
Where is the root of the
universal tree of life?
Patrick Forterre1* and Hervé Philippe2

Summary

The currently accepted universal tree of life based on molecular phylogenies is
characterised by a prokaryotic root and the sisterhood of archaea and eukaryotes.
The recent discovery that each domain (bacteria, archaea, and eucarya) repre-
sents a mosaic of the two others in terms of its gene content has suggested
various alternatives in which eukaryotes were derived from the merging of bacteria
and archaea. In all these scenarios, life evolved from simple prokaryotes to
complex eukaryotes. We argue here that these models are biased by overconfi-
dence in molecular phylogenies and prejudices regarding the primitive nature of
prokaryotes. We propose instead a universal tree of life with the root in the eukaryotic
branch and suggest that many prokaryotic features of the information processing
mechanisms originated by simplification through gene loss and non-orthologous dis-
placement. BioEssays 21:871–879, 1999. r 1999 John Wiley & Sons, Inc.

Introduction
For a long time, it seemed a hopeless quest to reconstruct the
early evolution of life, considering the very scarce fossil
record available and the paucity of useful phenotypic charac-
ters to define phylogenetic relationships between micro-
organisms. In the last two decades however, this way of
thinking has been turned upside down, and for some time, the
prevalent view has been that we have a clear-cut vision of the
most ancient history.(1) A universal tree of life has found its
way into most textbooks, which depicts a division of the living
world into three domains, Archaea, Bacteria, and Eucarya,
with a root splitting the Bacteria and a clade grouping Eucarya
and Archaea together (the bacterial rooting) (Fig. 1a). This
new vision was an apparent triumph of molecular phylogeny:
the shape of the universal tree being deduced from ribosomal
RNA (rRNA) sequence comparison and the root located using
formerly duplicated protein coding genes (Fig. 1b).(2–4) The
new paradigms enshrined in this tree have been widely
accepted, since they fitted well with the current prejudice that
prokaryotes predated eukaryotes in evolution because they

are simpler and could be represented earlier in the fossil
record. Indeed, prokaryotes (both archaea and bacteria) are
clustered in the lower branches of this tree, much like monads
in the first phylogenetic tree drawn by Haeckel in the nine-
teenth century.(5)

However, the current universal tree has been recently
questioned on several grounds. With more and more se-
quences available, in particular from rapidly expanding ge-
nome projects, it turned out that many protein phylogenies
contradict the rRNA tree and also each other in terms of
relationships between the three domains (reviewed in (6–9)).
Moreover, many phylogenies became confused, i.e., the
three domains topology were no more recovered, with ar-
chaeal and bacterial lineages often intermixed(8,10,11) For
example, this turned out to be the case for three out of the six
data sets originally used to root the universal tree (ATPases,
Ile-tRNA synthetase, and carbamoyl-phosphate synthe-
tases).(12) Comparative genomics also led to the conclusion
that each domain was a mosaic of the two others in terms of
gene contents.(13,14) Surprisingly, it appeared that eukaryotes
contained more bacterial genes than archaeal ones, and that
archaea contained more bacterial than eukaryotic ones.

The community of molecular evolutionists reacted in differ-
ent ways to these data. Several authors have proposed
alternative hypotheses to the tripartite division of the living
world.(9,13–20) Their scenarios consider only two primary do-
mains and derive the third one from later merging of ancestral
members of the two others (Fig. 1c). In most of these
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hypotheses, the derived domain corresponds to the eukary-
otes that originated from a merging of two primitive prokary-
otic lineages, but the authors disagree on the nature of these
lineages (see legend of Fig. 1).

