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Monophyly of Rhizaria and Multigene Phylogeny of Unicellular Bikonts

Fabien Burki and Jan Pawlowski
Department of Zoology and Animal Biology, University of Geneva, Geneva, Switzerland

Reconstructing a global phylogeny of eukaryotes is an ongoing challenge of molecular phylogenetics. The availability of
genomic data from a broad range of eukaryotic phyla helped in resolving the eukaryotic tree into a topology with a rather
small number of large assemblages, but the relationships between these ‘‘supergroups’’ are yet to be confirmed. Rhizaria is
the most recently recognized ‘‘supergroup,’’ but, in spite of this important position within the tree of life, their represen-
tatives are still missing in global phylogenies of eukaryotes. Here, we report the first large-scale analysis of eukaryote
phylogeny including data for 2 rhizarian species, the foraminiferan Reticulomyxa filosa and the chlorarachniophyte Bi-
gelowiella natans. Our results confirm the monophyly of Rhizaria (Foraminifera 1 Cercozoa), with very high bootstrap
supports in all analyses. The overall topology of our trees is in agreement with the current view of eukaryote phylogeny
with basal division into ‘‘unikonts’’ (Opisthokonts and Ameobozoa) and ‘‘bikonts’’ (Plantae, alveolates, stramenopiles, and
excavates). As expected, Rhizaria branch among bikonts; however, their phylogenetic position is uncertain. Depending on
the data set and the type of analysis, Rhizaria branch as sister group to either stramenopiles or excavates. Overall, the
relationships between the major groups of unicellular bikonts are poorly resolved, despite the use of 85 proteins and
the largest taxonomic sampling for this part of the tree available to date. This may be due to an acceleration of evolutionary
rates in some bikont phyla or be related to their rapid diversification in the early evolution of eukaryotes.

Introduction

Resolving the structure of the phylogenetic tree of
eukaryotes is of crucial importance for understanding the
major evolutionary steps that could possibly explain the
relationships between species. During the last 2 decades,
the advances in molecular systematics led to establishing
new monophyletic assemblages and helped in drawing the
relations between the numerous lineages recognized on
the basis of morphological and ultrastructural data. At first,
based almost exclusively on the small-subunit rRNA (SSU
rRNA) gene (Sogin et al. 1989; Sogin 1991; Kumar and
Rzhetsky 1996; Pawlowski et al. 1996; Sogin and Silberman
1998), molecular phylogenies of eukaryotes were subse-
quently tested with protein-coding genes (Yamamoto
et al. 1997; Moreira et al. 1999; Philippe et al. 2000).
Despite their important role in the early days of molecular
phylogenetics, single-gene phylogenies are now known to
be highly sensitive to variation of evolutionary rates, which
often led to false representation of early eukaryotic evolu-
tion (Stiller and Hall 1999; Morin 2000; Philippe 2000;
Philippe and Germot 2000).

Over time, the accumulation of protein sequences
from a large variety of eukaryotes has made it possible to
test single-gene phylogenies using combined data (Baldauf
et al. 2000). A new view of global phylogeny of eukaryotes
emerged from a growing number of evidence based on sev-
eral different kinds of mutually reinforcing data, such as 1)
multiple gene phylogenies (Bapteste et al. 2002; Yoon et al.
2002; Philippe et al. 2004; Hampl et al. 2005; Harper et al.
2005; Philippe et al. 2005; Rodriguez-Ezpeleta et al. 2005;
Simpson et al. 2006; Steenkamp et al. 2006), 2) individual
phylogenies converging on the same relationships (Fast
et al. 2002; Simpson, Roger, et al. 2002; Longet et al.
2004), 3) discrete characters (Baldauf and Palmer 1993;
Keeling and Palmer 2001; Stechmann and Cavalier-Smith
2002; Archibald, Longet, et al. 2003), and 4) morphological

and ultrastructural data (Simpson, Radek, et al. 2002).
Overall, the vast majority of the known diversity of eukar-
yotes seems to be distributed among only 5 to 6 major divi-
sions that are probably all monophyletic, referred to as the
plants, excavates, chromalveolates, Rhizaria (all belonging
to the assemblage of the so-called ‘‘bikonts’’) and the ‘‘uni-
konts,’’ which comprise the Opisthokonts and Amoebozoa
(Keeling et al. 2005). Identifying these natural supergroups
raised the new challenge of understanding the relationships
among them, which, for most of the eukaryotic tree, has yet
to be confirmed.

