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Abstract. The phylogenetic placement of theAquifex
andThermotogalineages has been inferred from (i) the
concatenated ribosomal proteins S10, L3, L4, L23, L2,
S19, L22, and S3 encoded in the S10 operon (833 aa
positions); (ii) the joint sequences of the elongation fac-
tors Tu(1a) and G(2) coded by thestr operontuf andfus
genes (733 aa positions); and (iii) the joint RNA poly-
meraseb- and b8-type subunits encoded in therpoBC
operon (1130 aa positions). Phylogenies ofr-protein and
EF sequences support with moderate (r-proteins) to high
statistical confidence (EFs) the placement of the two hy-
perthermophiles at the base of the bacterial clade in
agreement with phylogenies of rRNA sequences. In the
more robust EF-based phylogenies, the branching of
AquifexandThermotogabelow the successive bacterial
lineages is given at bootstrap proportions of 82% (maxi-
mum likelihood; ML) and 85% (maximum parsimony;
MP), in contrast to the trees inferred from the separate
EF-Tu(1a) and EF-G(2) data sets, which lack both reso-
lution and statistical robustness. In the EF analysis MP
outperforms ML in discriminating (at the 0.05 level)
trees havingA. pyrophilusandT. maritimaas the most
basal lineages from competing alternatives that have (i)
mesophiles, or theThermusgenus, as the deepest bacte-
rial radiation and (ii) a monophyleticA. pyrophilus–T.
maritima cluster situated at the base of the bacterial

clade. RNAP-based phylogenies are equivocal with re-
spect to theAquifex and Thermotogaplacements. The
two hyperthermophiles fall basal to all other bacterial
phyla when potential artifacts contributed by the compo-
sitionally biased and fast-evolvingMycoplasma geni-
talium and Mycoplasma pneumoniaesequences are es-
chewed. However, the branching order of the phyla is
tenuously supported in ML trees inferred by the exhaus-
tive search method and is unresolved in ML trees in-
ferred by the quartet puzzling algorithm. A rooting of the
RNA polymerase-subunit tree at the mycoplasma level
seen in both the MP trees and the ML trees reconstructed
with suboptimal amino acid substitution models is not
supported by the EF-based phylogenies which robustly
affiliate mycoplasmas with low-G+C gram-positives
and, most probably, reflects a “long branch attraction”
artifact.

Key words: Bacterial rooting — Hyperthermophily —
Ribosomal proteins — Elongation factors — RNA poly-
merase —Mycoplasmatales— S10 operon — Strepto-
mycin operon —rpoBC operon

Introduction

In phylogenies of 16S rRNA sequences the hyperther-
mophilic BacteriaAquifex pyrophilusand Thermotoga
maritimabranch off—in that order—from the main trunk
of the bacterial tree before moderately thermophilic and
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mesophilic phyla. Nonetheless, the phylogenetic depth of
the Aquifex–Thermotogapair remains controversial, as
protein-coding genes either tenuously support the rooting
of Bacteria at theA. pyrophilusandT. maritimalevel or
predict alternative placements of the two hyperthermo-
philes. Phylogenies of elongation factor (EF) G(2) and
fus gene sequences confirm theA. pyrophilusand T.
maritima placements inferred from analysis of 16S
rRNA sequences, but with low statistical support (Boc-
chetta et al. 1995). In contrast, trees of RNA polymerase
(RNAP) b- andb8-type subunits showMycoplasmatales
as the deepest bacterial grouping, withAquifex pyrophi-
lus and T. maritima branching off in the proximity of
Spirochaetesand Proteobacteria(Klenk et al. 1999).
Furthermore, an affiliation ofT. maritima with gram-
positive Bacteria has been invoked to explain (i) the
anomalous clustering of Euryarchaeotes,T. maritima,
and low-G+C gram-positives in phylogenetic trees of
glutamine synthetase1 (GSI) sequences (Tiboni et al.
1993) and (ii) the observation (Gribaldo et al. 1999) that
the T. maritima70-kDa heat shock protein (Hsp70) re-
sembles that of gram-positive Bacteria and Archaea in
lacking a relatively conserved insert (22–23 residues)
that occurs in the same position in the Hsp70s of all other
organisms (Macario et al. 1991; Gupta et al. 1997, 1998).

In a continuing effort to clarify the evolutionary
placement of hyperthermophilic Bacteria, we have re-
constructed outgroup-rooted bacterial phylogenies by us-
ing three sets of concatenated proteins. One spans a sub-
set of ribosomal proteins (r-proteins) encoded in the
“S10 operon”-equivalent gene cluster. The second en-
compasses the two EFs encoded by thefus [for EF-G(2)]
and tuf [for EF-Tu(1a)] genes of the streptomycin (str)
operon, which lies immediately upstream from (or is
fused with) the S10 operon gene cluster. The last com-
prises the RNAPb- and b8-type subunit sequences en-
coded in therpoBCoperon, which, in most Archaea and
Bacteria, is situated shortly upstream from thestr op-
eron. Phylogenetic evaluation of EF andr-protein data
sets resulted in gene trees which are in moderate (r-
proteins) and excellent (EFs) overall agreement with 16
S rRNA trees with respect to theAquifexand Thermo-
toga placements. On the other hand, phylogenies of
RNAP-subunit sequences give equivocal results con-
cerning the branching order of the bacterial phyla.

Methods

Sequence Retrieval and Selection of Alignment Positions.Protein se-
quences were retrieved by BLAST (Altschul et al. 1990) and FASTA
(Pearson et al. 1988), probing the DNA and protein databases with the
tBLASTN program using the GCG (Genetic Computer Group) pro-
gram suite (Deveraux et al. 1984) of the MRC Human Genome Map-
ping Project (HGMP) Resource Centre (Cambridge University, Cam-
bridge, UK).

Alignments.Multiple alignments of amino acid sequences were
performed using the programs CLUSTAL W (Thompson et al. 1994)

and MULTALIN (Corpet 1988) with default gap penalties. Spurious
matches of bacterial sequences with unrelated segments of archaeal and
eucaryal homologues were identified by a BLAST-guided scrutiny of
all regions of the CLUSTAL and MULTALIN alignments as detailed
elsewhere (Cammarano et al. 1999). In essence, the matching schemes
of bacterial and archaeal–eukaryal sequences generated by the auto-
matic multialignment programs were sought in three inventories of
significant binary alignments obtained by BLAST probing the protein
and DNA databases with query sequences representative of the three
domains of life. Alignment schemes that were not retrieved in any of
the three inventories were assumed to represent artifacts produced by
the multialignment algorithms (Ævarsson, 1995) and the positions
comprising the spurious matches were excluded from the final data
sets.

The final multiple alignments, the global alignments of the indi-
vidual proteins, and the accession numbers of all the sequences used in
this work are retrievable upon request to P. Cammarano. TheA. py-
rophilus S10 operon and spectinomycin (spc) operon sequences have
been deposited in the EMBL/GenBank and have been assigned acces-
sion numbers AF040100 and AF040101, respectively. The correspond-
ing T. maritima S10 andspc operon sequences have been assigned
accession number Z21677.