Alternatively, others have favoured the view that the rRNA
tree rooted in the bacterial branch is the good one, and that
most, if not all, contradictions observed in other phylogenies
should be explained by lateral gene transfers (LGT).(8,21) For
these authors, the choice of the ‘‘correct tree’’ is based on the
assumption that proteins involved in translation, transcription,
and replication (informational proteins, sensu, Rivera et
al.,(14)) which are often more similar in Archaea and Eucarya,
are especially informative in inferring phylogenies because
they are less frequently involved in LGT. Moreover, Brown
and Doolittle(8) argued that these proteins have evolved at a
similar rate in the three domains, through the application of
the relative rate test to a large data set(8) (see Fig. 2A for
explanation).

The common assumption of most people who support one
of the two above hypotheses (fusion or LGT) is that trees
inferred from molecular phylogenetic analyses are basically
correct (and thus require biological explanations). We argue
here that this is not a correct assumption and that many
molecular phylogenies, in particular those rooting the tree of
life, do not reflect the genuine evolutionary history (see for
review (22)). Recent studies in eukaryotic evolution support

this view and suggest an explanation for some artefactual
results that are strongly supported by classical tree reconstruc-
tion methods.(23–26) In addition, we argue that most authors
focus too exclusively on LGT or cell fusion as a possible
source of mosaicism between the three domains (often
ignoring that mosaicism is a general rule in evolution) and do
not pay enough attention to other major evolutionary forces,
such as differential gene loss and non-orthologous replace-
ment. Finally we think that most current scenarios about early
evolution are highly biased by prejudicial view of prokaryotes
as primitive organisms and we consider alternative hypoth-

Figure 1. Current views of the universal tree. a: The
traditional tree with the root in the bacterial branch (in green)
and the sisterhood of archaea and eucarya.(1) This tree mainly
corresponds to the rRNA tree, the rooting being based on
duplicated genes. b: Two universal trees of paralogous
proteins are used to root each other.(3,4) The root of the tree of
life cannot be inferred from a single gene, because molecular
phylogeny only produced unrooted trees. As proposed by
Schwartz and Dayhoff,(78) when a gene duplication has oc-
curred in an earliest common ancestor and has been followed
by divergent evolution in eukaryotes and prokaryotes, it is
possible to reciprocally root trees of paralogous genes.
c: Recent hypotheses suggest instead the emergence of
eukaryotes from the merging of ancient bacteria and archaea.
In some scenarios, the archaeal endosymbiont that gives rise
to the eukaryotic nucleus was a crenoarchaeota,(63) in other
cases a methanogenic euryarchaeota.(19,20) Gupta(9) suggests
a first split between Gram positive and Gram negative bacteria
(instead of Bacteria and Archaea) followed by the emergence
of Archaea from Gram positive bacteria.

Figure 2. Effect of mutational saturation on the relative rate
test and the long branch attraction artefact. A: The relative
rate test is performed to know whether species A and B evolve
at the same rate. To do that, one tests if d(A,O) 5 d(B,O).(79)

This test is efficient when the gene under study is not
mutationally saturated (h and n). In contrast, two species that
have evolved at different rates (j and m, upper right tree) will
be also separated from an outgroup by the same distance if
the sequences are saturated by multiple substitutions, be-
cause in that case, the observed differences between these
two proteins are not proportional to the real number of
substitutions (plateau of the curve). When performed on such
a protein, the relative rate test will give the misleading result
that the two species have evolved at the same rate. Obviously,
the relative rate test is improved by the use of methods that
correct hidden multiple substitutions, but these methods are
hindered by the poor fit of the model of sequence evolution
(see(22) for a more complete discussion). B,C: Left trees are
supposed to be real ones and right trees are those incorrectly
recovered by classical methods of molecular phylogeny be-
cause of the long branch attraction artefact.
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eses based on evolution from complex to simple at the
molecular level.

