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Abstract. Several composite universal trees connectederial rooting could be explained by an attraction be-
by an ancestral gene duplication have been used to rottveen this branch and the long branch of the outgroup.
the universal tree of life. In all cases, this root turned outFinally, we suggested that an eukaryotic rooting could be
to be in the eubacterial branch. However, the validity ofa more fruitful working hypothesis, as it provides, for
results obtained from comparative sequence analysis haxample, a simple explanation to the high genetic simi-
recently been questioned, in particular, in the case ofarity of Archaebacteria and Eubacteria inferred from
ancient phylogenies. For example, it has been shown thatomplete genome analysis.

several eukaryotic groups are misplaced in ribosomal

RNA or elongation factor trees because of unequal rateey words: Root of the tree of life — ATPase —
of evolution and mutational saturation. Furthermore, theCarbamoyl phosphate synthetase — Elongation factor —
addition of new sequences to data sets has often turnd®NA synthetase — Signal recognition particle — Mu-
apparently reasonable phylogenies into confused onesational saturation — Long branch attraction

We have thus revisited all composite protein trees that
have been used to root the universal tree of life up to now

(elongation factors, ATPases, tRNA synthetases, car- .

bamoyl phosphate synthetases, signal recognition pallptroductlon

ticle proteins) with updated data sets. In general, the two

prokaryotic domains were not monophyletic with severalAccording to ribosomal RNA (rRNA) sequence com-
aberrant groupings at different levels of the tree. Furtherparisons, all extant cellular organisms have been classi-
more, the respective phylogenies contradicted each otHied into one of three domains Eubacteria, Archaebacte-
ers, so that various ad hoc scenarios (paralogy or lateraila, and Eukaryota (Woese 1987). The classification of
gene transfer) must be proposed in order to obtain théhe living world in three groups is supported by numer-
traditional Archaebacteria—Eukaryota sisterhood. Moreous molecular phenotypic traits specific for each domain
importantly, all of the markers are heavily saturated with(for recent reviews, see Brown and Doolittle 1997; For-
respect to amino acid substitutions. As phylogenies interre 1997; Olsen and Woese 1997). Comparison of mo-
ferred from saturated data sets are extremely sensitive fecular biology and central metabolism between Eubac-
differences in evolutionary rates, present phylogeniegeria, Archaebacteria and Eukaryota is expected to help
used to root the universal tree of life could be biased byin reconstituting the characteristics of the last common
the phenomenon of long branch attraction. Since the euancestor to all extant cellular life, or cenancestor, here
bacterial branch was always the longest one, the eubacalled the Last Universal Cellular Ancestor (LUCA).
This would require polarizing characters found in one or
two domains to determine if they are primitive or derived
features (plesiomorphies or synapomorphies sensu Hen-
Correspondence td4. Philippe,e-mail: herve.philippe@bc4.u-psud.fr - nig 1966). The rooting of the universal tree of life would
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facilitate this task since homologous traits only shared byria are the sister group of Eukaryota, not of Eubacteria,
two domains, which are not sister-groups, should be anwhen the universal tree is rooted in the eubacterial
cestral. For example, considering that Archaebacteridoranch.
and Eubacteria have a similar type of genome organiza- However, the validity of sequence comparison to infer
tion (chromosome size and number, operons, mode adincient phylogenies has been questioned on various
cell division), rooting the universal tree in the eubacterialgrounds. With more and more sequences available, it
or the archaebacterial branch would suggest that theseirned out that most protein phylogenies contradict each
traits were already present in LUCA. In contrast, if the others as well as the rRNA tree (reviewed in Brown and
universal tree is rooted in the eukaryotic branch, theséoolittle 1997; Doolittle and Brown 1994; Forterre
characters could either have been present in LUCA 0d997). In several cases, archaebacterial proteins were
have appeared in the branch common to the prokaryotesound more closely related to eubacterial ones than to
i.e. correspond to an evolved state. eukaryotic ones, whilst in some cases eukaryotic proteins
At the end of the eighties, two research teams tentaappeared close to eubacterial ones. This situation led to
tively rooted the universal tree of life in the eubacterialtwo major reactions. Some people suggested new sce-
branch (Gogarten et al. 1989; lwabe et al. 1989). Thisarios of early cellular evolution based on their favorite
was inferred from the construction of universal trees forproteins, or else diverse scenarios of fusion between
two pairs of paralogous proteins, which originated by primitive lineages to take into account contradictions be-
gene duplication before LUCA. The proteins used weretween different phylogenies (Gupta and Golding 1993;
the elongation factors (EF), namely EB{Tu) versus Martin and Muller 1998; Moreira and Lopez-Garcia
EF-2(G), and the catalytic versus regulatory subunits 0fLl998; Rivera and Lake 1992; Sogin 1991; Zillig 1987).
eubacterial F-ATPases, and V or V-like-ATPases foundOther evolutionists argued that the proteins from the in-
in Eukaryota and Archaebacteria. The root always turnedormation processing system were intrinsically better
out to be located in the eubacterial branch. Later onthan others because they are less prone to inter-domain
Brown and Doolittle (1995) used the same strategy taransfer than metabolic proteins. Accordingly, since
root a universal tree of lle-tRNA synthetases (lle-tRS)many proteins of the archaebacterial transcription, trans-
versus paralogous Val- and Leu-tRS, Lawson et allation or replication apparatus resemble their eukaryotic
(1996) a carbamoyl phosphate synthetase (CPS) tree usemologues more than their eubacterial ones, they sug-
ing an internal gene duplication, Brown et al. (1997) agested that their phylogenies (even unrooted) testify for
Tyr-tRS tree versus paralogous Trp-tRS, and Gribalddhe eubacterial rooting of the tree of life (see for example
and Cammarano (1998) a Signal Recognition ParticldBrown and Doolittle 1997).
(SRP) 54kD protein using paralogous SRP receptor SR- However, it is possible that contradictions observed
«. In all cases, the root again separated Eubacteria frorbetween universal phylogenies obtained with rRNA and
the two other domains. Moreover, a reanalysis of thevarious proteins do not require specific ad hoc hypoth-
elongation factor data set with more sequences and ases but simply reflect the weakness of the tree recon-
refined alignment strengthened the eubacterial rootingtruction methods that have been used to infer these phy-
(Baldauf et al. 1996). logenies (Forterre 1997; Philippe and Laurent 1998). In
The eubacterial rooting supports the current view thatarticular, when the elongation factor and tRNA synthe-
LUCA was a prokaryotic-like organism since characterstase data sets were analyzed for the slowly evolving po-
shared by Archaebacteria and Eubacteria are considereaitions which should have been a priori the most infor-
primitive. Furthermore, it fits intuitively well with the mative, we did not found a significant signal for any
finding that several features of the cellular information rooting (Forterre 1997; Forterre et al. 1992). Up to now,
processing system are more similar between Eukaryotthese criticisms have not been sufficiently taken into ac-
and Archaebacteria than between Archaebacteria ancbunt. Nevertheless this situation could change now, fol-
Eubacteria (Olsen and Woese 1997), and the commolowing recent developments in the study of early eukary-
assumption that these features are more “evolved” thantic evolution which showed that some molecular
their eubacterial counterparts. Accordingly, this rootingphylogenies might be highly misleading. Indeed, in the
was rapidly accepted and advertised in the community otase of eukaryotes, strikingly different trees can be ob-
evolutionary biologists and beyond, being now system+ained depending on the molecule analyzed (either
atically used to draw universal trees in review papersfRNA, actin or tubulin). The order of emergence of the
and even textbooks. The eubacterial rooting was als@arious groups at the base of the eukaryotic tree mainly
endorsed to support several evolutionary hypotheseglepends on the rate of evolution of the protein used (the
such as the origin of life at high temperature (Stettermore rapidly evolving taxon emerging first) because the
1992). Last but not least, Woese and coworkers recruitetbng branches of these groups are attracted by the long
this rooting to support their new nomenclature for thebranch of the outgroup that roots the tree (Philippe and
three domains of life (removing the suffix bacteria from Adoutte 1998).
Archaebacteria) (Woese et al. 1990), since Archaebacte- These considerations prompted us to revisit in detail
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all the phylogenies that have been used up to now to rogttions and an ordinate equal to the number of observed differences.
the universal tree of life using updated data sets tha‘fhe mutational saturation was revealed by the presence of a plateau

