniously on tree topologies that lack that node. Local hidden Bremer support (IhBSI)—or the difference between the sum of supports
lent to the CDToL by both the amino acid sequence and gene presence/absence matrices when analysed separately and the support given to the
CDToL by the simultaneous analysis of both data types for each node—is coloured orange. (b) Hidden support (HS)—or the difference in length of a
partition when measured on its own most-parsimonious tree from the length of that partition on the total evidence tree—is shown for the PD
partition (purple), the AD partition (yellow) and the sum of both partitions, the CD mega-matrix (orange). The existence of hidden support shows
that the data, when analysed in concert, supports a different hypothesis of evolutionary history than either does when analysed separately.

Discussion Carroll, 2006; Bapteste et al., 2008) or that the ToL
does not exist in any meaningful sense (Doolittle and

Concatenation of presence/absence (PD) data and amino Bapteste, 2007), it is necessary to test this hypothesis.
acid (AD) sequences delivers a highly resolved, highly The simplest and most relevant tests have, until now,
consistent, well-supported ToL not been done on large genomic-scale data sets as it
has been assumed that data sieving is a necessary

Although some scientists assert that the recovery of prerequisite to obtaining a reasonable, well-supported,

a vertical tree of life is unfeasible (e.g. Rokas and and resolved ToL. The data-rich, concatenated CD
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(a) CD mega-matrix and Cicareli 2006 Bootstrap Comparison
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Fig. 4. Support measure comparison of CDToL with Ciccarelli et al. (2006). (a) Average bootstrap for each hierarchal level for both the CDToL
and Ciccarelli et al. (2006). For each domain, we calculated the average bootstrap value for all nodes occupying the same tree height on the CDToL
(Mega) and the Ciccarelli et al. (2006) ToL to give an overall indication of support for different hierarchical levels in each ToL analysis. (b) The
distribution of BSI for each node of the CDToL (grey) and the Ciccarelli et al. (2006) ToL (yellow). It is important to note that, because there are
more taxa in the Cicarelli et al. ToL than the CDToL, the nodes are not depicted one to one; the presentation is meant to show overall trends of
support for both ToLs.

mega-matrix constructed for this study gives a postulated by the CDToL below to highlight them as

resolved, very consistent and highly supported ToL. targets for further test.

The decision as to whether the tree represents reality at

all nodes is, like any phylogenetic hypothesis, up to External corroboration. congruence of the CDToL with
interpretation and further test. However, given that the existing bacterial classification systems

CDToL hypothesis has been tested by the information

imbedded in over 300 000 gene sequences, we suggest Most relationships that can be inferred from the
that it represents the most corroborated hypothesis of CDToL (Fig.2) are congruent with current ideas
the evolutionary history of life on Earth to date. We about bacterial evolution and systematics. Some of

examine some of the more interesting relationships these relationships attest to the effectiveness of data
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combination at resolving previously ambiguous rela-
tionships. For instance, genomes of unusually small
sizes that are prone to BGA bias (Jain et al., 2002)
such as Rickettsia (Alphaproteobacteria), Buchnera
(Deltaproteobacteria) and Mycoplasma (Firmicutes)
are classified in (and/or near in the case of mycoplasma)
traditional locations in the CDToL. The observation
from the CDToL that all three domains of life are
monophyletic with high support shows that the concat-
enated matrix approach does not suffer from the same
inability to recover ancient relationships as the concat-
enated amino acid data (Fig. 1).

An illustration of the CDToL’s ability to unambig-
uously classify organisms that show high levels of gene
transfer is the robustly supported placement of Fuso-
bacterium, the genome of which shows evidence of
massive HGT from all three domains (Mira et al.,
2004). The CDToL resolves Fusobacteria as a basal
Firmicutes with high support (100% BS, 301 BSI), a
result consistent with recent analyses based on ribo-
somal 16S and 23S gene sequences (Mira et al., 2004),
phosphoglycerate kinase (Pgk) amino acid sequences
(Wolf et al., 2004), gene order (Kunisawa, 2006), and,
to a lesser extent, indel analysis (Gupta and Griffiths,
2002).