Tree-Making Algorithms.Phylogenetic trees were constructed us-
ing maximum-likelihood (ML) and maximum-parsimony (MP) meth-
ods. ML analyses utilized the ProtML program of the MOLPHY (Mo-
lecular Phylogenetics) software package version 2.2 (Adachi and
Hasegawa, 1992) and the quartet puzzling (QP) algorithm implemented
in the program PUZZLE version 4.0 (Strimmer and von Haeseler 1996,
1997).

When ProtML was used, candidate topologies, selected by the ap-
proximate log-likelihood criterion (Adachi 1995; Wadell 1995) from
the exhaustive search (option −e) of a partially constrained starting tree,
were examined for the best tree by the exact likelihood method with the
“user” (-u) option of ProtML. The following models of amino acid
substitution were used in the ProtML analyses: (1) the Jones–Taylor–
Thornton (JTT) model (default option), (2) the JTT-F model (option
-jf), (3) the Dayhoff model (option -d), (4) the Poisson model (option
-p), and (5) the proportional model (option -pf), which corresponds to
the F option of the Poisson model. When the F option was invoked, the
models were reconstructed by using the actual amino acid compositions
of the proteins under analysis as the equilibrium frequencies. The ad-
equacy of different models was evaluated by the Akaike information
criterion (AIC) defined as AIC4 −2 (log-likelihood)+2N, whereN is
the number of free parameters (Hashimoto and Hasegawa 1996). The
model that minimized AIC was considered to be the most appropriate
(Hashimoto and Hasegawa 1996). The relative bootstrap probabilities
of alternative topologies were computed with the RELL (resampling of
estimated log-likelihood) bootstrap method (Kishino and Hasegawa
1989; Kishino et al. 1990) with the user option of ProtML. Standard
errors of log-likelihood differences were estimated by Eq. (12) of
Kishino and Hasegawa (1989). Bootstrap values for internal tree
branches were calculated as the sum of the bootstrap probabilities of all
the trees showing the node being analyzed among the alternatives (945
trees for ther-protein data set and 1000 top-ranking trees for the EF and
RNAP data sets).

When the QP algorithm was used, phylogenetic trees were recon-
structed with eight categories of site-by-site rate variation using the
JTT-F, Dayhoff-F, and Blosum 62-F models of amino acid substitution.

MP analyses used the PROTPARS program of the Phylogeny In-
ference Package (PHYLIP) version 3.57c (Felsenstein, 1993). The
PHYLIP programs SEQBOOT, PROTPARS, and CONSENSE were
used (in that order) to derive a MP tree which was replicated in 100
bootstraps. Alternative trees were declared significantly “worse” than
the MP tree, at the 0.05 level, when the mean ofDsbst(the difference in
number of inferred substitutions) was$1.96 SD (Felsenstein 1993).
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Estimation of Compositional Biases and Invariant Sites.To identify
compositionally biased taxa that might distort the tree topologies (Lake
1994; Lento et al. 1995; Foster and Hickey 1999), the fitting of the
amino acid compositions of individual sequences to the frequency dis-
tribution in the assumed ML models was evaluated by use of a 5%x2

analysis implemented in PUZZLE Version 4.0.
Fractions of constant and invariant sites (Lockhart et al. 1996) were

inferred by using a two-site rate heterogeneity (either variable or in-
variant) ML model, with the JTT-F or the Blosum 62 matrixes in
PUZZLE version 4.0, and the effect of their exclusion on the tree
topology was evaluated with both the ProtML and the QP methods.

Species Abbreviations.Aae (Aquifex aeolicus), Apy (Aquifex py-
rophilus), Ani (Anacystis nidulans), Atu (Agrobacter tumefaciens),
Bbu (Borrelia burgdorferi), Bst (Bacillus stearothermophilus), Bsu
(Bacillus subtilis), Cpa (Cyanophora paradoxacyanelles), chl (chlo-
roplast), Ctr (Chlamydia trachomatis), Eco (Escherichia coli), Hma
(Halobacterium marismortui), Hha (Halobacterium halobium), Hin
(Haemophilus influenzae), Mja (Mehanococcus jannaschii), Mca (My-
coplasma capricolum), Mge (Mycoplasma genitalium), Mpn (Myco-
plasma pneumoniae), Mle (Mycobacterium leprae), Mtu (Mycobacte-
rium tubercolosis), Mva (Methanococcus vanniel i i), Ppu
(Pseudomonas putida), Pho (Pyrococcus horikoshi), Pwo (Pyrococcus
woesei), Rpr (Rickettsia prowazeckii), Sau (Staphylococcus aureus),
Spl (Spirulina platensis), Sac (Sulfolobus acidocaldarius), Sso (Sul-
folobus solfataricus), Syn (Synechocystissp.), Tac (Thermoplasma
acidophilum), Tce (Thermococcus celer), Tma (Thermotoga maritima),
Tth (Thermus thermophilus).

Results

Order and Linkage of theA. pyrophilusand T.
maritimaS10- andstr-Operon Genes

We have previously cloned and sequenced theT. mar-
itima DNA region comprising the S10 operonr-proteins
gene cluster (Sanangelantoni et al. 1994). Sequencing of
the corresponding region ofA. pyrophilusDNA (4857
bp) revealed the same conserved gene order asT. mar-
itima, gram-positive bacteria, Proteobacteria, and certain
Archaea (Sanangelantoni et al. 1994), i.e., eight tightly
linked genes encoding ribosomal proteins S10 (104 aa),
L3 (244 aa), L4 (200 aa), L23 (109 aa), L2 (280 aa), S19
(219 aa), L22 (133 aa), and S3 (231 aa), in that order,
with a four bases overlap (ATGA) at the L3/L4 genes
junction. The lengths of ther-proteins were within the
bacterial range (Sanangelantoni et al. 1994) with the ex-
ception of protein S19, which was about twice that of
other Bacteria (87–95 aa) due to an N-terminal accretion
(128 aa) also observed in the homologous sequence ofA.
aeolicus (Deckert et al. 1998). TheA. pyrophilus r-
protein gene cluster was situated immediately down-

stream (12-bp distance) from the stop codon of the sec-
ond gene (tuf) of an amputated streptomycin (str) operon
comprising only the genesfus (for EF-G), andtuf (for
EF-Tu) instead of the canonical gene sequence 58-rps12–
rps7–fus–tuf-38 (Bocchetta et al. 1995). A potential pro-
moter for S10 operon was apparent shortly 58 to the fus
gene stop codon (Bocchetta et al. 1995) , at a suitable
distance from the downstream locatedrps10 gene.

To assess the phylogenetic placement of hyperther-
mophilic Bacteria, theA. pyrophilusand T. maritima
proteins encoded in the contiguous S10 andstr operons
were included into two global alignments: one spanning
the concatenated S10 operon proteins and the other en-
compassing the EF-G(2) and EF-Tu(1a) sequences. A
third alignment inclusive ofAquificales(Aquifex aeoli-
cus) andT. maritimawas generated from the RNA poly-
meraseb- and b8-subunits (and their archaeal B- and
A-type homologues) encoded in therpoBCgene cluster,
which, in most Archaea and Bacteria, lies shortly up-
stream from thestr operon (Zillig et al. 1993) with the
notable exception of theAquifexgenus (Deckert et al.
1998).