The crisis of molecular phylogeny
For a long time, some authors have emphasised the potential
pitfalls of traditional molecular analyses (distance or parsi-
mony) in inferring ancient phylogenies.(27) We have already
argued that many contradictions between phylogenies used
to infer ancient relationships do not testify for a particular
evolutionary scenario, but instead for the absence of valid
phylogenetic signal.(6,7,28) We have challenged the bacterial
rooting of the universal tree, noticing that sets of paralogous
proteins used to root the tree were plagued with unrec-
ognised paralogies and mostly with unequal rates of evolu-
tion. More recently, we have shown that most positions are
saturated with respect to amino acid substitutions in the six
data sets used to root the universal tree till now.(12) This
makes the relative rate test used by Brown and Doolittle(8)

useless in estimating the rate of protein evolution, since
distances estimated from highly saturated sequences tend to
be similar, even if the real numbers of substitutions are quite
different(22) (Fig. 2A). Besides gene transfer and unrec-
ognised paralogy, the high level of saturation, that is noise,
should explain why ancient phylogenies are so often confus-
ing and should make us wary in their interpretation. These
difficulties in reconstructing ancient phylogenies are not so
surprising, considering that incorrect though statistically sup-
ported results have been obtained even in molecular phyloge-
netic studies of mammalian evolution (see the problem of the
monophyly of rodents as a case study(28–30)).

Scientists interested in deciphering ancient phylogenies
were reluctant to embrace this conclusion. However, a recent
dramatic turn in the study of eukaryotic phylogeny, i.e., the
revision of the position of microsporidia, should precipitate a
more critical approach of these questions. It was believed for
the last decade that microsporidia were ‘‘primitive’’ eukary-
otes.(31) This was mainly based on their early branching in
rRNA and elongation factor trees(32,33) and apparently sup-
ported by the lack of mitochondria and the fusion of 5.8 S
rRNA with 28 S rRNA (as in prokaryotes) in these organ-
isms.(34) However, new data have shown that microsporidia
are in fact closely related to fungi (if they are not fungi
themselves).(35) This is supported by tubulin (a and b),
Hsp70, and RNA polymerase phylogenies,(36–39) but also by
phenotypic characters such as the presence of chitin in their
endospore wall(40) and similarities between their cell cycle
and those of fungi.(41) Moreover, microsporidia have once
contained mitochondria, since they still harbour bona fide
mitochondrial genes in their nuclear genome.(38,42) The incor-
rect position of microsporidia in the rRNA and elongation
factors trees is most likely due to an acceleration of the
evolutionary rates of genes involved in the translation machin-
ery, as suggested by their long branches in both trees. This

acceleration was probably a consequence of the streamlining
of the translation apparatus in these parasitic micro-
organisms, which has relaxed the intermolecular con-
straints.(36,38) The long branch of microsporidia produces
artefactual rRNA and elongation factor trees because it is
attracted by the long branch of the prokaryotic outgroup,(38)

an artefact enhanced by the high saturation of these data sets
(Fig. 2B).(25,26) The long branch attraction (LBA) phenom-
enon(43) can be explained as follows: species that evolve
faster than the others display sequences very divergent from
those of their close relatives and, as a result, the fast-evolving
sequences appear more distantly related from them than the
species are in reality. Indeed, when the outgroup is distantly
related, simulations showed that the fast-evolving species
emerge too early in the tree because of the LBA artefact
(Philippe, unpublished data). Interestingly, the correct posi-
tion of microsporidia is recovered in the Hsp70 tree, despite of
a long microsporidial branch, probably because the branch of
the outgroup (the a-proteobacteria) is relatively short in this
case, thus reducing the impact of the LBA.(38)

One could argue that the incorrect position of microspo-
ridia in the elongation factors and rRNA trees is the exception
that confirms the rule. However, recent data suggest that it is
more likely the tip of an iceberg. For example, different groups
of protists with long branches turned out to be located either
in the top or at the base of the eukaryotic tree, depending on
the gene used as phylogenetic marker (rRNA, actin, or
tubulin),(25) suggesting that all early branches observed in
various eukaryotic trees are artefacts due to their high rate of
evolution and LBA. The LBA phenomenon thus seems to play
a role that was grossly underestimated in molecular phyloge-
netic analyses so far.(22) The LBA could in particular explain
the bacterial rooting of the universal tree of life using elonga-
tion factors, since this data set is saturated, and the two
longest branches are the bacterial ones and those of the
outgroup (Fig. 2C).(12)