Rhizaria (Cavalier-Smith 2002) is a recently emerged
supergroup of eukaryotes enclosing organisms as diverse as
filose testate amoebae, cercomonads, chlorarachniophytes,
Foraminifera, plasmodiophorids, haplosporidians, gromiids,
and radiolarians (Adl et al. 2005). The first hints for the evo-
lutionary meaning of the group came from SSU rRNA–
based phylogenies (Bhattacharya et al. 1995; Cavalier-
Smith and Chao 1997). Rapidly, the phylum Cercozoa was
created to accommodate this new assemblage (Cavalier-
Smith 1998). Further molecular studies confirmed the het-
erogeneity of this phylum, with various protists being in-
cluded in it (Burki et al. 2002; Cavalier-Smith and Chao
2003; Polet et al. 2004). Protein data indicated a relationship
between Foraminifera and Cercozoa (Keeling 2001; Archi-
bald, Longet, et al. 2003; Longet et al. 2003), and a combined
analysis of SSU rRNA and actin confirmed their relation
with Radiolaria (Nikolaev et al. 2004). Finally, a study
of a single or double amino acid insertion in the protein
polyubiquitin suggests that Radiolaria represent the most
basal branch of Rhizaria, followed by Foraminifera and
Cercozoa (Bass et al. 2005).

Despite their now well-accepted taxonomic status, the
Rhizaria are still missing in most of the multigene phylog-
enies published to date (Bapteste et al. 2002; Philippe et al.
2004; Hampl et al. 2005; Rodriguez-Ezpeleta et al. 2005;
Steenkamp et al. 2006). Until recently, the only available
rhizarian genomic information was an expressed sequence
tag (EST) data set for the chlorarachniophyte Bigelowiella
natans, comprising about 3,500 sequences (Keeling and
Palmer 2001). Some of these sequences have been used in
studies with other purposes than exploring the phylogenetic
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position of Rhizaria (de Koning et al. 2005; Harper et al.
2005) or are even absent from the final trees because of
a suspected artifactual position (Simpson et al. 2006).

To include Rhizaria in multigene phylogenies of
eukaryotes, we have recently conducted an EST project
on the freshwater naked foraminiferan Reticulomyxa filosa,
which led to approximately 1,600 high-quality sequences
(Burki et al. forthcoming). Combining the available geno-
mic information, we assembled in this study a data set of 85
orthologous proteins for 37 eukaryotic species, including
the 2 rhizarian species R. filosa and B. natans, in order
to 1) confirm the monophyly of Rhizaria when using a large
number of protein-coding genes and 2) infer the phyloge-
netic position of this supergroup within eukaryotes.

Materials and Methods
Construction of the Alignment

Using our R. filosa ESTs as queries, we performed
BlastX searches against the UniProt protein database on
the Swiss Institute of Bioinformatics server to find suffi-
ciently conserved genes in a broad taxonomic sampling of
eukaryotes. A homemade perl script linking the Blast out-
put and the seqret program from the EMBOSS package
(http://emboss.ch.embnet.org/EMBOSSDOC/programs
/html/seqret.html) allowed us to retrieve and store in differ-
ent files (each corresponding to a different R. filosa gene) all
sequences from the database with an e-value , 10�40. This
relatively stringent cutoff was defined in order to avoid the
integration of paralogous genes. The homologous proteins
were then aligned with ClustalW (Thompson et al. 1994)
and kept for further analyses if they 1) showed a reasonable
taxonomic distribution and 2) were conserved enough
across all eukaryotes.

To increase the number of eukaryotes represented, we
downloaded all available nucleotide sequences from Gen-
Bank through the taxonomy browser at National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov)
for the stramenopiles, ciliates, alveolates, Entamoeba,
Physcomitrella, Rhodophyta, Strongylocentrotus, Schisto-
soma, Giardia, Trichomonas, Alexandrium, and B. natans.
We searched for homology between this constructed data
set and our R. filosa ESTs by performing local TBlastX
(threshold , 10�40) and added the resulting matching se-
quences to our alignments. At this point, only the genes
found either in both R. filosa and B. natans or only in R.
filosa had been retained. To increase the number of genes,
we repeated the blasting and selecting procedures using this
time the B. natans sequences as query. Overall, it resulted
in a data set of homologous aligned genes containing for
Rhizaria both R. filosa and B. natans, only R. filosa, or only
B. natans, in addition to all other eukaryotic species. Align-
ments were eye checked and refined manually with BioEdit
7.0.5 (Hall 1999), and ambiguously aligned positions were
removed with Gblocks (Castresana 2000).

