596

The new phylogeny of eukaryotes

Hervé Philippe*, Agnés Germot’ and David Moreirat

Molecular phylogeny has been regarded as the ultimate tool for
the reconstruction of relationships among eukaryotes —
especially the different protist groups — given the difficulty in
interpreting morphological data from an evolutionary point of
view. In fact, the use of ribosomal RNA as a marker has
provided the first well resolved eukaryotic phylogenies, leading
to several important evolutionary hypotheses. The most
significant is that several early-emerging, amitochondriate
lineages, are living relics from the early times of eukaryotic
evolution. The use of alternative protein markers and the
recognition of several molecular phylogeny reconstruction
artefacts, however, have strongly challenged these ideas. The
putative early emerging lineages have been demonstrated as
late-emerging ones, artefactually misplaced to the base of the
tree. The present state of eukaryotic evolution is best
described by a multifurcation, in agreement with the ‘big bang’
hypothesis that assumes a rapid diversification of the major
eukaryotic phyla. For further resolution, the analysis of genomic
data through improved phylogenetic methods will be required.

Addresses

*Equipe Phylogénie, Bioinformatique et Génome, UMR CNRS 7622,
9 quai Saint-Bernard, Case 24 75252, Paris Cedex 05, France
TEquipe Atipe UPRESA CNRS 8080, Développement & Evolution
Université Paris, 11 91405 Orsay Cedex, France

IDivision de Microbiologia, Facultad de Medicina, Universidad Miguel
Hernandez, 03550 San Juan de Alicante, Spain

Current Opinion in Genetics & Development 2000, 10:596-601

0959-437X/00/$ — see front matter
© 2000 Elsevier Science Ltd. All rights reserved.

Abbreviations
LBA long-branch attraction
rRNA ribosomal RNA

Introduction

Detailed comparative studies of morphological data, made
possible mainly through the use of electron microscopy, was
very useful in delineating many eukaryotic groups but
failed to resolve their relationships [1]. A great hope was
thus placed in molecular phylogeny and, indeed, a eukary-
ote tree rapidly emerged from the analysis of the small
subunit ribosomal RNA (rRNA) sequences [2]. This tree,
which is still used as a reference framework, can be split
into two parts: the ‘crown’, in which the major phyla —
green plants, animals, fungi, stramenopiles, alveolates, and
red algae — emerge almost simultaneously, and the base,
which shows the paraphyletic emergence of numerous pro-
tist phyla: various amoeboid and amoeboflagellate
organisms, euglenozoans, and the first-emerging lineages,
diplomonads, microsporidia and trichomonads. Three
important hypotheses have been developed on the basis of
this tree: First, the three early-branching lineages, which
lack mitochondria, emerged before the mitochondrial
endosymbiosis and are living relics from an amitochondrial

period of eukaryotic evolution (the Archezoa hypothesis)
[3]; second, “molecular evolutionary distances between
divergent cukaryotic taxa eclipse those observed in the
entire prokaryotic world” [2]; and third, “the separation of
the major groups of eukaryotes occurred nearly simultane-
ously” [2]. As stated by Sogin [2], these hypotheses can be
tested with improved analytical techniques to recover phy-
logenetic information and with the sequencing of
alternative phylogenetic markers unrelated to rRNA. As
discussed here, the first two hypotheses have been chal-
lenged by recent results.

Secondary loss of mitochondria and the
Archezoa hypothesis

The Archezoa hypothesis can be tested easily. As many
mitochondrial genes have been transferred to the
nucleus — with their products located in the mitochondria
or in the cytosol — it is theoretically possible to recognize
genes that remained in the nucleus after mitochondrial
loss. In fact [4,5°], such genes have been found in all
eukaryotes for which searches have been carried out. It has
been suggested that transient endosymbioses, distinct
from the mitochondrial one, however, could also have been
the source of these genes [6]. Val-tRNA synthetase may
represent such an example because the eukaryotic gene
shares an insertion of ~40 amino acids with (- and
y-Proteobacteria [7] but not with a-Proteobacteria
(Caulobacter,  Rhodobacter,  Rhodopseudomonas  and
Sinorhizobium; Rickettsia being a special case because its
gene is of archaeal origin) (H Philippe, unpublished data).
A non-mitochondrial origin seems unlikely for Cpn60 and
Hsp70 because sequences from amitochondriate protists
clearly emerge within the mitochondrial clade. Moreover,
the discovery of an organelle containing the mitochondrial
Cpn60 in Entamoeba [8,9] and of a hydrogenosome —
H,-producing organelle particularly present in trichomon-
ads — containing its own genome [10°], strongly suggest
that mitochondria still persist in many, if not all, amito-
chondriate protists as small cryptic organelles or as
hydrogenosomes. The finding of mitochondrial-type
Cpn60 and Hsp70 is fully compatible with this persistence
of membrane-bound mitochondria-related organelles as
these proteins are involved in the import of proteins across
the mitochondrial membrane.