Protein Data Sets

The “S-10 operon”r-protein data set was assembled
from preliminary alignments of the individualA. py-
rophilus and T. maritima r-proteins with all available
homologues. Sections of the global alignments compris-
ing artifactual matches of bacterial sequences with unre-
lated segments of the (generally longer) archaeal–
eukaryal homologues were identified by the BLAST-
guided scrutiny (see Methods) and the remaining regions
(totaling 830 positions) were linked together. Exclusion
of species having an incomplete repertory of sequenced
S10-operon genes left 16 taxa, of which 3 were from
Archaea (O for outgroup) and 13 were from Bacteria
representing Aquificales (A), Thermotogales (T), Cya-
nobacteria (C), low-G+C gram-positives (IG+), high-
G+C gram-positives (hG+), and Proteobacteria of theg
subdivision (Pg). An abridged version of the final align-
ment is shown in Fig. 1.

A data set of concatenated EF sequences was con-
structed by adapting theT. maritimaand A. pyrophilus
EF-G (682–700 aa) and EF-Tu sequences (400–405 aa)
to existing global alignments generated by using tertiary
structural data (Ævarsson 1994, 1995; Baldauf et al.

>

Fig. 1. Abridged multiple alignment of ribosomal proteins S3, L22,
S19, L2, L23, L4, L3, and S10, in that order.Uppercase roman nu-
meralsdesignate consecutive alignment blocks belonging to the same
protein as selected by the BLAST-guided exclusion of regions com-
prising misaligned segments (Cammarano et al. 1999).Numbers in
parenthesesindicate the sequence positions (A. pyrophilusnumbering)
comprising each block. The protein L3 blocks II* and IV** spanA.

pyrophilus residues 106–110 and 196–202, respectively. Species ab-
breviations are as listed under Methods.Highlighting on black back-
ground delimits sites occupied by identical or similar amino acids
(ILVM; DEKRH; FWY, ST GA, NQ) in no fewer than 14 of 16
sequences.Gray shadinghighlights bacterial signatures. The chloro-
plast sequence was compounded fromEuglena gracilisandMarchan-
thia polymorphachloroplasts.
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1996) and BLAST-guided exclusion of spuriously
matched positions (Fig. 2 legend). Deselecting regions
comprising the artifactual matches left 423 positions for
EF-G(2) and 310 positions for EF-Tu(1a). The taxo-
nomic sampling of the joint data set was limited to 21
taxa by the availability of the EF-G(2) sequences. In
addition to the groupings present in ther-protein data set,
the EF-Tu(1a) + EF-G(2) alignment (shown in abridged
form in Fig. 2) includedThermus thermophilus(Tt;
Deinococci) and Proteobacteria of thea subdivision
(Pa).

A data set of RNAPb+b8-type sequences (1133 po-
sitions) was assembled from global alignments of the
individual subunits after BLAST-guided exclusion of
spuriously matched segments. This left 613 and 520 po-
sitions for theb- andb8-type subunits, respectively. The
taxonomic spectrum of theb+b8 data set (22 taxa) was
constrained by the number of availableb8 sequences. In
addition to Archaea,Aquificales (A. aeolicus), and T.
maritima, the final alignment (not shown) included low-
and high-G+C gram-positives, Cyanobacteria, Proteo-
bacteria (a, b, and g divisions), and Chlamydiae–
Spirochaetes (S).

The “S10 operon,” EF, and RNAP-subunit data sets
were estimated to contain 77, 123, and 172 constant po-

sitions, which included 53, 115 and 155 invariant sites,
respectively.

The three data sets and the global alignments of the
individual proteins are obtainable upon request to P.
Cammarano.

Phylogenetic Results

Outgroup-rooted bacterial phylogenies were recon-
structed using ML and MP methods. In the ML analyses
different models for the amino acid substitution process
were used to evaluate the robustness of the ML tree
against the violation of assumed Markov model.

r-Protein-Based Phylogenies
The 16 taxa comprising ther-protein data set were

organized into seven topological units and the 945 pos-
sible topologies were analyzed for the best tree by the
exhaustive search method with ProtML. The ML and
AIC values for the different models of amino acid sub-
stitution are compared in Table 1. The JTT-F model was
slightly better than the JTT and Dayhoff models, while
the proportional and Poisson models were less fitting,
most probably reflecting overly simplistic assumptions
concerning the dynamics of the amino acid substitution
process. However, all models recovered the tree topol-

Fig. 2. Abridged multiple alignment of EF-G(2) and EF-Tu(1a) se-
quences.Numbers above blocksindicate amino acid positions (A. py-
rophilus numbering). The structure-based parts of the alignment
(Ævarsson 1995) spannedA. pyrophilusEF-G and EF-Tu residues
1–400 and 1–384, respectively. Positions that are C terminal to the
vertical arrows(A. pyrophilusresidues 401–700 and 321–450 for EF-G

and EF-Tu, respectively) were selected by BLAST-guided scrutiny of
the alignment schemes inferred by CLUSTAL and MULTALIN (Cam-
marano et al. 1999) and by visually matching conserved motifs con-
straining the alignment topology.Highlighting delimits positions oc-
cupied by identical or similar amino acids in no fewer than 19 of 21
sequences.

370



ogy shown in Fig. 3A havingA. pyrophilusandT. mar-
itima as the deepest and second deepest bacterial off-
shoot, respectively. In that tree the node dividing theA.
pyrophilus–T. maritimapair from the successive meso-
philic lineages was given at a bootstrap probability (BP)
of 68% (see Fig. 3 legend). Examination of the 945 pos-
sible trees identified eight topologies (Table 2) that were

not significantly worse than the ML tree by the criterion
of 1 SE of log-likelihood difference. Of these trees, two
(trees 4 and 5 in Table 2) showed the mesophiles as being
the deepest offshoots, between 0.6 and 0.8 SE of log-
likelihood difference.

The basal placement ofA. pyrophilusandT. maritima
was also moderately supported by the QP method (60%

Table 1. Exhaustive-search ML analysis of concatenatedr-protein sequences with different amino acid substitution models

Model Tree topology −lnLa ± SE −DlnL AICb DAIC

JTT (O,A,(T,((IG+,Pg),(hG+,C))))c −19,503.0 ± 318 −28.3 39,064.0 +17
JTT-F (O,A,(T,((IG+,Pg),(hG+,C)))) −19,475.7 ± 322 0 39,047.2 0
Dayhoff (O,A,(T,((IG+,Pg),(hG+,C)))) −19,617.1 ± 320 −141.4 39,292.1 +45
Proportional (O,A,(T,((IG+,Pg),(hG+,C)))) −20,527.9 ± 324 −1052.2 41,151.8 +2,104.8
Poisson (O,A,(T,((IG+,Pg),(hG+,C)))) −21,169.7 ± 331 −1694.0 42,397.5 +3,350.5

a Log-likelihood.
b Akaike information criterion.
c O, outgroup archaeal sequences; A,A. pyrophilus;T, T. maritima;
IG+, low-G+C gram-positive Bacteria; hG+, high-G+C gram-positive
Bacteria; C, Cyanobacteria-chloroplasts; Pg, Proteobacteria,g subdi-
vision. The topologies shown are the ML topologies among 945 alter-

natives generated from a constrained starting tree in which the 16 taxa
were organized into seven topological elements: [constrained tree
{((Mva, Mja), Hma), (((Mpn,Mge), Mca), (Bst,Bsu)), ((Cpa,Chl), Syn),
(Eco,Hin), Mtu, Tma, Apy}]. Species abbreviations are listed under
Methods.