Because of the limited data for certain groups and to
maximize the number of genes by taxonomic assemblage,
some higher taxa were represented by different closely re-
lated species:Paramecium, Phytophthora,Cryptosporidium,
Rhodophyta, and Theileria (for details see Supplementary

Table S1, Supplementary Material online). To decide on the
final set of genes used in this study, we checked for orthol-
ogy between all the retrieved sequences for each selected
genes by first carrying out a Neighbor-Joining (NJ) analysis
with the program PROTDIST 3.6 (Felsenstein 2004), al-
lowing us to discard very distant paralogous genes. To re-
fine our selection, we then constructed for each gene
a maximum likelihood (ML) tree using PHYML (JTT 1
F 1 C4) (Guindon and Gascuel 2003) so that we were able
to keep genes only where clear orthology between species
could be identified.

Phylogenetic Analyses

We concatenated all genes into alignments that were
analyzed with both ML and Bayesian Inference (BI). ML
analyses utilized the programs PHYML (Guindon and
Gascuel 2003) and TREEFINDER (Jobb et al. 2004). Fol-
lowing the Akaike Information Criterion (AIC) (Posada and
Buckley 2004) computed with ProtTest 1.2.6 (Abascal et al.
2005), the RtREV 1 F 1 C model allowing between-
site rate variation was chosen (calculations were done with
8 gamma categories). Coming right after according to the
AIC, the WAG model was also tested and gave the same
topologies. To estimate the robustness of the phylogenetic
inference, we used the bootstrap method (Felsenstein 1985)
with 100 pseudoreplicates generated and analyzed with
PHYML and TREEFINDER.

Bayesian analyses using the WAG 1 F 1 C4 model
were performed with the parallel version of MrBayes 3.1.2
(Ronquist and Huelsenbeck 2003). Each inference, starting
from a random tree and using 4 Metropolis-coupled
Markov Chain Monte Carlo (MCMCMC), consisted of
1,000,000 generations with sampling every 100 genera-
tions. The average standard deviation of split frequencies
was used to assess the convergence of the 2 runs. Bayesian
posterior probabilities were calculated from the majority
rule consensus of the tree sampled after the initial burn-
in period as determined by checking the convergence of
likelihood values across MCMCMC generations (corre-
sponding to roughly 20,000–50,000 generations, depend-
ing on the analysis).

In subsequent analyses, amino acid positions were
successively removed from the complete alignment (CA)
according to their substitution rates. Substitution rates at
sites were computed with the program CODEML from
the PAML package (Yang 1997), given the 15 possible
trees uniting the bikonts when alveolates, stramenopiles,
Rhizaria, and excavates are defined as a multifurcation,
and the WAG model with all parameters to be estimated
(12 gamma categories). Based on the substitution rates
expressed in number of substitution per sites, we defined
several categories of sites (i.e., going from the fastest evolv-
ing sites to slower evolving sites). Seven different align-
ments were generated, each having 1 category plus the
faster categories of sites removed (see fig. 2 for the details).

PHYML and CODEML were executed on the Vital-IT
computational facilities at the Swiss Institute of Bio-
informatics (http://www.vital-it.ch). The parallel (MPI)
MrBayes was run at the freely available University of Oslo
Bioportal (http://www.bioportal.uio.no).
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Testing Phylogenies

Phylogenetic hypotheses were tested using the approx-
imately unbiased (AU) test (Shimodaira 2002). For each
tested tree, site likelihoods were calculated using CODEML
and theAUtest wasperformed usingCONSEL(Shimodaira
and Hasegawa 2001) with default scaling and replicate
values.