A similar conclusion can be reached for spliceosomal
introns, which have been proposed to be of recent origin
(after the emergence of Euglenozoa) [11]. Introns have now
been described in Euglena [12] and in microsporidia [13],
however, and an essential spliceosomal component, PRPS,
is found in trichomonads [14] and diplomonads (accession
number AC040617). Therefore, current data imply that the
common ancestor of extant eukaryotes possessed a mito-
chondrion and most likely had spliceosomal introns. The



simplest eukaryotes studied to date, thought to be living
relics of premitochondrial eukaryotes, are, on the contrary,
highly derived organisms which have lost complex features
in contradiction to the Archezoa hypothesis.

Tree-reconstruction artefacts and eukaryotic
phylogeny

Demonstration of the significant impact of tree-reconstruc-
tion artefacts on eukaryotic phylogeny, especially on the
rRNA-based one, has been an important development of
the past two years. When we first proposed at meetings in
1996 that all the lineages branching before the crown in the
rRNA tree were misplaced because of tree-reconstruction
artefacts [15], evolutionists at best were willing to accept
this notion for only a few lineages, such as microsporidia
[16,17]. In 1998, two papers published in this journal [4,18]
suggested that the early emergence of several basal lin-
eages could be caused by the long-branch attraction (LBA)
artefact [19]. This artefact is especially troublesome in the
case of eukaryotes because the very distantly related out-
group (generally Archaea), a long branch itself, attracts the
long branches of fast-evolving groups.

Several recent papers have provided evidence supporting
our 1996 claim. First, many genes used for inferring the
eukaryotic phylogeny (e.g. rRNA, actin, tubulin and elon-
gation factor 1) are highly mutationally saturated [15,20].
Furthermore, saturated genes make believe in a molecular
clock even if evolutionary rates are actually highly variable
[18]. This explains why rRNA has incorrectly been consid-
ered a good molecular chronometer [2] and why LLBA is so
difficult to detect.

Second, the evolutionary rates within different eukaryotic
phyla have been estimated for several genes and it has
been shown that the faster a phylum evolves the earlier it
emerges (for example, euglenozoans for rRNA and ciliates
for actin) [15]. This result is in agreement with our hypoth-
esis that the order of emergence is dictated by the
evolutionary rate (through the LLBA artefact) and not by
the historical pattern.

Third, the addition of new sequences in phylogenetic
analyses, which is known to reduce the impact of the LBA
artefact [18], results in an upward movement of the early-
branching species in the tree [21]. This is also congruent
with the fact that these early-branching species are, in fact,
fast-evolving ones.

Fourth, the use of more realistic models of sequence evo-
lution — known to attenuate the impact of LBA
[18] — leads, in rRNA trees, to a later emergence of
euglenozoans [22,23], microsporidia [23,24], Physarum [23],
trichomonads and heteroloboseans [25°]. This significant
improvement is obtained by modelling the rate hetero-
geneity among sequence sites with a [ law. A simpler
approach is the removal of invariant sites, which is less effi-
cient but computationally faster than the use of a I' law
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[26°]. Although existing models assume that the evolu-
tionary rate of each site is constant throughout time, this is
often not true, in agreement with the covarion model [27].
A detailed comparison of a classic rRNA tree (i.e. inferred
without taking into account rate heterogeneity) with a
revised tree, in which all the lineages that branch before
the crown have been relocated to positions supported by
other markers, also revealed the importance of the covari-
on model violation [28°°]. In fact, the revised tree is
strongly rejected by a Kishino—Hasegawa test when rate
heterogeneity is ignored (Alnl =-5.16 s.e.), still rejected
when rate heterogeneity is handled through a [ law
(Alnl, = -2.27 s.e.) but not rejected (Alnl =-1.35s.¢.)
when rate heterogeneity is taken into account and when
covarion-like sites (i.e. sites showing heterogeneous evolu-
tionary rates throughout the tree) are removed [28°°]. The
importance of covarions is also demonstrated by the corre-
lation between the number of variable sites within a
lineage and its order of emergence [29°°,30°]. The larger
the number of variable sites is (i.e. the faster evolving), the
earlier the emergence is, which is congruent with the idea
that basal emergence is caused by LBA.