. . . within which the number of substitutions increased, whereas the num-
especially include many novel archaebacterial and eu-

. . ber of differences remained constant.

bacterial sequences obtained from complete genome se-

qguencing efforts. Here we report our studies on CPS,

SRP, elongation factors, lle-tRS, Trp/Tyr-tRS and Results and Discussion

ATPase genes. We demonstrate that the phylogenies are

highly confusing due to the combining effects of gene

duplication, gene loss, lateral gene transfer and tree reconfusing Phylogenies

construction artefact. Moreover the six genes appear to

be highly mutationally saturated, suggesting that veryUpdated phylogenies are shown in Figs. 1-5 for the two
few ancient phylogenetic signal remains. Finally we sug-CPS domains, lle- and Val-tRS, Tyr- and Trp-tRS, the V-
gest that the eubacterial rooting is the result of a longand F-ATPases, and the SRP and its receptor. The num-
branch attraction artefact and we discuss the hypothesiger of sequences has considerably increased during the
of a eukaryotic rooting. last 2 years, thanks to the numerous genome projects that
have been completed or are in progress (http://www.
tigr.org/tdb/mdb/mdb.html). Furthermore, the availabil-
ity of complete eubacterial and archaebacterial genomes
allows us to identify putative gene loss, gene transfer,
All sequences homologous to the carbamoyl phosphate synthetas%nd gene duplication more, safely. None _Of the six up-
(CPS), ATPase, lle- and Val-tRNA synthetase (tRS), Trp- and Tyr-trs,dated trees offers the classical Woese’s picture, e.g., the
signal recognition protein (SRP) proteins, and elongation factors EF1 monophyly of the three domains and the eubacterial root-
and EF2 available in data banks were identified by a BLAST Searching of each subtree using the other as an outgroup.