Results
Sequences and Alignments

Thirty-seven eukaryotic species representing a broad
taxonomic sampling and for which a large amount of data
are available were selected. From our initial data set, we
retained 85 proteins (see Supplementary Table S2, Supple-
mentary Material online) according to the following crite-
ria: 1) at least 19 species out of the total of 37 (. 50%)
could be retrieved, 2) at least one out of the 2 rhizarian spe-
cies were present, and 3) the orthology between all species
was unambiguous on the base of ML trees. To minimize
missing data in Rhizaria, sequences were shorted by remov-
ing all sites if present neither in R. filosa nor in B. natans,
leading to a final concatenated alignment of 13,258 amino
acid positions (CA). Overall, the average missing data
across the alignment were 21% with a minimum of no miss-
ing data in Homo sapiens and Drosophila melanogaster
(0%) and a maximum in Alexandrium tamarense (79.55%)
(for a detailed list see Supplementary Table S1, Supple-
mentary Material online).

We also considered for analyses a reduced alignment
where genes not found in our R. filosa ESTs survey were
taken off, leaving 9,947 amino acid positions (R. filosa no
missing data alignment or NMDA). This has been done for
2 reasons. First, R. filosa is our organism of main interest,
thus we wanted to have an alignment without any missing
data for this species. Second, the B. natans EST data set
contains a lot of sequences encoding plastid-targeted pro-
teins with a chlorophyte green algal origin for the most part
but also with streptophyte algae, red algae, or even bacteria
origins (Archibald, Roger, et al. 2003). Although quite a
few of these ESTs have already been annotated (Archibald,
Roger, et al. 2003; Rogers et al. 2004), it was crucial to
avoid the mixture of host genes with nonannotated endo-
symbiont or laterally transferred genes. Based on separate
phylogenetic analyses for each selected gene, we were
able to discard many questionable B. natans genes (i.e.,
B. natans genes that doubtfully branched very closely to
plants), but one might still argue that some genes with only
B. natans as rhizarian species in our CA have originated
through secondary endosymbiosis or lateral gene transfer.
Thus, considering the NMDA where for every B. natans
sequence an orthologous rhizarian sequence from R. filosa
was available lead to higher confidence in our results (see
below).

Phylogenetic Position of Rhizaria

The analyses of the CA and the NMDA give trees of
generally similar structure (fig. 1 and Supplementary Ma-
terial online), congruent with global eukaryotic phylogenies
inferred in previous EST-based studies (Philippe et al.

2004). In all analyses, 3 major assemblages of species
can be distinguished. The first assemblage comprises ani-
mals, fungi, and Amoebozoa, that is, the ‘‘unikonts’’ of
Stechmann and Cavalier-Smith (2003). The second assem-
blage is composed of green plants and rhodophytes, which
form a strongly supported grouping of the primary photo-
synthetic eukaryotes (Rodriguez-Ezpeleta et al. 2005). The
third assemblage includes all other unicellular ‘‘bikonts’’
(stramenopiles, alveolates, rhizarians, and excavates).
These 3 major assemblages are strongly supported in the
analysis of the CA, but, with the exception of the MrBayes
analysis, the support is globally weaker in the case of
NMDA (Supplementary Figs. S1, S3, and S5, Supplemen-
tary Material online). Although most of the supergroups of
eukaryotes, including Rhizaria, are recovered in all analy-
ses, their relationships are not well resolved. In particular,
the assemblage of unicellular bikonts appears as an unre-
solved radiation of 4 supergroups (fig. 1).

The phylogenetic position of Rhizaria varied depend-
ing on both the type of alignment and the method of
analysis. In the ML (PHYML) analysis of the CA (Supple-
mentary Fig. S2, Supplementary Material online), Rhizaria
branch as sister group to stramenopiles, whereas in the
Bayesian analysis (Supplementary Fig. S4, Supplementary
Material online), they branch as sister group to excavates.
This last topology was also found in the ML analysis using
TREEFINDER, but in this case, the ciliates branched be-
tween Rhizaria and excavates (not shown). Both ML and
Bayesian methods show Rhizaria branching as sister group
to excavates in analysis of the NMDA, but the bootstrap
support for this and other groupings was rather weak
(Supplementary Figs. S3 and S5, Supplementary Material
online).