Fig. 3. Maximum-likelihood analysis of the “S10 operon” data set.A
Tree inferred by the exhaustive-search method (ProtML program) with
the JTT-F amino acid substitution model (lnL 4 −19,475.7 in Table 2).
Numbers above internal branchesare BP values calculated as the sum
of the BPs of all the topologies showing the node being analyzed in the
RELL bootstrap analysis. BP values of trees inferred after exclusion of
invariable sites are given inparentheses.The 68% BP value attached to
the node dividing the hyperthermophiles from the successive lineages
is the sum of the BPs of the trees showing the topologies
(O , (A , (T , (P ,hG+, IG+C) ) ) (15 t rees ,∑BPi 4 0 .618 ) ,
(O,(T,(A,(P,hG+,IG+,C))) (11 trees,∑BPi 4 0.048), and
(O,((A,T),(P,hG+,IG+,C))) (6 trees,∑BPi 4 0.0150). Constrained
nodes are indicated byasterisks.B Tree reconstructed by the QP al-

gorithm with the best (Blosum-F) amino acid substitution model using
a mixed rate-heterogeneity model with eight gamma rate categories.
Numbers above nodes(italics) are QP reliability values. QP reliability
values of trees inferred from the data set lacking invariable sites are
shown inparentheses.lnL values of trees inferred with different models
of amino acid substitution were −18,971.1 (Blosum-F), −19,053.5
(JTT-F), and −19,062.3 (Dayhoff-F); the correspondinga parameters
of the gamma rate distribution were 1.85 ± 0.14, 1.42 ± 0.1, and 1.49
± 0.1. The lnL values of the QP tree inferred assuming uniform amino
acid substitution rates were −19,351.5 (Blosum-F), −19,538.9 (JTT-
F),and −19,501.8 (Dayhoff-F).Scale barsare in units of amino acid
substitutions per sequence position.
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QP reliability), which accounts for site-by-site variation
of evolutionary rates and does not require a prior clus-
tering of the taxa (Fig. 3B). Unlike ProtML, however,A.
pyrophilusandT. maritima formed a weakly supported
monophyletic grouping (58% QP reliability) near the
base of the bacterial clade.

In both the ProtML and the QP analyses exclusion of
the invariant sites did not affect the tree topology and the
statistical support for the tree branches (see BP and QP
reliability values given in parentheses in Figs. 3A and B).

A MP analysis of ther-protein data set recovered a
single most parsimonious tree (4529 steps) whose topol-
ogy—(O,(A,(T,(IG+,(Pg,(hG+,C))))))—roughly mir-
rored that of the ML tree. However, the nodes linking the
six bacterial groupings were given at bootstrap confi-
dence levels between 25 and 50%.

EF-Based Phylogenies
The 21 taxa comprising the joint EF data set were

organized into nine topological units and the possible
135,135 topologies were examined for the ML tree by
the exhaustive search method. The JTT amino acid sub-
stitution model was the best among the alternatives
(Table 3). However, all five models gaveA. pyrophilus
and T. maritima as the deepest bacterial branches—
deeper thanT. thermophilus(Deinococcus lineage). The
ML tree under the best model (JTT) is shown in Fig. 4A
along with abridged versions of the ML trees inferred
from the separate EF-Tu(1a) and EF-G(2) sequence data
sets. Importantly, the divide between the hyperthermo-
philes and the successive lineages was robustly sup-
ported by a BP of 82% (see Fig. 4 legend), in contrast to
trees inferred from the separate EF data sets (BP4 55
and 58%), i.e., the statistical confidence for theAquifex–
Thermotogapair being basal to the other bacterial lin-
eages was significantly enhanced when the length of the
data set was increased by combining the EF-G(2) and

EF-Tu(1a) sequences. Examination of the 1000 trees se-
lected by the approximate likelihood method identified
22 topologies (trees 1–22 in Table 4) that were not sig-
nificantly worse than the ML tree by the criterion of 1 SE
of log-likelihood difference. Of these trees, three (trees
15, 17, and 21) showed the mesophiles as the deepest
offshoots, between 0.87 and 0.98 SE of log-likelihood
difference.

The branching pattern of the bacterial phyla repeated
itself in the QP analysis shown in Fig. 4B. Once again,
the composite EF data set outperformed the separate EF-
G(2) and EF-Tu(1a) data sets regarding both resolution
and statistical robustness of the inferred phylogenies. In
the separate EF trees the relative branching order of the
three thermophilic taxa (A, T, Tt) was indeterminate, and
the divide between thermophilic and mesophilic Bacteria
was modestly supported.

The topology and statistical robustness of both the
ProtML and the QP trees were basically unaffected by
the exclusion of inferred invariant sites as indicated by
bootstrap and QP reliability values given in parentheses
in Figs. 4A and B.

Except for an inverted branching order, the placement
of the A. pyrophilus–T. maritimapair at the base of the
bacterial clade was recovered, at 85% bootstrap confir-
mation, in the MP analysis (Fig. 5). Also, similarly to
ML, the basal branching of the two hyperthermophiles
was weakly supported (<60% bootstrap confirmation) by
trees inferred from the separate EF-Tu(1a) and EF-G(2)
data sets.

In order to assess whether the MP tree was statisti-
cally distinguishable from competing alternatives, the
tree in Fig. 5 was challenged with the spectrum of to-
pologies that fell within 1 SE of the log-likelihood dif-
ference in the ML analysis (trees 1–22 in Table 4). Any
alternative was declared significantly worse than the MP
tree when the mean ofDsbst(the difference in number of
inferred substitutions) was$1.96 × SD. As Table 4 (Sec-
tion II) shows, the MP tree (tree 23) could be discrimi-
nated, at the 0.05 level, from all the alternatives having
the mesophilic lineages, orT. thermophilus,as the deep-
est radiations (trees 15, 17, 21), and also from alterna-
tives showing a monophyleticAquifex–Thermotoga
grouping as the deepest bacterial offshoot (tree 10).
However, the analysis did not discriminate whetherA.
pyrophilusor T. maritimawas the deepest branch.

RNAP-Based Phylogeny
A preliminary analysis performed with PUZZLE

demonstrated that (i) the amino acid compositions of the
Mycoplasma genitaliumand Mycoplasma pneumoniae
b+b8 sequences (M) are highly and significantly differ-
ent from the frequency distributions assumed in the ML
models (p < 0.01; 5%x2 test) and (ii) the two sequences
show faster-than-average evolutionary rates (see below).
As both biased composition (Lake and Rivera 1994;
Lento et al. 1995; Foster and Hickey 1999) and acceler-

Table 2. Analysis of concatenatedr-protein sequences: Phylogenetic
placement of hyperthermophilic Bacteria inferred by ML with the best
(JTT-F) model of amino acid substitutiona