The root of the problem with
molecular phylogenies
From our analyses of several examples, the critical point in
explaining the frequent failure of traditional methods in
inferring molecular phylogeny is the very limited number of
positions in an amino acid or nucleotide sequence alignment
that contain a real ancient phylogenetic signal.(7,28,44,45) A
careful phylogenetic analysis requires the polarisation of
characters common to two lineages, generally using an
outgroup, to decide if they testify or not for their sisterhood
(for a formal treatment of cladistic analysis, see(46)). The first
step, which is not sufficiently done in traditional molecular
method, is to identify good characters, i.e., characters stable
in all groups studied. These characters need then to be
polarised using homologous characters of an outgroup. In the
case of the universal tree of life, this turned out to be
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extremely difficult. At most positions, it is usually not possible
to define a stable character in a given domain (an amino acid
conserved in this domain) because these positions have
evolved too rapidly, and when it is possible, most of the
observed combinations of characters turn out to be uninforma-
tive (Fig. 3). Considering the low number of slowly evolving
positions in most data sets, it turned out that most classical
molecular phylogenies are inferred from fast evolving posi-
tions that are exactly those that are not reliable. For example,
a single slowly evolving position supports the bacterial rooting
in the elongation factor tree(7,44) and none or a very limited
number of positions in other cases. Moreover, the bacterial
rooting obtained in the elongation factor tree is clearly due to
fast evolving positions, strongly suggesting an LBA arte-
fact(44) (see also(47)). We have also reanalysed the phylogeny
based on SRP (Signal Recognition Particle) protein with the
use of a new method that concentrates the ancient phyloge-
netic signal.(45) As for elongation factors, the bacterial rooting
was only supported by the fast evolving positions, in agree-
ment with our LBA artefact hypothesis (Fig. 2C). In contrast,
the slow evolving positions slightly support the eukaryotic
rooting.

The paucity of good characters in sequence alignment
was not so apparent at the beginning of studies in molecular

phylogeny, since it was not possible to discriminate between
good and bad characters when only one or few sequences
were available for a given group. However, the problem
becomes obvious with the exponential accumulation of se-
quences.

The present crisis of molecular phylogeny will be over-
come only if one recognises that the most important step in
the analytical process is the search for good characters.(22)

Since useful amino acid or nucleotidic positions are rare in
sequence alignments, it will be important both to design new
methods to extract these few good characters from a se-
quence data set(44) and to screen other types of characters at
the molecular level such as insertions or deletions (indels) in
macromolecular sequences,(9) specific tri-dimensional struc-
tures, or complex and integrated molecular mechanisms. A
good example of the validity of this ‘‘hennigian’’ approach
based on character analysis is provided again by microspo-
ridia. Indeed, the grouping of microsporidia with fungi and
animals is supported by the presence of a common insertion
in the sequences of the elongation factor EF-1a from micro-
sporidia, fungi, and metazoa.(33) This is striking, since tradi-
tional methods of phylogenetic analysis based on the same
data set (distance, parsimony, and even maximum likelihood
with improved models) all place microsporidia at the base of
the eukaryotic tree.(33)

It is often stated that molecular phylogenetic methods are
intrinsically better than those based on phenotypic characters
since they deal with many more characters, i.e., with all
homologous positions in a sequence alignment,(48) and thus
can be quantified and submitted to statistical tests. The case
of microsporidia clearly shows that the opposite can be true,
since a single good phenotypic character at the molecular
level (here an insertion) can give the good answer, while the
statistical treatment of hundreds of amino acids gives the
wrong one. The failure of the statistical approach lies in the
fact that the model of sequence evolution used is far from
reflecting the real evolutionary mechanisms.(22)

Figure 4. The two possible shapes of the universal tree.
a: The domain with an intermediate position (i.e., Archaea)
can be either monophyletic, paraphyletic, or polyphyletic, as
detailed on the close-up. b: If three dramatic evolutionary
events occurred, the three domains are monophyletic.