To better examine the position of Rhizaria, we succes-
sively removed some fast-evolving lineages, which could
potentially introduce systematic bias in our analyses, espe-
cially with analyses of large-scale data sets (Brinkmann
et al. 2005; Jeffroy et al. 2006). In particular, to avoid a
long-branch attraction (LBA) artifact (Felsenstein 1978),
we reanalyzed our data in absence of excavates or ciliates,
which appeared particularly unstable in our analyses. These
modifications of species composition had different impacts
on the rhizarian position, depending on both the alignment
studied and the method used. After removing both Giardia
and Trichomonas, or all excavates at the same time, the
topology of the CA tree remained unchanged (see Supple-
mentary Fig. S2, Supplementary Material online), whereas
the NMDA topology was drastically changed as the rela-
tionship between Rhizaria and stramenopiles was recovered
(data not shown). When ciliates were removed, Rhizaria
branched as sister group to excavates in ML analyses of
both complete and NMDA. Finally, because R. filosa has
a slightly longer branch than B. natans (see fig. 1), we tested
whether B. natans alone prefers the excavate or the strame-
nopile position by reconstructing a TREEFINDER tree (not
shown). Interestingly, it branched as sister to stramenopiles
preventing us to rule out the possibility that the relationship
between Rhizaria and excavates is due to the rapid evolu-
tionary rates of foraminifers.

This observed instability could indicate the presence
in the data of 2 opposite signals of similar strength (a
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phylogenetic and a nonphylogenetic signal) that prevent
phylogenetic methods from finding the true evolutionary tree
(N. Rodriguez-Ezpeleta and H. Philippe, personal commu-
nication). One way to eliminate the nonphylogenetic signal
and extract the true evolutionary information is the removal
of potentially saturated fast-evolving sites. To do this, we
divided the fastest evolving amino acid positions in the
CA in different categories according to their evolutionary
rates and inferred ML trees based on alignments successively
shortened by removing a class of sites. Figure 2 (A, B, C, and
D) shows the 4 different topologies we obtained and their
occurrence (fig. 2E). As one can notice, the relationships
were very dependent on both the alignment and the method.
PHYML gave a mixture of topologies B and C, whereas
TREEFINDER mostly found topology D but also found to-
pology B when the 5 fastest categories were removed. Based
on these comparisons, one cannot obviously decide in favor
of a particular topology as no clear pattern appears.

Additionally, to assess a confidence level for the
comparison of the topologies, we performed the AU test,
which is considered as the least-biased and most rigorous
test available to date (Shimodaira 2002). Precisely, the
only 4 different topologies obtained during this study
(i.e., topologies in fig. 2) were tested, given CA, NMDA,
and the 7 alignments resulting from the removal of class of
sites. The rows 2 to 5 of table 1 corresponds to the com-
parison of the 4 trees given CA and shows that no topology
can be rejected although topology D is just above the limit
at the significance level of 0.05. Focusing on NMDA, the
AU test significantly rejects topologies B and D (rows 6–9
of table 1), keeping only solutions where Rhizaria are
directly related to excavates. As we go further down, the
rest of the results in table 1 means that all topologies passed
the test (no rejection), except topology D, which is either
discarded with the shortest alignments or just above the
rejection limit.
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replicates were done (bootstrap support are represented by the numbers at nodes), and the unresolved nodes correspond to relationships recovered
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Discussion

Our data bring a new multigenic evidence for the close
evolutionary relationships between Foraminifera and Cer-

cozoa. The branching of the foraminiferan R. filosa and the

chlorarachniophyte B. natans receives strong bootstrap

support in all our analyses. Besides, these 2 species branch

together in all different topologies we obtained (fig. 2). The

relationships between these 2 phyla were previously sug-

gested based on analyses of actin (Keeling 2001; Flakowski

et al. 2005), polyubiquitin (Archibald, Longet, et al. 2003;

Bass et al. 2005), RNA polymerase (Longet et al. 2003), and

SSU rRNA gene (Berney and Pawlowski 2003; Cavalier-

Smith and Chao 2003). With more than 80 analyzed genes,

our study strongly confirms these single-gene analyses,

providing a compelling evidence for the monophyly of

Rhizaria. However, as this supergroup is very heterogenous

(Adl et al. 2005), the phylogenetic position of other putative

rhizarians, especially the polycystine and acantharian radio-
larians, should still be confirmed by multigene data.