Tree topology DLi
b (DL/SE) BPi

c

1. (O,A,(T,((IG+,Pg),(hG+,C))))d (−19475.7) Best tree 0.226
2. (O,A,(T,(IG+,(Pg,(hG+,C))))) −3.8 ± 9.6 (0.40) 0.111
3. (O,A,(T,(Pg,(IG+,(hG+,C))))) −4.8 ± 9.9 (0.49) 0.083
4. (O,Pg,(IG+,((A,T),(hG+,C)))) −9.1 ± 15.2 (0.60) 0.101
5. (O,Pg,((A,T),(IG+,(hG+,C)))) −13.1 ± 17.0 (0.77) 0.025
6. (O,A,(T,(hG+,(C,(IG+,Pg))))) −9.3 ± 10.4 (0.89) 0.064
7. (O,A,(T,(IG+,(C,(hG+,Pg))))) −13.1 ± 14.4 (0.91) 0.026
8. (O,A,(T,(IG+,(hG+,(Pg,C))))) −14.0 ± 14.4 (0.97) 0.050

a Only 8 of the possible 945 topologies are shown. These could not be
significantly discriminated from the ML tree by the criterion of 1 SE of
the log-likelihood difference.
b DLi is the difference of the log-likelihood of treei from that of the ML
tree (tree 1) and ± is 1 SE of the log-likelihood difference.
c Relative bootstrap probability for treei being the ML tree among the
945 alternatives during bootstrap resampling, estimated by RELL.
d See Table 1, footnote c.
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ated evolution (Felsenstein 1978; Budin and Philippe
1998) might distort the tree topology, theb+b8-type sub-
unit data set was analyzed with and without the two
mycoplasma sequences.

ML trees inferred by the exhaustive search method
from the two data subsets are listed in Table 5. The ML
trees reconstructed under the best (JTT-F) model are
compared in Figs. 6 A and A8. Overall, the results show
that the positioning of the two hyperthermophiles is criti-
cally affected by inclusion of theM. genitaliumandM.
pneumoniaesequences, there being two conflicting po-
sitions forA. aeolicus.Notably, in the absence of myco-
plasmas,T. maritima and A. aeolicusfell basal to all
other lineages, while inclusion of mycoplasmas led to (i)
the repositioning ofA. aeolicusbetween Chamydiae–
Spirochaetes (S) and Proteobacteria and (ii) the rooting
of the bacterial tree at the mycoplasma level in all amino
acid substitution models to the exception of the best-fit
model (JTT-F), which had mycoplasmas affiliated, albeit
weakly, with low-G+C gram-positives, similarly to trees
of 16S rRNA (Woese 1987) and EF sequences (Figs. 4B
and 5). The displacement ofAquifexamong the meso-
philes (Figs. 6 A and A8) was accounted for by idiosyn-
crasies of the mycoplasma sequences (rather than by the
addition of new taxa), since it persisted when the inclu-
sion of M. genitaliumandM. pneumoniaewas counter-
balanced by deselecting the low-G+C gram-positivesBa-
cillus subtilis and Staphylococcus aureus(results not
shown).

However, with both subsets of RNAP-subunit se-
quences the branching order of the bacterial phyla was
not significantly supported in the exhaustive search
analysis (Figs. 6A and A8) and was unresolved in the QP
ML analysis (Fig. 6B), which uses multifurcations for
ambiguous groupings. Furthermore, a glance at the
branch lengths in the QP tree renders it visually obvious
that the branches representing the compositionally biased
M. genitaliumand M. pneumoniaesequences are up to
three times longer than those of the other free-living
Bacteria, suggesting accelerated evolutionary rates.

The MP analysis of the RNAP data set lacking my-
coplasmas recovered the basal placement of the two

hyperthermophiles [topology, (O,T,(A,(P,(S,((C,(IG+,
hG+))))))))]in less than 40% bootstrap samples. On the
other hand, a parallel analysis of the all-inclusive data set
recovered the rooting of the bacterial tree at the myco-
plasma level seen in all of the ML trees reconstructed
with suboptimal amino acid substitution models [topol-
ogy, (O,M,(T,(((A,S),P),(C,(IG+,hG+))))))]. In this case,
however, the division ofMycoplasmatalesfrom the suc-
cessive lineages was robustly inferred (96% bootstrap
confirmation). The latter result is not surprising if the
early branching of mycoplasmas reflects a long branch
attraction artifact, to which MP is known to be particu-
larly sensitive (Felsenstein 1978).

Discussion

Congruence between different markers is the most reli-
able criterion to assess evolutionary history. Hence, we
have reconstructed bacterial phylogenies inclusive of the
AquifexandThermotogalineages using the concatenated
r-proteins encoded in the S10 operon, the combined se-
quences of translational elongation factors Tu(1a) and
G(2) encoded in thestr operon, and the joint RNAPb-
and b8-type subunit sequences encoded in therpoBC
gene cluster.

The genes used here do not appear to be implicated in
lateral gene transfers involving hyperthermophilic Bac-
teria and Archaea (Tiboni et al. 1993; Brown et al. 1994;
Gribaldo et al. 1999). This possibility was in fact ex-
cluded by (i) the lack, in the bacterialr-proteins, of dis-
crete insertions unique to the (generally longer) ar-
chaeal–eukaryalr-proteins; (ii) the presence, in EF-G, of
a unique 100- to 120-aa insertion (the G8 subdomain)
having no counterpart in the archaeal–eukaryal homo-
logues (EF-2) (Ævarsson, 1995); (iii) the lack, in EF-Tu,
of five conserved insertions that are unique to the ar-
chaeal–eukaryal EF-1a sequences; and (vi) several sig-
nature motifs distinguishing bacterial and archaealb-
and b8-type RNAP subunits. Also, becauser-proteins
and EFs are highly integrated with the cognate ribosomal

Table 3. Exhaustive-search ML analysis of the EFG(2)–EF-Tu(1a) data set with different amino acid substitution models

Model Tree topology −lnLa ± SE −DlnL AICb DAIC

JTT (O,A,(T,(Tt,(IG+,(C,(Pa,(Pg,hG+)))))))c −16,804.8 ± 396 0 33,687.6 0
JTT-F (O,A,(T,(Tt,(IG+,(C,(Pa,(Pg,hG+))))))) −16,827.7 ± 395 −22.9 33,771.5 +83.9
Dayhoff (O,A(T,(Tt,(C,(IG+,(Pa,(Pg,hG+))))))) −16,914.3 ± 389 −109.5 33,906.7 +219.1
Proportional (O,A,(T,(Tt,(C,(IG+,(hG+,(Pa,Pg))))))) −17,998.9 ± 409 −1,194.1 36,113.8 +2462.2
Poisson (O,A,(T,(Tt,(IG+,(C,(hG+,(Pa,Pg))))))) −18,492.8 ± 418 −1,688.0 37,063.7 +3376.1

a Log-likelihood.
b Akaike information criterion.
c Tt, T. thermophilus;Pa, Proteobacteria,a subdivision; all other ab-
breviations are as listed in Table 1, footnote c. The topologies shown
are the ML topologies among 135,135 alternatives generated from a

constrained starting tree in which the 21 taxa were organized into nine
topological elements [constrained tree {(((((Mja,Mva), Pwo), Tac),
Hha), Sso), Apy, Tma, Tth, (Atu,Rpr), ((Mpn,Mge), Bsu), ((Ani,Spl),
Syn), (Mle,Mlu), (Eco,Hin)}]; species abbreviations are as listed under
Methods.
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components, successful transfer of the corresponding
genes across the bacterial phyla appears unlikely.

r-Protein- and EF-Based Phylogenies

The “S10 operon” and EF data sets do not enable a
(statistically significant) resolution of the order of emer-
gence of the bacterial groupings above theAquifexand
Thermotogalevel, possibly reflecting a massive evolu-
tionary radiation at the base of the mesophilic phyla.
However, both sets of sequences confirm with moderate
(r-proteins) to high (EFs) statistical support the early
emergence of the two hyperthermophilic lineages in-
ferred from analysis of small-subunit rRNA sequences
(Burggraf et al. 1992; Barns et al. 1996). The most com-

pelling evidence forAquifexandThermotogabeing basal
to the other bacterial lineages is provided by the MP
analysis of the concatenated EF-Tu(1a)–EF-G(2) se-
quences. In that analysis, trees showing mesophiles, orT.
thermophilus,as the deepest bacterial branches, and trees
showingA. pyrophilusandT. maritimaas a deep mono-
phyletic grouping, can be confidently rejected. The
analysis, however, does not allow us to assess whether
Aquifexor Thermotogais the most basal lineage.