Figure 3. Analysis of a given amino acid position in a protein
alignment to determine the relationships between three lin-
eages (red, green, and blue). The two lineages that share the
same amino acid at this position (here R) can only be
considered as belonging to the same clade if the third lineage
and the outgroup share the same amino acid (here L)
(compare c and d). Otherwise, two alternative topologies are
compatible with a single mutational event (a and b). To be
safe, this analysis requires to use only positions in which an
amino acid signature can be clearly defined for a given lineage
(a slowly evolving position in which all members of the lineage
share the same amino acid with no or few exceptions). If one
looks at real cases, one will see that such positions are rare in
sequence alignments. Furthermore, the case depicted in c is
extremely rare, especially when the outgroup is distantly
related.
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The uniqueness of the three domains
The incorrect position of microsporidia in both rRNA and
elongation factor trees seriously challenges all hypotheses
based on these markers, such as the three domains concept
and the bacterial rooting of the universal tree of life. The
three-domain concept has been indeed recently put into
question by several authors who proposed alternative classi-
fications and phylogenetic relationships between prokaryotes
and eukaryotes.(9,13) However, one cannot deny that many
unique molecular features testify for the uniqueness of each
domain. In particular, recent analyses of several completely
sequenced archaeal and bacterial genomes, and their com-
parison with the yeast genome, indicate that each domain is
characterised by a particular set of essential proteins, which
are universally distributed in one domain and absent in the
two others, as well as by a unique pattern of distribution of
proteins common to two domains.(49–51) For example, all
bacteria are characterised by a unique DNA replication
apparatus, involving a replicase and an initiator protein that
have no homologues in the two other domains.(49) All archaea
are characterised by a unique subset of eukaryotic-like
replication and repair proteins, as well as unique proteins
such as an atypical type II DNA topoisomerase (Topo VI).(52)

Finally, eucarya also contain unique informational proteins
such as a ubiquitous DNA topoisomerases I unrelated to their
prokaryotic counterparts (for review see(53)). It is especially
important to emphasise the uniqueness of eukaryotes at the
molecular level, since this strongly argues against current
fashionable hypotheses viewing them as simply originating
from the merging of archaea and bacteria. Eukaryotes con-
tain many essential proteins that have no homologues in the
two other domains, such as a plethora of transcription factors,
proteins of the cytoskeleton, all components of nuclear pores,
spliceosomes, polyadenylation systems, telomerases, and so
on. The phenotypic coherence of each domain indicates that
the three-domain concept is operational, at least in terms of
classification, and reflects some ancient fundamental events
in the history of life.

Although unique, each domain exhibits a mosaic of fea-
tures present in the two others. For example, whereas many
informational proteins are eukaryotic-like in Archaea (how-
ever with many exceptions), their proteins involved in meta-
bolic pathways (operational proteins sensu Rivera et al.(14))
are often bacterial-like.(54,55) The same observation can be
made with eukaryotes that contain both informational pro-
teins of archaeal type and operational proteins of bacterial
type (again with many exceptions). These observations have
inspired the recent popular fusion hypotheses and suggested
that LGT has played an essential role in cellular evolution.
One case of massive LGT is indeed well recognised. The
presence of many bacterial-like genes in eukaryotes can be
easily explained by a massive transfer to the nucleus of
bacterial genes from the a-proteobacterial endosymbiont that

gave rise to mitochondria.(56) Indeed, many of these bacterial-
like genes group with proteobacteria in phylogenetic tree
(even when these bacterial genes are present in eucarya
without organelles). Additional prokaryotic genes could easily
have been acquired by eukaryotes, given the propensity of
eukaryotes to eat Bacteria.(57) In fact, eukaryotes might even
have incorporated some archaeal genes in this way, since
some eukaryotes also contain archaeal endosymbionts and
since for an eukaryotic predator archaea should have as
good a taste as bacteria.