Although the monophyly of Rhizaria (Cercozoa 1
Foraminifera) was ascertained by our data, their phylogenetic
position in the eukaryotic tree remains questionable. Two
concurrent hypotheses on the relationships between Rhizaria
and other eukaryotes were brought by our analyses, pre-
venting us from a univocal conclusion. According to the first
hypothesis, Rhizaria are sister group to excavates. There are
several lines of evidence supporting this hypothesis: 1) all
phylogenetic reconstruction methods used in this study show
this association when an alignment with for R. filosa is ana-
lyzed; 2) if ciliates are removed from the taxa sampling, this
union is also recovered with the alignment of the complete
data set; 3) topology comparisons never reject trees where
Rhizaria are specifically related to excavates and they are
always the best plausible trees examined. Finally, this rela-
tionship has been previously suggested based on the presence
of secondary symbiosis with green algae in some excavates

Table 1
Likelihood AU Test of Alternative Tree Topologies

Alignments/Tree Topologies D Ln La AU Test

Complet (CA)/Rhiz. sister to exc. chromal. (fig. 2A) 50.5 0.147
Complet (CA)/Rhiz. sister to stram. (fig. 2B) 14.6 0.412
Complet (CA)/Rhiz. sister to exc. (fig. 2C) �14.6 0.802
Complet (CA)/Rhiz. sister to ciliates 1 exc. (fig. 2D) 69.9 0.051

No missing data R. filosa (NMDA)/Rhiz. sister to exc. chromal. (fig. 2A) �15.5 0.702
No missing data R. filosa (NMDA)/Rhiz. sister to stram. (fig. 2B) 63.2 0.028
No missing data R. filosa (NMDA)/Rhiz. sister to exc. (fig. 2C) 15.5 0.438
No missing data R. filosa (NMDA)/Rhiz. sister to ciliates 1 exc. (fig. 2D) 71.1 0.044

Without 3.80/Rhiz. sister to exc. chromal. (fig. 2A) 42.4 0.183
Without 3.80/Rhiz. sister to stram. (fig. 2B) 15.8 0.386
Without 3.80/Rhiz. sister to exc. (fig. 2C) �15.8 0.816
Without 3.80/Rhiz. sister to ciliates 1 exc. (fig. 2D) 71.4 0.052

Without 3.70/Rhiz. sister to exc. chromal. (fig. 2A) 67.6 0.227
Without 3.70/Rhiz. sister to stram. (fig. 2B) 18.1 0.360
Without 3.70/Rhiz. sister to exc. (fig. 2C) �18.1 0.821
Without 3.70/Rhiz. sister to ciliates 1 exc. (fig. 2D) 37.6 0.063

Without 3.60/Rhiz. sister to exc. chromal. (fig. 2A) 50.7 0.138
Without 3.60/Rhiz. sister to stram. (fig. 2B) 11.2 0.420
Without 3.60/Rhiz. sister to exc. (fig. 2C) �11.2 0.793
Without 3.60/Rhiz. sister to ciliates 1 exc. (fig. 2D) 69.2 0.057

Without 3.50/Rhiz. sister to exc. chromal. (fig. 2A) 52.5 0.117
Without 3.50/Rhiz. sister to stram. (fig. 2B) 14.7 0.401
Without 3.50/Rhiz. sister to exc. (fig. 2C) �14.7 0.805
Without 3.50/Rhiz. sister to ciliates 1 exc. (fig. 2D) 74.7 0.036

Without 3.40/Rhiz. sister to exc. chromal. (fig. 2A) 57.0 0.093
Without 3.40/Rhiz. sister to stram. (fig. 2B) 15.5 0.374
Without 3.40/Rhiz. sister to exc. (fig. 2C) �15.5 0.818
Without 3.40/Rhiz. sister to ciliates 1 exc. (fig. 2D) 76.8 0.040

Without 3.30/Rhiz. sister to exc. chromal. (fig. 2A) 58.1 0.104
Without 3.30/Rhiz. sister to stram. (fig. 2B) 12.5 0.409
Without 3.30/Rhiz. sister to exc. (fig. 2C) �12.5 0.775
Without 3.30/Rhiz. sister to ciliates 1 exc. (fig. 2D) 80.1 0.022