using the sequence froEscherichia colias query sequence. The pro- The more puzzling phylogeny was observed for the

grams blast2retp and retp2ali (Philippe Lopez, personal communicas, . .
tion) allowed us to retrieve all the sequences automatically and to Wrifefl'yr/Trp-tRS tree (Fig. 1), since the monophyly of both

them into a MUST-compatible file. The alignment of these sequencedYP€s Of syr_]thetase was not recovere_d, baCte_ria| Trp- and
was carried out visually with the help of the ED program of the MUST Tyr-tRS being grouped together. This peculiar phylog-
package version 1.0 (Philippe 1993). Some sequences were discardethy was initially obtained by Ribas de Pouplana et al.
because they were either partial or redundant or because they contain<€§_996) using a limited data set that did not include ar-

likely sequencing errors. THeyrobaculum aerophilursequences were .
kindly provided by Drs. Sorel Fitz-Gibbon and Jeffrey Miller. Prelimi- chaebacterial sequences. These authors SpeCUIated thal

nary sequence data were obtained from the Institute for Genomic Reth€ divergence between Trp- and Tyr-tRS might have
search website at http://www.tigr.org. The resulting alignments con-occurred only after the separation of prokaryotes and
tained 339, 122, 344, 104, 118, and 103 sequences for ATPase, Cpéukaryotes_ Later on, the monophy|y of both types of
EF, lle/Val-tRS, SRP, and Trp/Tyr/tRS, respectively. Due to Compmersynthetase was nevertheless recovered by Brown et al.

time limitation, only 124 and 75 sequences were selected for ATPas . . .
and EF, while keeping the greatest possible phylogenetic diversity. 1997) using an eXpanded data set and a different allgn-

Positions that could not be unambiguously aligned were excluded froniN€nt. They concluded that the phylogeny previously ob-
the analysis, yielding 201, 271, 158, 322, 184, and 83 usable positiontained by Ribas de Pouplana and co-workers was due to
forATPase, CPS, EF, I!e/VaI-tRS, SRP, and Trp/Tyr-tRS, respectively.Jong branch attraction (LBA) and that inclusion of ar-
All alignments are available from HP upon request. chaeal sequences had allowed to infer the correct phy-

Phylogenetic trees were constructed with maximum-likelihoodI by b i the | t b h H .
(ML), maximum-parsimony (MP), and distance-based methods, with ogeny Dy breaking the longest branches. Rowever, In

the programs PROTML (Adachi and Hasegawa 1996) version 2.30Ur present analysis, we get anew the topology first ob-
PAUP (Swofford 1993) version 3.1, and NJ in the MUST package tained by Ribas de Pouplana and coworkers (1996). It
(Philippe 1993) version 1.0, respectively. The distances were computedhould be noted that the alignment of these tRNA syn-
with the substitution model of Kimura (1983). MP trees were Obtamedthetases is very difficult to perform. This is confirmed by

by 10 random addition heuristic search replicates. Due to the higll . .
number of species used, the search for the ML tree was limited to he fact that a blast search using the Tyr-tR&o€oli as

reduced sample of species and to local rearrangement method (optidd JuUery sequence detects the eubacterial Tyr-tRS only,
R) starting from the MP and the neighbor-joining (NJ) trees. The modeland neither the other Tyr-tRS nor the Trp-tRS. We were
of amino acid substitution used was JTT. Bootstrap proportions (BP)able to align only 83 positions unambiguously, which is
were calculated by analysis of 1000 replicates for NJ analysis (Saito%ignificantly fewer than Brown et al. (1997) (147 or 184)
and Nel 1987). The results obtained by MP and ML methods are not .
shown because they are very similar to those of the NJ method. and Rlbgs d_e POUpIa_na et alj (1996) (between ]_‘90 and
The saturation level of the phylogenetic markers was estimatec?30)- This difference in the alignment together with the
with the use of the method of Philippe et al. (1994). The inferred use of various species sampling can explain the instabil-
number of substitutions between each couple of species was estimateity of the inferred phylogenies. Since the two eubacterial
from the MP or the ML trees as the sum of the lengths of all the branchbraﬂch(_:,S are much longer than all others in this phylog-

on the pathway linking these two species, using the program . S .
TREEPLOT (Philippe 1993). Using the program COMP_MAT, a plot €"Y» We think that LBA is indeed the most likely hypoth-

was drawn to estimate the saturation level by displaying all the pairs o€SIS O eXplain_the_ nonmonophyly of each type of syn-
species with an abscissa value equal to the number of inferred substthetase. Examination of the local part of the Tyr and