Other relationships in the CDToL are of particular
note to the study of bacterial evolution. First, the
thermophiles Aquifex aeolicolus and Thermotoga mari-
tima group with the Epsilonproteobacteria with high
support, nested together with Mycoplasmales sister to
the rest of the Firmicutes (Fig. 2). This result is
inconsistent with the hypothesis, based on rDNA and
concatenated protein sequence phylogenetic analyses
(Brown et al., 2001) and ancestral reconstruction of
amino acid composition (Di Giulio, 2003), that ther-
mophiles are the last living universal common ancestors
(LUCAS) of all life, but is consistent with the hypothesis
that the Epsilonproteobacteria are not true proteobac-
teria (Dutilh et al., 2004; House and Fitz-Gibbon, 2002;
Tekaia et al., 1999; Wolf et al., 2001, 2002; Gu and
Zhang, 2004; Yang et al., 2005; Hughes et al., 2005;
Lienau et al., 2006). Indeed, there has been much
disagreement as to the proper classification of bacterial
thermophiles in the ToL. A super-tree analysis, (Daubin
et al., 2002) placed Thermotoga maritma and Aquifex
aeolicolus together on a long branch just basal to the
Firmicutes (sometimes with the Epsilonproteobacteria)
and a genome-wide scan classified these thermophiles as
Firmicutes (Zhaxybayeva et al., 2009), results consistent
with the hypothesis that the thermophiles are ancient,
but not the most ancient, bacteria. Ribosomal RNA and
PGK gene sequence analyses favour the hypothesis that
Thermotoga maritma is just basal to the Firmicutes
(Wolf et al., 2004), while indel parsimony analysis
(Gupta and Griffiths, 2002), gene order analysis (Kun-
isawa, 2000), analysis of ribosomal protein sequences

(Klenk et al., 1999; Teeling et al., 2004), gene content
(Wolf et al.,, 2001; Teeling et al., 2004) and RNA
polymerase subunits (Teeling et al., 2004) place Aquifex
aeolicolus and or Thermotoga maritma just basal to the
Proteobacteria, consistent with the hypothesis that
thermophiles are basal Proteobacteria.

Our tree offers a reconciliatory explanation for these
seemingly incompatible results in postulating that bac-
terial thermophiles are not living LUCAs and the
Epsilonproteobacteria are not true Proteobacteria, but
both are members of, or close relatives of, the Firmi-
cutes. Still, given the multitude of inconsistent evidence,
more information in the form of increased taxon
sampling and character delineation will be necessary to
better resolve these relationships.

The most basal group within the Bacteria clade (BS
100%, BSI 108) in this total evidence ToL is Chlamydia
(100% BS, BSI 4838). The hypothesis that Chlamydia is
an ancient bacterial lineage is consistent with analysis of
bacterial SET domain architecture (Alvarez-Venegas
et al., 2007), concatenated ribosomal proteins (Teeling
et al., 2004; Wolf et al., 2001), concatenated protein
sequences (Wolf et al., 2001), and gene presence/absence
(Wolfet al., 2001; Lienau et al., 2006) but is inconsistent
with indel parsimony analysis (Gupta and Griffiths,
2002) (although one indel out of 18 supported a
grouping with the Archaea).

Comparing the CDToL with other recent ToL analyses

The CD mega-matrix ToL and the Ciccarelli et al.
(2006) ToL give similar hypotheses of the evolutionary
history for life on Earth, each with high support for
most groups, and both classify the three accepted
domains of life as monophyletic. The remarkable
agreement in the arrangement of the deepest relation-
ships for these two ToLs derived from different data
adds further credence, through corroboration of inde-
pendent test results, to the accuracy of each hypothesis
about the evolutionary history of life. In addition, the
CD mega-matrix showed much higher and more even
support throughout the tree than did the Ciccarelli et al.
(2006) matrix (Fig. 4), indicating that the addition of
data can help to bolster support for seemingly enigmatic
relationships.

The CDToL: reciprocal illumination of the ToL through
data combination

When analysed both as presence/absence data (PD)
and translated amino acid data (AD) in the combined
(CD) mega-matrix the 67 109 empirically defined
homologous gene groups used in this study yielded a
totally resolved, highly consistent and well-supported
hypothesis of the evolution of life using the information
contained in 323 404 translated ORFs. This combined
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data-type ToL (the CDToL) was more consistent, better
supported and more congruent with the results of other,
external analyses than the ToLs found using either data-
type (AD or PD; Lienau et al., 2006) alone. In fact,
pBSIs and 1hBSI showed that a great proportion of the
support for the CDToL was due to the simultancous
analysis of the two data types.

Taken together, these results indicate the existence of
a strong phylogenetic signal that is common to all genes
in this analysis that was revealed only by levying two
types of phylogenetic test, those of gene loss and gain
(HGT or duplication) and of amino acid sequence
change (base change or insertion deletion), on compet-
ing ToL topologies. The revelation of this hidden signal
through the simultaneous analysis of different data types
can be thought of as reciprocal illumination (Hennig,
1966) not just among individual characters with inde-
pendent histories, but also between different character
classes with different modes of inheritance. In the
absence of a better explanation for the existence of a
hidden, highly corroborated signal that is common to all
ORFs in this analysis, we suggest that these data
corroborate Darwin and Wallace’s ToL hypothesis of
evolutionary history for the Eukarya, Archaea and
Bacteria.
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