However, it needs to be recalled that mosaicism, which
has been called heterobathmy by Hennig,(46) is the rule for
any group of organisms when it is compared to its relatives
and in general does not require LGT explanation. For ex-
ample, the platypus shares characters with reptiles (laying of
eggs, lack of dug) and with mammals (presence of hair,
producing of milk, and jaw constituted of a single bone, the
dentary) as well as it displays unique characters (beak and
venomous spur). Yet nobody has suggested that this mosaic
is due to LGT. In the case of the three domains, mosaicism
might have been produced by a variety of processes includ-
ing different rates of evolution of a character in different
domains, gene duplication and gene loss producing unrec-
ognised paralogy, or non-orthologous replacement (see be-
low from complex to simple). In any case, it should be pointed
out that these have not been of sufficient intensity and
unidirectionality to obscure the uniqueness of the three
domains at the molecular level.

The shape of the tree
To determine the shape of the universal tree, one has first to
determine if the three domains are monophyletic or paraphy-
letic. The monophyly of eukaryotes is not controversial since
it is supported by the recognition that all of them originated
from a common ancestor that already contained a bacterial
mitochondrial endosymbiont.(58) In addition, many molecular
phylogenies and numerous indel signatures support this
monophyly. The monophyly of bacteria has rarely been
questioned, except by Gupta,(9) who derives archaea from
several groups of Gram positive bacteria. However, his
hypothesis is based on few phylogenies, which are biased by
probable LGT.(59,60) Furthermore, it cannot explain why ar-
chaea and Gram positive bacteria are so different at the
molecular level, whilst Gram positives and Gram negatives
are so similar. The monophyly of archaea is much more
controversial.(61) The rRNA tree supports this monophyly, but
this could be due to an LBA effect since the bacterial and the
eukaryotic branches are the longest ones in this tree. In
particular, Lake(62) has argued for a long time that archaea are
paraphyletic with eukaryotes deriving from an archaeal sub-
group (the eocytes sensu Lake, crenoarchaeota sensu
Woese). This paraphyly is strongly supported by a specific
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indel in the elongation factor EF1a present in eukaryotes and
crenotes.(63)

The phenotypic homogeneity of a group of organisms is
sometimes used as an argument to support their monophyly.
However, this can be misleading. For example, the emer-
gence of birds and mammals led to the appearance of three
phenotypically coherent groups: reptiles, birds, and mam-
mals; but only the latter two are monophyletic, reptiles being
paraphyletic! The phenotypic coherence of the three domains
at the molecular level does not in fact impose a strong
constraint on evolutionary scenarios except to assume two
(Fig. 4a) or three (Fig. 4b) major morphological and physiologi-
cal changes (dramatic evolutionary events), during which
fundamental molecular mechanisms evolved independently
from each others. In a scenario with three dramatic evolution-
ary events, the three groups are related by a trifurcation in an
unrooted tree (Fig. 4b), whilst in the case of two dramatic
evolutionary events, one of the three groups has an ‘‘interme-
diate’’ position between the two others, but this group can be
either mono, poly, or paraphyletic (Fig. 4). The possibility that
archaea have an intermediate position between the two other
domains is suggested by recent data from comparative
genomics. Indeed, one notices a reduction in the number of
proteins involved in transcription, translation, and replication
machineries, with a gradient from Eucarya to Bacteria, and
Archaea in-between. For example, the replication factor that
loads the DNA replicase onto the RNA primer is encoded by
five homologous genes in Eucarya, two in Archaea and one
in Bacteria.(49) The same trends can be recognised in the
number of RNA polymerase subunits and basal transcription
factors, of ribosomal proteins, and of translation initiation
factors. This suggests an evolutionary trend from eukaryotes
to bacteria or from bacteria to eukaryotes, with archaea in
between. A striking feature of this process is the huge gap in
complexity between archaea and eukaryotes, as exemplified
by the evolution of the transcription apparatus (Fig. 5),

Figure 5. Schematic evolution of the transcription appara-
tus. The number of different known subunits is indicated (this
number is an approximation for large eukaryotic complexes).
Double-arrows and question marks indicate that the direction
of evolution is a priori unknown. Homologous protein or
complex have the same colour.