Materials and Methods
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Fig. 1. Phylogenetic tree based on comparison of Trp- and Tyr-tRNA synthetase sequences; 83 unambiguously aligned positions were used.

tree was constructed with the NJ method employing the Kimura method of distance calculation. Bootstrap proportions are indicated when gre
than 50%. A scale bar corresponding to 10 substitutions per 100 positions is given at bottom.
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Fig. 2. Phylogenetic tree based on comparison of ATPase sequences; 201 unambiguously aligned positions were used. For method, see the le

to Fig. 1.
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Fig. 3. Phylogenetic tree based on comparison of lle- and Val-tRNA synthetase sequences; 322 unambiguously aligned positions were used
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Trp-tRS tree revealed other oddities. In particuRyro-  fer from Archaebacteria to Eubacteria (Gogarten et al.
coccus (Archaebacteria) sequences of Trp-tRS branchl996). Now V-ATPase appears to be present in several
inside the eukaryotes, whereas plant Tyr-tRS branch inmajor branches of the eubacterial tree (Fig. 2). However,
side Archaebacteria. Our updated phylogeny also identheir phylogeny is very confused: Archaebacteria and
tifies two groups of eubacterial Tyr-tRS (1 and 2). They Eubacteria turned out to be paraphyletic in both subtrees
have probably originated from a duplication in the eu-with eukaryotic sequences and most archaebacterial ones
bacterial domain since they are both present in mosbranching inside eubacterial sequences. Accordingly, be-
bacterial kingdom, two specie®. subtilis and Clos-  sides the previous hypothesis of several gene transfers
tridium acetobutilicumgontaining the two genes. If this from Archaebacteria to Eubacteria, one can now argue as
hypothesis is correct, one of the two genes should havevell for several transfers from Eubacteria to Archaebac-
been repeatedly lost during eubacterial evolution. All mi-teria.
tochondrial sequences are related to group 2, but they Considering the general shape of the tree with both F-
emerged at the basis of this group instead of branchingnd V-ATPases, the long branches of the two eubacterial
with a-proteobacteria. Our conclusion is that Tyr- and F-ATPases subtrees suggest that these proteins might
Trp-tRS are very bad phylogenetic markers (probably inhave appeared by gene duplication and functional spe-
part because of the low number of residues which can beialization in Eubacteria, as in the case of flagellar
aligned) and cannot be used to root the tree of life conATPases. It is also possible that F- and V-ATPases were
fidently. already present in LUCA and that V-ATPase are ortho-
The ATPase tree (Fig. 2) resembles the Tyr and Trpiogues in the three domains (Forterre et al. 1992). In any
tRS tree in the difficulty to recover the presumed mono-case, the ATPase data set appears unsuitable to root the
phyly of the two proteins that were originally supposeduniversal tree of life since, as for the Tyr- and Trp-tRS,
to be paralogous, in that case catalytic versus regulatorthe evolutionary relationships between the various
subunits of V- and F-type ATPases. The ATPase treelasses of enzymes are obscure.
exhibits five major groups with extremely long basal  Similar problems are now obvious with the Ile- and
branches, such that the monophyly of each group is welVal-tRS tree (Fig. 3). It has been shown previously that
supported but the relationships between these groups atke Val-tRS phylogeny cannot be used to root the uni-
very difficult to ascertain. To evaluate the robustness ofversal tree since the eukaryotic enzymes turned out to be
the ATPase tree, we computed the likelihood of threeof mitochondrial origin (Brown and Doolittle 1995;
quite different topologies, (((F Fg), Flil),(V a,Vg)), Hashimoto et al. 1998). This is confirmed by our analy-
(((Fa Fil), Fp),(Va, V), and (((R, Flil), F),(Va, sis. However, the lle-tRS tree was supposed to be safe for
V), applying Kishino/Hasegawa’s test on a limited setthis rooting. This is no more true with our new data set.
of 90 species. The difference of log-likelihooflL() with The updated tree revealed the existence of a very diverse
respect to the ML tree (similar to that in Fig. 2; log= group of eubacterial lle-tRS, including sequences from
—-21252.9) turned out to be only —20.5 (2.3 SE). By com-many eubacterial lineages, which branch between the
parison,AL for the tree constraining the monophyly of archaebacterial and eukaryotic enzymes (Brown et al.
crenotes with the ¥ gene was —23.0 (1.6 SE). Since this 1998). To save the Woesian structure of the lle-RS tree,
constraint was quite reasonable, a difference of 20 in théhe existence of this group of sequence should be ex-
log likelihood cannot be rejected. As a result, the orthol-plained by the ancient transfer of an eukaryotic gene to
ogy between [ and Vg, on one hand, and betwee F Eubacteria and its rapid evolution in this new context.
and V,, on the other, is far from being strongly sup- However, there is no objective reason to consider that
ported. one of the two eubacterial groups corresponds to the
One of the five groups includes only eubacterial se-bona fide eubacterial gene. These two genes might be
guences corresponding to flagellar ATPases, suggestingncient paralogues that have been lost selectively during
a duplication and functional specialization in Eubacteria.eubacterial evolution. Furthermore, the eukaryotic gene
The two groups of F-ATPases contain only bacterial seimight have been recruited from one of these eubacterial
guences with a single exception, the archaktmthano-  species by the ratchet mechanism proposed by Doolittle
sarcina barkeri,suggesting a transfer from Eubacteria to (1998) or from mitochondriaRickettsiapossessing this
Archaebacteria. However, in that case, one should imag-abnormal” gene). Many alternative scenarios can be
ine an LBA artifact to explain why. barkeriemerged proposed with no obvious possibility to make a rational
at the base of the two eubacterial subtrees. In contrast tchoice. An interesting feature in Fig. 3 is that Archae-
F-ATPases, the two groups of V-ATPases contain sebacteria are polyphyletic, the majority of them clustering
guences from the three domains. This type of ATPasavith Eubacteria and onli?yrobaculumwith eukaryotes.
was originally discovered in Archaebacteria and considHowever, with MP and ML method, the Archaebacteria
ered the bona fide archaebacterial enzyme (Gogarten etre paraphyletic and the sister group of eukaryotes. This
al. 1989). Later on, the discovery of this type of ATPaseswitch between the eukaryotic and the eubacterial root-