The possibility that the early emergence ofA. py-
rophilus andT. maritima is a reconstruction artifact re-
sulting from the attraction between the two “hyperther-
mophilic” branches and the long branch of the outgroup
(Felsenstein 1978; Budin and Philippe 1998) can be rea-
sonably excluded, as in both ther-protein- and the EF-

Fig. 4. Maximum-likelihood analysis of the EF data set.A Tree
inferred from the composite data set by the exhaustive-search method
(ProtML program) with the JTT amino acid substitution model (lnL 4

−16,804.8 in Table 4). Constrained nodes are indicated byasterisks.
Numbersare the BPs of internal branches estimated as the sum of the
BPs of all the trees showing the node in question in the RELL analysis.
BPs for a data set lacking invariant sites are given inparentheses.The
BP 4 82% assigned to the node dividing the two hyperthermophiles
from the successive lineages is the sum of the BPs of trees having the
topologies (O,(A,(T,(P,Tt,hG+,IG+,C))) (37 trees,∑BPi 4 0.611),
(O,(T,(A,(Tt,P,hG+,IG+,C))) (27 trees,∑BPi 4 0.198), and
(O,((A,T),(Tt,P,hG+,IG+,C))) (9 trees,∑BPi 4 0.016). Thebottom two
treesare abridged versions of the ML trees inferred from the separate
EF-G(2) and EF-Tu(1a) data sets.B Tree reconstructed by the QP
algorithm with the best (Blosum-F) model of amino acid substitution

using a mixed rate-heterogeneity model with eight gamma rate catego-
ries. Numbers(italics) are QP reliabilities of internal branches. QP
reliability values for trees inferred from a data set lacking inferred
invariable sites are shown inparentheses.The lnL values were
−16,215.5 (Blosum-F model) and −16,228.0 (JTT-F model); the cor-
respondinga parameters of the gamma rate distribution were 0.96 ±
0.05 (Blosum-F) and 0.83 ± 0.04 (JTT-F). The lnL values of QP trees
reconstructed assuming uniform amino acid substitution rates were
−16,750.0 (Blosum-F) and −16,839.5 (JTT-F). Thebottom two trees
are abridged versions of the QP trees inferred with the Blosum-F model
from the separate EF-G(2) and EF-Tu(1a) data sets with eight catego-
ries of site-by-site rate variation (lnL values were −9720.4 and −6465.2,
respectively). D, Deinococci.Scale barsare in units of amino acid
substitutions per sequence position.
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based phylogenies the two lineages are represented by
relatively short, i.e., slow-evolving branches (see Figs. 3
and 4). Interestingly, a basal radiation ofAquifex and
Thermotoga(with Aquifexemerging belowThermotoga)
is also robustly supported by phylogenies of available
FtsZ protein sequences (S. Gribaldo, unpublished re-
sults).

A remarkable aspect of the present results is the evi-
dence that the phylogenetic signal delivered by the joint
EF data set is stronger than that delivered by the separate
EF-Tu(1a) and EF-G(2) components. However, this situ-
ation cannot be generalized. In an attempt to improve the
robustness of ther-protein phylogeny, we developed an
r-protein data set (516 aa positions; 13 bacterial taxa and
3 Archaea) comprising proteins L14, L24, L5, S14, S8,
L5, L6, and L18, encoded in that order in the spectino-
mycin (spc) operon, which is situated immediately
downstream from (or fused to) the last gene (rps17) of
the S10 operon (Sanangelantoni et al. 1994). Unlike the
“S10 operon,” however, both exhaustive search and
quartet puzzling ML analyses have a multifurcating tree
with A. pyrophilusandT. maritimaforming a monophy-
letic cluster [topology, (O, (A, T), Pg, C, hG+, IG+)].
When added to the S10 operon data set, the uninforma-
tive spcoperon data set did not obscure the phylogenetic

signal delivered by the former but affected the support
for the Aquifex–Thermotogapair being basal to the me-
sophilic lineages (45% bootstrap confidence instead of
68% in the exhaustive search ML analysis).

RNP-Based Phylogenies: Are Mycoplasmas Ancestral
to Other Bacteria?

Unlike r-protein- and EF-based phylogenies, phylog-
enies of RNAP-subunit sequences are equivocal with re-
spect to theAquifexandThermotogaplacements. First,
different placements ofAquifexare inferred by the ex-
haustive search method, depending on whether or notM.
genitaliumandM. pneumoniaeare included in the analy-
sis (Table 5). Second, the phylogenetic content of the
data set appears generally unsuited to afford a statisti-
cally significant resolution of the deepest bacterial rela-
tionships.

As the mycoplasmab and b8 sequences are signifi-
cantly biased in composition, and exhibit faster-than-
average evolutionary rates, we implicate these factors as
being responsible for both (i) the displacement of
Aquifexfrom its basal position (Fig. 6) and (ii) the root-
ing of Bacteria at the mycoplasma level seen in all of the

Table 4. Phylogenetic placement of hyperthermophilic Bacteria by ML and MP analyses of the EF-G(2) + EF-Tu(1a) data seta

Tree topology

I. ML II. MP

DLi
b ± SE (DL/SE) BPi

c sbst Dsbst
d ± SD N/W

1. (O,A,(T,(Tt,(IG+,(C,(Pg,(Pa,hG+)))))))e (−16,804.8) Best tree 0.1480 3,847 20 ± 13.96 N
2. (O,A,(T,(Tt,(C,(IG+,(Pg,(Pa,hG+))))))) −1.1 ± 9.6 (0.12) 0.089 3,844 17 ± 14.19 N
3. (O,A,(T,(Tt,((C,IG+),(Pg,(Pa,hG+)))))) −4.1 ± 9.0 (0.46) 0.057 3,846 19 ± 13.90 N
4. (O,T,(A,(Tt,(C,(IG+,(Pg,(Pa,hG+))))))) −5.9 ± 12.5 (0.47) 0.028 3,832 5 ± 11.28 N
5. (O,A,(T,(Tt,C),(IG+,(Pg,(Pa,hG+)))))) −7.8 ± 14.9 (0.52) 0.036 3,850 23 ± 15.21 N
6. (O,A,(T,(Tt,(C,(IG+,(Pa,(Pg,hG+))))))) −8.6 ± 16.1 (0.53) 0.052 3,840 13 ± 12.05 N
7. (O,A,(T,(Tt,(C,(IG+,(hG+,(Pg,Pa))))))) −10.5 ± 16.7 (0.63) 0.030 3,846 19 ± 13.90 N
8. (O,A,(T,(Tt,(IG+,(C,(Pg,(Pa,hG+))))))) −4.8 ± 7.5 (0.64) 0.033 3,832 5 ± 10.63 N
9. (O,T,(A,(Tt,((C,lG+),(Pg,(Pa,hG+)))))) −8.3 ± 11.9 (0.70) 0.019 3,832 5 ± 11.10 N