Fifth, several lines of evidence — highly heterogenecous
rRNA length, large number of unique substitutions, attrac-
tion by artificial random sequences and high RASA
(relative apparent synapomorphy analysis) taxon
variance — suggested that the basal lineages of the rRNA
tree are fast-evolving [31]. However, these four phenome-
na would also be expected even if the basal rRNA tree
were correct. For instance, simulation studies demonstrate
that RASA does not differentiate long branches caused by
high evolutionary rates from long branches reflecting long
history (P Lopez, H Philippe, unpublished data).

Sixth, if a basal emergence in the rRNA tree is correct, one
expects that the slowly-evolving positions, which contain
most of the ancient phylogenetic information, will provide
strong support for the basal branching, and that the fast-
evolving positions, which contain mainly noise for ancient
events, will only weaken this support. When using the
‘Slow-Fast’ method (which allows the identification of the
slowly evolving positions and reconstructs trees from
them) [32], however, exactly the opposite phenomenon is
observed [29°°]. The basal taxa in the standard rRNA tree
do not emerge early when only slow-evolving positions are
used but display very long branches. They appear to
emerge increasingly earlier as fast-evolving positions are
added in the analysis. This study thus provides strong sup-
port for the idea that the basal emergence in the rRNA tree
is only the result of an LBA artefact. In addition, the same
phenomenon has been shown also for proteins (elongation
factor-1a and a-tubulin) [29°°]. As a result, the LLBA arte-
fact supplies a simple explanation to the contradictions
observed between phylogenies on the basis of different
markers, because the fast-evolving lineages which are arte-
factually early-branching ones are not the same for the
various markers.
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These analyses demonstrate that all basal lineages of the
rRNA tree are actually part of the crown, such as
microsporidia within fungi [24,26°,33°°]. As the crown was
already difficult to resolve because of its short internal
branches, its resolution is now even more difficult because
of the addition of new phyla (increasing the number of
nodes), often fast evolving (increasing the quantity of noise).
Therefore, phylogenies based on single genes will most
likely provide resolution for only a few clades but not for the
entire phylogeny. Moreover, specific biases (special evolu-
tionary properties of one phylum, horizontal gene transfer
etc.) lower the reliability of single-gene approaches.
Resolution of the branching orders within the enlarged
crown will most likely be achieved either first, through a
combined analysis of multiple genes in order to have a suf-
ficient number of informative positions or second, from the
analysis of structural genomic data less prone to bias — such
as gene fusion, insertion/deletion, and gene duplication.

Recent progress in the resolution of the
eukaryotic phylogeny

Several protein markers are now available for a significant
diversity of eukaryotes — for instance, actin [15,34°,35],
elongation factor 1a [20,21,34°], elongation factor 2 [36°],
enolase [37°,38], Hsp70 [30°], malate dehydrogenase
[39,40], RNA polymerase B1 [26°,41,42], TBP (‘TATA box
binding protein) [43], and tubulins [15,33°°,34°]. As
expected, in the trees derived from these markers, the
relationships between major phyla are always poorly
resolved, except for the grouping of fungi/microsporidia
(supported by EF2, RPB1 and tubulins) and of red
algae/green plants (supported by EF2). Single-gene analy-
sis appears to be more useful for determining the
phylogenetic status of morphologically enigmatic protists,
such as Reticulomyxa filosa, a giant freshwater amoeba,
within Foraminifera [35]. One notable exception could be
the emergence of trichomonads at the base of eukaryotes
derived from enolase sequences, supported by high boot-
strap values and by two small deletions of only one amino
acid each [38]. These deletions are also present in one
archacon and one bacterium [37°], however, suggesting
that this is an unstable region. Moreover, the phylogeny
based on the amino-terminal part of the enolase places the
trichomonads with eukaryotes, while the phylogeny based
on the carboxy-terminal part places them within bacteria.
This incongruent branching pattern derived from the two
parts of the protein sequence suggests that trichomonad
enolase derives from a recombination event between their
ancestral eukaryotic-type gene and a gene of bacterial ori-
gin (E Bapteste, H Philippe, unpublished data). The
source of the bacterial-type enolase could be the same as
the bacterial-type GAPDH of trichomonads [44]. This
exemplifies the weakness of the single-gene approach to
solve the eukaryotic phylogeny.