in two Eubacteria was interpreted as a lateral gene transng depending on the tree reconstruction method could
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be due to the limited resolving power of this gene. In anychange. The relations of orthology cannot be safely in-
case, the only safe conclusion is that the lle-tRS phylogferred, so that this part of the tree cannot be used to root
eny cannot be used anymore to root the tree of life withthe universal tree (Brinkmann and Philippe 1999). In the
confidence. elongation factor tree (Lopez et al. 1999), eukaryotes and
The universal tree inferred from the two CPS domainsEubacteria are monophyletic in the two subtrees, but Ar-
(D1 and D2) appears a priori less confused since thehaebacteria are paraphyletic in both cases. The EF-2
monophyly of each CPS domains is clearly recovered EF-G) tree exhibits Lake’s topology with crenotes
(Fig. 4). However, the root is no more in the eubacterialgrouped with eukaryotes. However, the euryotes are
branches of the two subtrees, as it was the case in prg@araphyletic, the euryotélalobacterium salinarium
vious analysis that included only one archaebacterial sedranching between crenotes and other euryotes. Further-
guence (Lawson et al. 1996). Now Archaebacteria turnednore, the EF-& tree exhibits a different topology, Ar-
out to be polyphyletic: several euryotesr¢haeoglobus, chaebacteria being monophyletic, except the early emer-
Methanococcusand Methanobacteriumnclustered with  gence of thePyrococcus/Thermococcgsoup.
Eubacteria, and two crenoteSulfolobusand Pyrobacu- In all six trees, the examination of intradomain phy-
lum) and one euryoteRyrococcus furiosysclustered logenetic patterns shows a mixture of correct groupings
with eukaryotes. Moreover, one eubacterial sequencée.g., Thermococcuswvith Pyrococcus, Thermusvith
(Porphyromonas emerged within eukaryotes and the Deinococcusand wrong ones (e.g., the grouping in the
complete genome sequencing Byrococcus horikoshi  Trp-tRNA synthetase tree of Rickettsia (arproteobac-
and Pyrococcus abysshas revealed that this gene is terium) with those oBSynechocysti@ cyanobacterium)).
absent in both species. Finally, gene duplication of CPShere are too many of these aberrant grouping to be
occurred in Eubacteria (two genes Bacillus) and in  described in detail here, all the more so as that they are
eukaryotes (two genes iBaccharomyc@sAs a result, often not well supported. Although some of them can be
inferring the species phylogeny from the CPS gene phyexplained by horizontal transfers, the remaining oddities
logeny is a very difficult task because of the numerousshould be explained by tree reconstruction artifacts
gene duplications, gene loss and horizontal gene transfe(LBA, for example).
One can argue for an eubacterial rooting by assuming
that the euryote sequences have been_acquired by horé'aturation Analysis
zontal gene transfers or for a eukaryotic rooting by as-
suming that the crenote sequences have been acquirddhe reanalysis of the six genes that previously supported
from eukaryotes. the sisterhood between Archaebacteria and Eukaryota by
In conclusion, all four of these genes (tRS, ATPaseusing many new sequences led to a picture that was
and CPS) cannot be used confidently to root the tree ofnuch more complex than that first reported. The failure
life because of the difficulty to choose between differentto obtain the same phylogeny from different markers
evolutionary scenarios, knowing that gene duplication,could thus be explained by the following: (1) the species
gene loss, and lateral gene transfer have been frequetiee was different from the gene tree, and (2) the tree
during prokaryotic evolution. reconstruction method was inappropriate. The first hy-
pothesis was supported by the existence of several
clearly enigmatic sequences, which implied at least sev-
Classical Phylogenies eral horizontal transfers but implied that it was almost-
impossible to infer the good species tree. This point has
Of the six trees examined, the elongation factor (showrbeen discussed in many papers (Doolittle 1998; Feng et
by Lopez et al. 1999) and the signal recognition particle/al. 1997; Jain et al. 1999; Lawrence and Ochman 1998)
receptor trees are those that are more like the classicaind is not discussed in detail here. It should be noted,
Woese’s tree. However, they are again plagued witthowever, that even if horizontal transfers are relatively
various problems. For SRP (Fig. 5), the three domaindrequent and can severely disturb some gene phylogenies
are monophyletic, with the root in the eubacterial branch(Figs. 1-4), they do not mix up the genomes since the
except for ffh, where Archaebacteria are paraphyletiqcphylogeny based on gene content is similar to the phy-
with Archaeoglobusbranching first. The situation is logeny based on rRNA (Snel et al. 1999). The second
more complex in the S&RFtsy/FIhF subtree since it con- hypothesis was of prime importance because (i) the phy-
tains two eubacterial groups. The Ftsy group, which cordogenetic relationships within the domains were incor-
responds to functional analogues of&Banches firstin - rectly inferred, and (ii) the model of sequence evolution
this subtree, whereas the FIhF, which corresponds tosed was quite oversimplified (see Sullivan and Swof-
proteins involved in the biogenesis of the flagellum, isford 1997), as discussed in the accompanying paper
clustered with Archaebacteria and eukaryotes. The tw@Lopez et al. 1999). One can conclude from all these
bacterial groups likely originated from gene duplication analyses that the relationships among Eubacteria, Eur-
in the bacterial domain and the long branch of the FIhFyarchaeota, Crenarchaeota, and Eukaryota were still not
probably reflected rapid evolution due to functional solved, despite the use of six different genes.
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In fact, such a question deals with very ancient events,
at least 1 billion years ago and possibly more than 3
billion, and one should expect molecular phylogenetics
to encounter many problems, since, for example, the
complete mitochondrial genome was not able to recover
the rodent monophyly (Philippe 1997), an event that oc-
curred less than 100 million years ago. During more than
1 billion years, the evolutionary rate could have varied in
the different lineages, generating erroneous phylogenies,
because of the LBA phenomenon. A more dramatic &
problem could be that numerous multiple substitutions§ ol
occurred after the divergence of the three domains angs
masked the old phylogenetic signal. To test this hypoth+g .
esis, the method of Philippe et al. (1994) was applied tog
the six data sets to evaluate the mutational saturation.