10. (O,(A,T),(Tt,(C,(IG+,(Pg,(Pa,hG+)))))) −9.9 ± 11.8 (0.84) 0.002 3,855 28 ± 14.00 W
11. (O,T,(A,(Tt,(C,(IG+,(Pa,(Pg,hG+))))))) −13.1 ± 18.1 (0.72) 0.012 3,828 1 ± 9.23 N
12. (O,T,(A,((Tt,C),(IG+,(Pg,(Pa,hG+)))))) −13.3 ± 17.0 (0.78) 0.008 3,839 12 ± 13.04 N
13. (O,T,(A,(Tt,(C,(IG+,(hG+,(Pa,Pg))))))) −14.9 ± 18.8 (0.79) 0.011 3,835 8 ± 11.05 N
14. (O,A,(T,((Tt,C),(IG+,(hG+,(Pa,Pg)))))) −16.5 ± 20.2 (0.82) 0.017 3,848 21 ± 14.87 N
15. (O,Tt,((A,T),(C,(IG+,(Pg,(Pa,hG+)))))) −12.9 ± 14.8 (0.87) 0.016 3,863 36 ± 15.04 W
16. (O,A,(T,(Tt,((C,IG+),(Pg,(Pa,hG+)))))) −14.7 ± 16.5 (0.89) 0.011 3,851 24 ± 13.57 N
17. (O,C,(Tt,((A,T),(IG+,(Pg,(Pa,hG+)))))) −17.7 ± 18.8 (0.94) 0.014 3,863 36 ± 16.32 W
18. (O,T,(A,((Tt,C),(IG+,(hG+,(Pa,Pg)))))) −21.3 ± 22.0 (0.97) 0.005 3,837 10 ± 12.82 N
19. (O,A,(T,((Tt,C),(IG+,(Pa,(Pg,hG+)))))) −18.7 ± 19.3 (0.97) 0.010 3,849 22 ± 13.50 N
20. (O,A,(T,(Tt,(IG+,(C,(Pa,(Pg,hG+))))))) −13.7 ± 14.1 (0.97) 0.020 3,842 15 ± 11.28 N
21. (O,Tt,(C,((A,T),(IG+,(Pg,(Pa,hG+)))))) −18.7 ± 19.0 (0.98) 0.010 3,874 47 ± 16.17 W
22. (O,A,(T,(Tt,(IG+,(C,(hG+,(Pa,Pg))))))) −13.9 ± 14.0 (0.99) 0.013 3,851 24 ± 13.50 N
23. (O,T,(A,(Tt,(IG+,(C,(Pa,(Pg,hG+))))))) −18.2 ± 16.0 (1.14) 0.001 (3,827) Best tree

a N and W: topology not significantly worse (N) and significantly
worse (W) than the best tree in the MP analysis. User-defined trees
(topologies 1–22 in Section I) are declared significantly worse than the
best tree whenDsbst$ 1.96 × SD. Of the 135,135 possible trees, trees
1–22 could not be significantly discriminated from the ML tree by the
criterion of 1 SE of the log-likelihood difference.
b DLi is the difference of the log-likelihood of treei from that of the ML

tree (tree 1), and ± is 1 SE of the log-likelihood difference.
c Relative bootstrap probability for treei being the ML tree among the
1000 best trees selected.
d Difference in number of inferred substitutions between the MP tree
(tree 23) and alternative trees listed in Section I.
e See Table 3, footnote c.
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RNAP-based phylogenies, except the one reconstructed
with the best-fit amino acid substitution model (Table 5).
Most probably, a long branch attraction artifact is re-
sponsible for the positioning of the mycoplasmab+b8
sequences at the base of the bacterial clade, and addi-
tional perturbations of the tree topology may arise from
the correlated compositional biases (Lake and Rivera
1994; Lockhart et al. 1996; Foster and Hickey 1999). It
is of interest that chloroplast sequences, which are on a
long branch of the RNAP-based tree but are not compo-
sitionally biased (p > 0.15, 5% x2 test), are firmly
grouped with their cyanobacterial kins, away from the
root of the bacterial tree (Fig. 6B).

Indeed, if mycoplasmas are excluded, the two hyper-
thermophiles fall basal to all other bacterial lineages, in
agreement with the 16S rRNA-,r-protein-, and EF-based
phylogenies. Unlike the latter, however, the order of
emergence of the bacterial phyla is tenuously supported
in the ML trees inferred by the exhaustive search method
and is unresolved in trees inferred by the QP algorithm,
which gives multifurcations for groupings that are recon-
structed only occasionally during multiple puzzling steps
(Strimmer and von Haeseler 1996).

All the more important, the rooting of Bacteria at the
mycoplasma level conflicts with phylogenies of EF se-
quences, which robustly affiliateM. genitaliumand M.

Fig. 5. Maximum-parsimony analysis
(PROTPARS program) of the EF data set.
Numbers above nodesrepresent the number
of times the underlying branch was given
in 100 bootstrap replications. The tree
shown is topology 23 in Table 4. The
bottom two treesare MP trees inferred
from the separate EF-G(2) and EF-Tu(1a)
data sets. Branch lengths do not represent
numbers of inferred substitutions.
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pneumoniaewith low-G+C gram-positive Bacteria, re-
mote from the root of the bacterial tree (see Figs. 4B and
5). As theM. genitaliumandM. pneumoniaeEF-Tu and
EF-G sequences show unbiased amino acid compositions
(P > 0.85, x2 analysis) and do not display faster-than-
average evolutionary rates (compare the ML branch
lengths in Fig. 4), we believe that EF-based phylogenies
provide a more trustworthy picture of the mycoplasma
placement than phylogenies of the RNAP-subunit se-
quences, which probably suffered from a relaxation of
evolutionary constraints inMycoplasmatales. Further-
more, the affiliation of mycoplasmas with the low-G+C
gram-positives predicted by 16S rRNA (Woese 1987)
and EF-based phylogenies (this paper) is also strongly
supported by phylogenetic trees of Hsp70(dnaK) se-
quences (Gribaldo et al. 1999).

The drawbacks implicated by the idiosyncraticM.
genitalium and M. pneumoniaeb and b8 sequences
have been overlooked in a recent RNAP phylogeny
showing the two hyperthermophiles nested among the
mesophilic phyla (Klenk et al. 1999) andMycoplasma-
tales as the deepest bacterial radiation. This picture
roughly mirrors that of trees inferred from the full spec-
trum of b+b8 sequences under suboptimal amino acid
substitution models (Table 5). Interestingly, a similar bi-
ased amino acid composition has suggested the exclusion
of M. genitaliumandM. pneumoniaefrom phylogenies
of valyl-tRNA synthase sequences (Hashimoto et al.
1998).

Overall, different phylogenetic markers either do not
deliver a significant phylogenetic signal with respect to
the branching order of the bacterial phyla (RNAP
subunits,spc operon) or, if a signal is delivered (16S
rRNA, S10 operon, EFs, FtsZ), this is a coherent one
placing the hyperthermophiles at the base of the bacterial
clade.