Figure 6. Our proposal for the universal
tree of life. The root is located in the
eukaryotic branch(45) (see text). In all lin-
eages, evolution is supposed to pass
through stages of simplification (blue) and
complexification (red) in terms of gene
contents and variety of molecular mecha-
nisms. Simplification is prevalent in prokary-
otic lineages but with some exceptions.
The reverse is true in eukaryotes.
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suggesting that extreme simplification or complexification
occurred as a dramatic evolutionary event between eukary-
otes and prokaryotes.

The problem of the root and the
prokaryotic dogma
The second parameter to determine the shape of the tree
would be to locate its root. We have already mentioned that
the bacterial rooting claimed from traditional phylogenetic
analyses was not reliable. It is often implicitly argued that the
presence of informational proteins of eukaryotic-type in ar-
chaea supports the bacterial rooting of the universal tree.(8)

However, one could have a root in the eukaryotic or the
archaeal branches and still have features only common to
archaea and eukaryotes if these traits are primitive and have
been lost in bacteria. In fact, the presence of homologous
characters specific to two domains is compatible with any
rooting if these characters are primitive.(6) Knowing the
location of the root indeed would be helpful in identifying
some characters as primitive (those shared by the two groups
that are not in the same clade). For example, if the root turns
out to be in one of the two prokaryotic branches, this would
suggest that ‘‘prokaryotic characters’’ are primitive, while if
the root is in the eukaryotic branch, this will not tell us if they
are primitive or derived.

Many authors bypass the difficulty to polarise molecular
characters between the three domains by considering fea-
tures present in eukaryotes to be de facto more recently
(evolved) than the corresponding ones in prokaryotes. For
these authors, the Last Universal Cellular Ancestor (LUCA)
was a typical prokaryote endowed with all putative plesiomor-
phies common to bacteria and archaea, such as the mode of
cell division, organisation of the genome and so on.(64) This
line of reasoning comes from the prejudice of viewing prokary-
otes (meaning before nucleus) as more primitive than eukary-
otes (the prokaryotic dogma).(65-67) However, it is not known
to what extent the ‘‘simplicity’’ of prokaryotes is due to their
‘‘primitive characters’’ or to the elimination of ancient more
complex characters by reductive evolution.(66–69) There is no
good reason to consider that bacterial systems are primitive
as compared to archaeal and eukaryotic ones simply be-
cause they lack one or more components. They might be
simpler because they have been streamlined towards more
efficiency. It is striking for example that the rate of DNA chain
elongation at the replication forks is about ten time higher in
bacteria than in eucarya.(70) Accordingly, it is always possible
to imagine at least two opposite scenarios when one consid-
ers the evolution between a bacterial trait and an eucaryal
one (with archaea in the middle). Figure 5 shows as an
example the transcription apparatus in which the simpler
bacterial apparatus can be viewed either as a primitive one or
as the result of a reductive evolution (as indicated by the
double arrow).

From complex to simple
Both complexification and simplification have occurred during
evolution (Fig. 6). For example, the evolution from the origin
of life to LUCA obviously must have been globally from simple
to complex, whereas the evolution from Gram positive bacte-
ria to Mycoplasma, Gram negative bacteria to mitochondria
and chloroplasts, fungi to yeasts or microsporidia, are ex-
amples of evolution from complex to simple. What happened
in the case of the eukaryote/prokaryote transition?