The principle of this method is to compare, for each
pair of species, the number of observed differences an
the number of substitutions inferred by the parsimony
method, which is able to detect a fraction of the multiple
substitutions occurring at a same position and thus gives
an estimate of the real number of substitution. If the
phylogenetic marker is saturated, the number of inferred
substitutions will still increase, whereas the number of
observed differences stays nearly constant, which gener-
ates a plateau in the graphical plot of the pairwise com-
parison. For the six genes analyzed, such a plateau was
obviously present (Fig. 6). For example, the number of

‘ Inferred substitutiohs (MP)

observed differences reached a maximum of 190 forrig. 6. Mutational saturation curvess, CPS;B, lle-tRS and Val-
ATPase (Fig. 6C), but the number of corresponding in-tRS; C, ATPasesD, EF-la and EF-2;E, Trp-tRS and Tyr-tRSF,
ferred substitutions varied from 200 up to 700. The p|a_SRP.Y axis: the observed number of differences between pairs of

¢ | tained all th L . fpecies sequencesaxis: the inferred number of substitutions between
eau always contained a € pairwise comparisons Ofye same two sequences determined using the maximum-parsimony

the paralogous sequences (displayed as an open circlejethod. Eachiot thus defines the observed versus the inferred number
The saturation level within one orthologous gene wasof substitutions for a given pair of sequences. It can be seen that in the
variable. The most saturated marker was the ATPaséX cases, the curve levels off after a given point, indicating that while
. . the number of inferred mutations still increasesakis), they are no

gene (Flg' 6C), because §l|| the cpmparlsons between Ié‘blnger detected as observed differences (Ieveliar(lxg ?’;\Iongxthezis).
eubacterial sequence and its putative orthologous archagajrs of paralogous genes are representeden circlesin the case
bacterial or eukaryotic sequence were located within thef ATPase, the comparisons between Eubacteria and Archaebacteria/
major plateau. The lle-RS was almost as saturated, bdeukaryota are also indicated lmpen circles.The straight linerepre-
cause the orthologous comparisons were mixed with théenFs_ the ideal case, for which at most one substitution occurred by
paralogous ones (Fig. 6B). Elongation factors were als osttion.
highly saturated, as evidenced by a large plateau just
below the plateau of the paralogous comparisons (Figtions occur. It was not surprising that the probabilistic
6D). The CPS was less saturated, because the ortholepproach allowed us to detect more multiple substitu-
gous comparisons displayed only a small tendency taions than the parsimony one, especially along the long
form a plateau (Fig. 6A). unbroken branches. Moreover, it was likely that even the