Contradictory Facts

The deep positioning ofThermotogaas inferred from
16S rRNA-, r-protein-, and EF-based phylogenies con-
flicts with analyses of Hsp70 and GS1 sequences, which
suggestT. maritima as being specifically and closely
related to the gram-positive Bacteria.

The T. maritima Hsp70 sequence lacks a relatively
conserved insertion that distinguishes gram-negative
Bacteria and Eucarya (all of which possess the Hsp70
insertion) from gram-positive Bacteria and Archaea
(which lack the Hsp70 insert). Therefore, by this crite-
rion Thermotogales should be affiliated with the gram-
positives (Gupta et al. 1997; Gupta 1998), even thoughT.
maritima does not cluster with the gram-positive Bacte-
ria in phylogenetic trees of Hsp70 sequences (Gribaldo et
al. 1999). The incongruity between the placement of
Thermotoga argued from gene trees and from the pres-
ence/absence of the insertion could be rationalized by
assuming that (i) theHsp70/dnaKgene ofT. maritima
was recruited from a gram-positive Bacterium via lateral
gene transfer but the identity of the source gene has been
obscured by subsequent mutations; (ii) the insert is an
unstable character that was lost more than once during
bacterial evolution; and (iii) different bacterial phyla re-
tained either one or the other of two paralogous versions
of the dnaK gene (one possessing and the other lacking
the insert).

A comparable incongruity is offered by the anoma-
lous clustering ofT. maritima (T) with Euryarchaeotes
(E) and low-G+C gram-positives (IG+) in phylogenetic
trees of GS1 sequences (Tiboni et al. 1993). Here, the
conf igurat ion of the GS1 cluster [ topology,
(O,(E,((T,hG+))))] could be most parsimoniously ex-
plained by the single transfer of a euryarchaeal GS1 gene
providedThermotogaleswere affiliated with (or shared a

Table 5. Exhaustive-search ML analysis of two subsets of RNAPb- andb8-type subunit sequences including or lacking mycoplasma sequences

Model Tree topology −lnLa ± SE −DlnL AICb DAIC

JTT (O,T,(A,((S,P),(C,(IG+,hG+)))))c −20,905.9 ± 379 −59.7 41,869.8 +81.3
JTT-F (O,T,(A,(S,(P,(C,(IG+,hG+)))))) −20,846.2 ± 381 0 41,788.5 0
Dayhoff (O,T,(A,(S,(P,(C,(IG+,hG+)))))) −21,234.6 ± 384 −388.4 42,527.2 +738.7
Proportional (O,T,(A,((S,P),(C,(IG+,hG+))))) −22,470.7 ± 397 −1624.5 45,037.4 +3248.9

JTT (O,M,(T,((S,(A,P)),(C,(IG+,hG+))))) −22,973.0 ± 421 −93.3 46,011.9 +99.9
JTT-F (O,T,((S,(A,P)),(C,(hG+,(IG+,M))))) −22,904.0 ± 414 0 45,912.0 0
Dayhoff (O,M,(T,((S(A,P)),(C,(IG+,hG+))))) −23,320.6 ± 421 −317 46,707.1 +795.1
Proportional (O,M,(T,((S,(A,P)),(C,(IG+,hG+))))) −24,706.9 ± 436 −1,823 49,557.4 +3,645.4

a Log-likelihood.
b Akaike information criterion.
c S collectively designates Chlamydiae (Chlamydia trachomatis) and
Spirochaetes (Borrelia burgdorferi), which were clustered together in
the ProtML analysis; M designates the mycoplasmas (M. pneumoniae
andM. genitalium); P collectively designates the Pg and Pa subdivi-
sion of Proteobacteria. All other abbreviations are as listed in Table 1,
footnote c. The topologies shown are the ML topologies among the

10,385 alternatives generated by organizing the 16 taxa into eight to-
pological elements [constrained tree {(Syn,chl), (Bsu,Sau), (Mtu, Mle),
(Rpr, (Ppu, (Eco,Hin))), (Ctr,Bbu), (Tce,Sso), Tma, Aae}] and among
the 2,027,025 alternatives generated by organizing the 18 taxa into 10
topological units [constrained tree {(Syn,chl), (Bsu,Sau), (Mtu, Mle),
(Rpr, (Ppu, (Eco,Hin))), (Ctr,Bbu), (Tce,Sso), Tma, Aae, Mpn, Mge}];
species abbreviations are as listed under Methods.
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last common ancestor with) the low-G+C gram-positives
(Brown et al. 1994; Pesole et al. 1995).

However, in light of 16S RNA-, EF-, andr-protein-
based phylogenies, the clustering ofT. maritima with
low-G+C gram-positives in trees of GS1 sequences can
be interpreted only by implicating either (a) two inde-
pendent transfers of the euryarchaeal GS1 gene—one to
T. maritima and the second to an ancestor of the low-
G+C gram-positives; or (b) the sequential propagation of
the archaeal GS1 gene from Euryarchaeotes, toThermo-
togales,to low-G+G gram-positives.

Evolutionary Implications

The basal placement of theAquifexandThermotogalin-
eages inferred from the 16S rRNA-based phylogenies,
together with the fact that hyperthermophiles also oc-

cupy the deepest archaeal branches, has been interpreted
as indicating that the last common ancestor of extant life
on Earth was a hyperthermophile (Burggraf et al. 1992;
Barns et al. 1996), possibly a survivor of early cataclis-
mic events that annihilated attendant mesophilic or psy-
crophilic flora (Lazcano and Miller 1996). The phyloge-
netic antiquity of theAquifex–Thermotogapair inferred
from r-protein and EF sequences in the present report is
consistent with, and supports, this interpretation. Never-
theless, calculations of the base composition of primor-
dial ribosomal RNAs indicate a relatively low guanine
plus cytosine content, which is probably incompatible
with a hyperthermophilic lifestyle of the last universal
ancestor (Galtier et al. 1999). If this is so, hyperther-
mophily would be a derived rather than ancestral char-
acter, i.e., the descendants of the last universal ancestor,
and possibly its predecessors, may have adapted several
times to hot terrestrial environments during the history of
life on this planet.

Fig. 6. Maximum-likelihood analysis of
the RNAPb+b8-type subunits data sets.A,
A* Trees inferred by ProtML (JTT-F amino
acid substitution model) from data sets
comprising (A) and lacking (A8) the M.
genitaliumandM. pneumoniaesequences.
B Tree inferred from the all-inclusive
alignment with the QP algorithm under the
best (JTT-F) amino acid substitution
model, using eight rate categories of
site-by-site rate variation and ana
parameter of the gamma rate distribution of
0.96 ± 0.03 estimated from the data set.
Numbers are bootstrap (A, A8) and QP (B)
reliability values.Numbers in parentheses
represent bootstrap and QP reliability
values inferred from data sets lacking
invariant sites.Scale barsare in units of
amino acid substitutions per sequence
position.
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Note Added in Proof

After submission of this work, evidence for a hyperther-
mophilic last common ancestor has been presented by M.
Di Giulio (“The universal ancestor lived in a thermo-
philic or hyperthermophilic environment.” J. Theor.
Biol. In press). A high G+C content of the primordial
rRNAs has been inferred by parsimony analysis, in con-
trast to ML results by Gaultier et al. 1999.
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