Two arguments can be put forward to suggest a ‘‘complex
to simple’’ scenario in which a eukaryotic-like LUCA (in terms
of its basic molecular biology) evolved by simplification to
give birth to present-day prokaryotes (Fig. 6). First, reductive
evolution of central molecular mechanisms still occurs, as
indicated by the fact that some proteins involved in the
information processing systems and present in the three
domains are missing in several lineages of a particular
domain. For example, homologues of the eukaryotic transla-
tion initiation factor eIF-1 are present in all archaea and a few
bacteria but are missing in the majority of known bacteria.(71)

This suggests a loss of this factor in most bacterial lineages,
demonstrating a recent streamlining of the translation machin-
ery in bacterial evolution. Second, many ‘‘non-orthologous
displacements’’ associated to a reduction event have prob-
ably occurred during the evolution of the three domains.
Koonin and co-workers(72) have coined the term ‘‘non-
orthologous displacement’’ to design the functional replace-
ment in a lineage of a given protein by a paralogous or
unrelated protein with the same activity. Such displacements
are usually assumed to be rare for proteins involved in
multiple molecular interactions. However, the occurrence of
such events is shown by the well documented displacement
of the original proteobacterial RNA polymerase by a bacterio-
phage-like RNA polymerase in the evolution of mitochondria
and chloroplasts (Fig. 5).(73,74) Non-orthologous displacement
could actually have been much more frequent than suspected
in the evolution of the information processing apparatus,
explaining for example why bacterial and eucaryal DNA
replicases belong to different DNA polymerase families (C
and B, respectively) whilst they interact with homologous
accessory proteins. The same phenomenon could explain
why homologous bacterial and archaeal RNA polymerases
use non-homologous transcription initiation factors (Fig. 5), or
else why bacterial IF-2 and eukaryotic eIF-2 are also not
homologous, despite their central role in the initiation of
translation and the fact that they interact with ‘‘refinement
factors’’ that are homologous in the three domains.(75)

It is unlikely that non orthologous displacement can lead to
an increase in the number of components in the system, since
it is very difficult to imagine the displacement of a single
component by several at once. In contrast, a replacement of
several components by a single one is much easier, if the
latter can perform the same task with similar or better

Problems and paradigms

BioEssays 21.10 877



efficiency. This actually happened in the case of mitochon-
drial and chloroplastic RNA polymerases, since a four sub-
units RNA polymerase has been displaced by a monomeric
one.(74) Accordingly, the two archaeal transcription factors
(TBP and TFIID) have more likely been replaced by a single
bacterial one (the s factor) than the reverse. The same
reasoning can be used for the displacement of the three
different eucaryal DNA replicases (DNA polymerases a, g and
h) by a single one at the bacterial replication forks (Pol III) and
so on. These considerations make a scenario from a complex
eukaryotic-like LUCA to simpler (but more efficient) prokary-
otic systems more appealing than the classical hypothesis
viewing prokaryotes as primitive organisms.

The hypothesis of a eukaryotic-like LUCA was proposed
long time ago by Reanney and a few others(66,67,76,77) who
considers many RNA molecules typical of eukaryotes to be
relics of the RNA world and thus should have been present in
LUCA. This idea has been recently put forward again and
elaborated by Poole and co-workers.(69) As a matter of fact,
many eukaryotic features of the information systems involve
RNA components, such as telomerase guide RNA, which are
absent from both archaea and bacteria. The hypothesis of a
eukaryotic-like molecular biology for LUCA is indeed appeal-
ing since it can explain both the existence of specific features
in the central information processing systems of eukaryotes
(those which have been lost in the prokaryotic lineage) and
the existence of many proteins common to archaea and
bacteria that are not found in eucarya. The presence of many
eucaryal traits in archaeal proteins involved in the core of the
information processing system could be easily explained by
both extensive streamlining of these systems and further
non-orthologous displacement in bacteria. Interestingly, such
streamlining would have precisely accelerated the rate of
evolution of bacterial proteins involved in these systems (as
in the case of microsporidia), producing the LBA artefact
responsible for the bacterial rooting obtained using traditional
phylogenetic analyses (Fig. 2B and C).
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