Since maximum parsimony is not the most efficient number of substitutions inferred by maximum likelihood
method to recover a phylogenetic tree and to detect mulwas severely underestimated, at least for the very large
tiple substitutions (Hasegawa et al. 1991), the samalistances.
analysis was carried out with the use of the maximum As a result, the six genes used to root the universal
likelihood method to infer the number of substitutions. A tree of life were found to be highly saturated, probably
very similar pattern was observed (Fig. 7), and indeednuch more than shown in Figs. 6 and 7. This raised a
the level of saturation appeared to be higher than with th@ew interpretation of the inferred phylogeny. The reli-
parsimony estimation. This point was evidenced by theability of the eubacterial rooting has been supported by
fact that the plateau of the paralogous comparisons begahe fact that the paralogous genes could have a constant
farther from the line with a slope equal to 1, which rep- evolutionary rate (Feng et al. 1997; lwabe et al. 1989),
resented the theoretical case where no multiple substituhus avoiding the LBA artefact (Felsenstein 1978).
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Fig. 8. The long branch attraction artifact and the rooting of the tree
of life. Left: A hypothetical unrooted tree linking the three domains,
for which the branch of Eubacteria (B) is much longer than those of
Archaebacteria (A) and Eukaryota (E). The outgroup (O) represents a
paralogous gene which obviously also has a very long branch. The
resulting topology is very similar to the model used by Felsenstein
(1978) to demonstrate the long branch attraction phenomenon. The root
of the tree of life thus could artifactually be located in the longest
branch.

Observed differences

Because of the mutational saturation, it was thus
highly probable that the substitutions that occurred in the
deep branches of the tree were completely masked by the
innumerable substitutions that occurred later. The phy-
: ol logenetic signal for ancient events could thus have been

Inferred substitutions (ML) completely lost, suggesting a priori that all the phylog-
enies used to root the tree of life were prone to tree
gconstruction artifact.

Fig. 7. Mutational saturation curves as in figure 5, except that the
inferred number of substitutions between the same two sequences wé
determined using the maximume-likelihood method. The numbers of
substitutions are represented as the frequency.

Eubacterial Rooting as the Result of Long

Branch Attraction
Brown and Doolittle (1997) also argue that orthologous
proteins evolve at about the same rate in the three dd-et us assume that, for a given gene, Eubacteria evolved
mains according to the relative rate test. But an importanfaster than Eukaryota and Archaebacteria. When this
effect of mutational saturation is precisely an illusory gene is rooted through the addition of a paralogous gene,
molecular clockwise behavior of the phylogenetic the phylogeny will contain two long branches (Eubacte-
marker, even if the evolutionary rate varies greatly be-ria and outgroup) and two short branches (Eukaryota and
tween lineages (Philippe and Laurent 1998). To detecArchaebacteria) as shown in Fig. 8. Such a topology is
differences in evolutionary rate, the most commonlyvery similar to the one that has been used by Felsenstein
used method is indeed the relative rate test (Sarich anfl978) to demonstrate the LBA artifact. It is likely that
Wilson 1973). It consists in using an outgroup (O) andthe two long branches will be grouped together because
comparing the distance between it and two ingroup speef this artifact, locating the root of the tree of life in the
cies, A and B. If the distancd(O,A) is significantly  eubacterial branch.
greater tham(O,B), then one can infer that species Ahas In Fig. 9, the unrooted topologies of the ATPase, Tyr-
evolved faster than species B. On the other hand, itRS, SRP54, EFd, lle-tRS, and 16S rRNA were dis-
d(O,A) is equal tad(O,B), one can assume the constancyplayed. The branch lengths were equal to the average
of the evolutionary rate. But mutational saturation pro-distances from extant species to the trifurcating point
duces exactly the result that the distance values reachestimated on an ML tree. A salient feature in this figure
plateau (Figs. 6 and 7), irrespective of the real number ofs that the branch lengths of the three domains were quite
substitutions. In our case, saturation would be enough tdifferent according to the gene studied. For example, for
maked(O,A) equal tod(O,B) even if species A does not the ATPase, the eubacterial branch was 6 times longer
evolve at the same rate as species B. The high level ahan the archaebacterial and eukaryotic ones, and for the
saturation indicated that a relative rate test was inapprorRNA, the eukaryotic branch was 1.4 times longer than
priate to detect any difference of evolutionary rates in thethe eubacterial one and 1.9 times longer than the archae-
six paralogous genes. bacterial one. This meant that the evolutionary rate var-
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B level of mutational saturation, was therefore that the ro-

B bust resolution of the rooting of the tree of life observed

© The root for these six genes was due to the LBA artefact. How-
ever, the explanation is probably more complex, because
of the variation of invariant sites discussed in the com-
panion paper (Lopez et al. 1999).