"To increase the resolving power of molecular phylogeny, the
use of larger amounts of information is necessary; however,
the simultaneous analysis of combined sequences displaying

various biases can be biased if the tree reconstruction
method is inefficient [45]. Few combined analyses have
been carried out and the results, albeit encouraging, are still
poorly resolved [28°°,30°,46°]. A fusion of four genes [34°]
has provided several robust nodes, but the phylogeny was
unrooted — making it impossible to differentiate between
early- and late-emerging groups — and included few fast-
evolving sequences, which are known to generate inference
problems. The largest fusion (13 proteins, 5171 positions)
yields a fully resolved tree [36°] but the three fastest-evolv-
ing  lineages — diplomonads,  euglenozoans  and
apicomplexans — emerge at the base, suggesting [LBA arte-
facts, all the more so that few species are used. Only two
well-supported groupings were consistently retrieved from
these analyses: the animal/fungi and the red algae/green
plants clades. Combined analysis especially requires that the
tree reconstruction method be consistent, otherwise the
longer the sequences, the stronger the bias.

What’s next?

As we have seen, the existing consensus view of eukaryot-
ic phylogeny is still far from settled for the relationships
between the major phyla, except for the alveolates and the
two clades already discussed (Figure 1). Interestingly, this
means that molecular phylogenies, despite the use of
many thousands of informative characters, do not yield a
tree much more resolved than the one generated using a
few hundred morphological characters [47]. The lack of
molecular and morphological signatures defining super-
groups is in agreement with our big-bang hypothesis [15],
which proposes that all the eukaryotic phyla emerged in a
relatively short period of time. This could explain the gen-
eralised lack of resolution of molecular phylogenies. Lack
of data and inefficient tree reconstruction methods, how-
ever, are valid alternative explanations [4,29°°] and much
more work is thus needed to evaluate the actual timespan
for eukaryotic diversification. Nevertheless, it now appears
that all extant, known eukaryotic lineages diverged in a
timespan considerably shorter than the time elapsed
since — advancing the important conclusion that no con-
temporary eukaryotic group is significantly more primitive
than the others. Therefore, the quest for ‘living relic’
eukaryotic lineages is exciting but, unfortunately, will most
likely prove fruitless. In agreement with this idea, some
late-emerging lineages have, for instance, retained mito-
chondrial genes, such as the eubacterial-type RNA
polymerase in Reclinomonas americana [46°,48] or MutS in
the coral Sarcophyron glaucum [49], which are not found in
presumed earlier-emerging lineages. Therefore, the pre-
cise knowledge of the characteristics of the common
ancestor of eukaryotes will require the in-depth analysis
and comparison of as many groups as possible and not only
of the few ones suspected to be primitive.

Progress towards the complete resolution of eukaryotic
phylogeny is necessary. The huge amounts of information
coming from complete genome and expressed sequence
tag sequencing projects will soon provide the required raw



data. As discussed above, however, analyses made with
existing phylogenetic reconstruction methods, even of
such very large data sets, will be sensitive to artefacts.
Improvement of these methods, in particular by taking
into account the covarion model, is thus essential [28°°,50].
On the other hand, the genomic data should be subjected
to exploration by different means (see [18]): first, the
analysis of all the unambiguous insertions/deletions; sec-
ond, the study of specific gene fusions, such as that of cox1
and cox2, (supporting the monophyly of mycetozoa [5]) or
of dihydrofolate reductase and thymidilate synthase genes
(suggesting an early emergence of fungi/metazoa [29°°]);
third, shared gene duplications, such as those of release
factors RFS and RF3 [51] and V-ATPase C-subunit
(E Bapteste, H Philippe, unpublished data); and fourth,
shared horizontally transferred genes [52]. For the latter,
the available evidence suggests that horizontal transfers
from bacteria to eukaryotes are more frequent than trans-
fers between eukaryotes (with no example known yet,
except for selfish elements). These known
Bacteria - Eukarya transfers appear to specially affect
metabolic genes, in particular those involved in the adap-
tation to energy production under anaerobic conditions,
which explains the mosaic distribution of genes found in
several anaerobic protists (such as Giardia, Trichomonas,
and Euntamoeba) [37°]. Obviously, these transfers may mis-
lead phylogenetic reconstruction if they remain
undetected but, on the other hand, they may help to find
inter-phyla relationships if they are characterised appropri-
ately. Anyway, on the basis of available data, even these
Bacteria » Eukarya transfers seem to be much more infre-
quent than transfers between prokaryotes.