B
B
B
/k A& Exploration of a Possible Eukaryotic Rooting
A
E E E

We have shown in this paper that the rooting of the tree
of life in the eubacterial branch has been based on un-

Fig. 9. Six unrooted‘trees linking the three domains. The branchrﬁ”able phylogenies. To locate correctly the root of the
lengths of each domain are represented as the average of the branch .

lengths on an ML tree between the trifurcation point and the species irpmversal tree, We must ti_ike up the challenge of '”fe”'”g
the domain. When a paralogous gene is added to the analysis, the ro800d phylogenies from highly saturated data. One way is
is always located in the longest branch, as indicated bellfpse.The  to use the ML method with a very adequate model of

ang branch attraction artifact explains this phenomenon well (seesequence evolution (Sullivan and Swofford 1997). How-
Fig. 8). ever, as discussed in the companion paper (Lopez et al.
1999) and in many others (Cao et al. 1998; Goldman et
ied greatly between genes and between domains and that 1998; Halpern and Bruno 1998; Lockhart et al. 1998;
probably none of these six genes was a good moleculaXaylor and Brown 1998; Voelker and Edwards 1998;
clock. As discussed above, their apparently clock-likeYang etal. 1998), itis clear that current models poorly fit
behavior is spurious and is due to a high level of mutathe data and thus we have no guarantee of finding the
tional saturation. More interestingly, when these un-true phylogeny. Another way is to study the slowly
rooted protein trees were rooted through the use of @&volving positions, which are much less saturated. We
paralogous gene, the root always fell within the longesthave applied this approach to the two genes that are
branch, producing a result similar to a midpoint rooting apparently not affected by horizontal gene transfer or a
approach. This strongly suggested that this rooting waparalogy problem, the elongation factors (Lopez et al.
artifactual, due to the LBA phenomenon. Further evi-1999), and the SRP (Brinkmann and Philippe 1999) and
dence for this hypothesis is provided by the ML analysisfound that the eukaryotic rooting is the best-supported
performed on a limited sample of species. The differencéypothesis.
in likelihood between the eubacterial rooting and the This eukaryotic rooting would best explain the pres-
eukaryotic rooting (i.e., the monophyly of prokaryotes) ence of many more eubacterial-like genes than eukary-
was proportional to the length of the eubacterial branchotic-like ones in completely sequenced Archaebacterial
about 15 SE for the ATPase, about 3 SE for the -1 genomes (Koonin et al. 1997), which cannot be easily
and only 1.3 SE for the lle-RS. The scenario in Fig. 8explained in the frame of the current scenario. This will
explaining the eubacterial rooting by the LBA artifact also best explain the presence of many unique processes
was thus probable. in eukaryotes that involve the participation of structural
This hypothesis also suggested an explanation for th&NAs or ribozymes reminiscent of the RNA world (Jef-
following paradox. The six paralogous genes used in thigares et al. 1998; Poole et al. 1998).
study were highly saturated. This explained why the in- The existence of many eukaryotic features in the ma-
tradomain phylogeny, even their monophyly, was notjor archaebacterial cellular information processing sys-
correctly recovered and was supported by low bootstrapems (replication, transcription, and translation) is gen-
values (see Figs. 1-5). But it raised a serious questiorerally explained by the sisterhood of Archaebacteria and
Why were the deeper nodes such as the monophyly oEukaryota, implying that they are evolved states. But it
the duplicated genes (in the majority of the cases) and thean be also explained by an acceleration of the rate of
relationships between domains recovered and generallgvolution of these systems in the eubacterial lineage (and
supported by high bootstrap values? The saturatiomlso by differential gene loss), which is equivalent to
should have erased all the signal for the relationshignterpret them as primitive. The acceleration phenom-
between the three domains, since the more ancient thenon can now be documented in the case of microspo-
phylogenetic signal is, the more the saturation shouldidia, in which proteins involved in the translation ma-
obscure it. If the tree reconstruction method inferredchinery (rRNA, EF-&, EF-2, and Ile-RS) all evolved at
some groupings statistically supported by high bootstraan accelerated evolutionary rate, leading to the artifactual
values despite the absence of phylogenetic signal, thisarly emergence of these peculiar fungi in the eukaryotic
must reflect some inconsistency of the reconstructiortree, because of the LBA artifact (Germot et al. 1997,
method, such as LBA. The best answer to the previouslirt et al. 1999).
paradox, i.e., resolution of deep nodes despite the high A major difference between the Eubacteria and the

B
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A
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Archaebacteria in the transcription and translation sysas those responsible for the long bacterial branches of

tems is the smaller number of proteins in the Eubacteriamany universal trees.

The differences in these systems are too complex to be
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