Conclusions

Only a part of the eukaryotic rRNA-based phylogeny, albeit
inferred from a single gene with simple methods, has been
challenged by the huge amount of new data and the use of
improved methods: all the basal lineages in this tree now
emerge in the crown. This rules out the Archezoa hypothe-
sis and the hypothesis of eukaryotic diversity, being greater
than the prokaryotic one in terms of evolutionary distance.
In fact, because all extant eukaryotic lineages are derived
from a mitochondrion-bearing ancestor, their diversity is
smaller than that of a single eubacterial phylum (0-pro-
teobacteria) and is probably not much larger than that of
plants, animals and fungi. On the contrary, the third hypoth-
esis derived from the rRNA tree — a rapid diversification of
the crown taxa — has been entirely confirmed.

The new phylogenetic framework for eukaryotes derived
from the big-bang hypothesis is characterised by a long, unbro-
ken basal branch and a rapid diversification of extant lineages
(Figure 1). This implies that no actual primitive eukaryotes are
known. Although this surprising lack may merely be caused by
a bias of sampling in the study of protist diversity, an alterna-
tive explanation may be that all true primitive forms have
disappeared. Such a long, unbroken basal branch is not a
unique phenomenon because mammals, birds or angiosperms
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The ‘big bang’ hypothesis for eukaryotic evolution. Extant eukaryotic
phyla have emerged from a massive multifurcation, within which only a
few supergroups have been unambiguously recognised (alveolates,
fungi plus microsporidians plus metazoans, and red algae plus green
plants). A very long, unbroken branch separates eukaryotes from
prokaryotes. This long branch does not mean that no eukaryotic
lineages have arisen during this vast evolutionary time but they most
probably became extinct (represented by dotted lines). Putative
undetected, surviving ancient lineages are indicated by question
marks. The solid arrowhead indicates the unique primary plastid
acquisition, whereas open arrowheads indicate secondary
photosynthetic plastid acquisitions.

also display one. An important multidisciplinary research field
will be the identification of the biological or non-biological
cause for the massive extinction and massive diversification of
eukaryotes. Such a momentous extinction might have been
provoked by a key evolutionary innovation that would have
increased the adaptive fitness of the common ancestor of
modern eukaryotes, which would have displaced all the less
competitive lineages. This key innovation could have been
the same as the one that triggered the massive diversification
shown by extant lineages. An attractive candidate could be the
acquisition of mitochondria although several authors prefer to
put this event at the very beginning of eukaryotic origins.
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At any rate, the long evolutionary distance separating the last
common ancestor of extant eukaryotes from the first eukary-
ote (Figure 1) suggests that the latter organism might have
been a very different organism from the former, itself being
different from contemporary eukaryotes. In addition, as the
problem of the rooting of the universal tree of life is still
unsettled (as are the relationships between the three
domains of life) [32], the intriguing question of the origin of
eukaryotes remains widely open. This is an active and
strongly debated field, an example being that the authors of
this article advocate for entirely different hypotheses. Recent
proposals range from claims for a eukaryotic ancestor for all
life to symbiosis between archaea and bacteria forming the
primeval eukaryotes. The first are based both on the appar-
ent antiquity of some eukaryotic RNA-related molecular
mechanisms [53] and on the reinterpretation of molecular
phylogeny data in the light of the artefacts that have most
likely biased the reconstruction of universal trees [54]. The
second are hypotheses that try to account for the apparently
composite nature of eukaryotes genomes — informational
genes more similar to archaeal homologues and operational
genes more similar to bacterial homologues — by looking for
the origin of eukaryotes in metabolic symbioses between
methanogenic archaea and various kinds of bacteria [55,56].

Update

"Two recent works have provided good evidence in favor of
a clade grouping Alveolata and Heterokonta. The first [57°]
is based on the combined analysis of four genes (encoding
0- and B-tubulins, actin and EF-1a) for a large number of
species (61). The second is based on a specific gene dupli-
cation of the cytosolic GAPDH, with the corresponding
proteins being exported into the chloroplasts (NM Fast
et al., personal communication). This new super-group is
especially interesting as it most likely reduces the number
of secondary chloroplastic endosymbioses, in agreement
with a recent hypothesis of Cavalier-Smith [58].
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