Without 3.20/Rhiz. sister to exc. chromal. (fig. 2A) 60.3 0.095
Without 3.20/Rhiz. sister to stram. (fig. 2B) 14.5 0.372
Without 3.20/Rhiz. sister to exc. (fig. 2C) �14.5 0.794
Without 3.20/Rhiz. sister to ciliates 1 exc. (fig. 2D) 84.1 0.023

NOTE.—Underlined numbers correspond to the significant P values of the rejected topologies. Abbreviations are as follows:

Rhiz. 5 Rhizaria; exc. 5 excavates; chromal. 5 chromalveolates; stram. 5 stramenopiles.
a Log likelihood difference.
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(Euglena) and some rhizarians (chlorarachniophytes) and is
known as the cabozoan hypothesis (Cavalier-Smith 1999).

More unexpected is the second hypothesis suggesting
that Rhizaria are sister group to stramenopiles. The branch-
ing of Rhizaria and stramenopiles is shown by many of ML
analyses (fig. 2) and none of these trees can be statistically
rejected (table 1). Moreover, Rhizaria also branch with
stramenopiles when fast-evolving excavate sequences are
removed as well as when the less divergent B. natans se-
quence in isolation is kept. If this configuration turns out to
be correct with additional evidence such as discrete charac-
ters or phylogenomic analyses of other less rapidly evolv-
ing rhizarians, it would have important implications on the
chromalveolates hypothesis (Harper et al. 2005). This hy-
pothesis is based, among others, on a specific model of plas-
tid evolution suggesting that both stramenopiles and
alveolates (with the exception of ciliates) have a plastid de-
rived from a single endosymbiotic event with a red algae in
their common ancestor (Cavalier-Smith 1999; Harper et al.
2005). A putative sister relationship between Rhizaria and
stramenopiles would complicate the situation suggesting
that either stramenopiles have acquired their secondary
plastid in an independent event of endosymbiosis or the
single engulfment of a red algae occurred in a very early
stage of chromalveolates evolution and the resulting plastid
was secondarily lost in certain lineages, such as ciliates
and Rhizaria. Although such a scenario is certainly less par-
simonious than the chromalveolates or cabozoan hypo-
theses, none of them are actually strongly supported by
multigenic data.

The uncertainty concerning the phylogenetic position
of Rhizaria reflects the general difficulties in resolving the
phylogeny in this part of the eukaryotic tree. Except for
plants, whose position seems to be well established, the
relations between all other groups of bikonts remained un-
resolved. This is not surprising given that even the analyses
of larger data sets, with more than 100 proteins, failed to
properly resolve the phylogeny of bikonts (Bapteste et al.
2002). For example, chromalveolates were strongly sup-
ported in multigene phylogenies only when no other unicel-
lular bikonts were present in the analyses (Rodriguez-
Ezpeleta et al. 2005) and other phylogenetic analyses
provided only mixed support for this plastid-based view
of eukaryotic relationships (Yoon et al. 2002, 2004). De-
spite this lack of clear support, the union of chromalveolate
taxa has been potentially confirmed by the existence of a
gene replacement in which the cytosolic GAPDH gene
was duplicated and retargeted to the plastid uniquely in
these taxa (Fast et al. 2001; Harper and Keeling 2003). Nev-
ertheless, none of these studies was directly concerned by
the overall phylogeny of bikonts, which resulted in a rela-
tively limited taxon sampling of unicellular bikonts and
a lack of detailed analysis of their relationships. By adding
Rhizaria and all available sequence data on stramenopiles,
alveolates, and excavates, we included in our analyses all
major bikont phyla, except haptophytes, cryptophytes, and
centrohelids. However, even with such exhaustive sam-
pling, we were unable to resolve the relationships between
these taxa.

The obvious question is why multigene analyses can-
not reliably resolve the phylogeny of unicellular bikonts? It

has been proposed that this lack of resolution observed in
other EST-based phylogenies is due to the mutational sat-
uration, phylogenetic incongruence, or rapid diversification
(Philippe et al. 2004). Indeed, it has been demonstrated by
single-gene phylogenies that some excavates (Philippe et al.
2000), foraminifers (Pawlowski et al. 1996), and ciliates
(Philippe and Adoutte 1998) can evolve exceptionally rap-
idly, and it cannot be excluded that most part of these
genomes show accelerate rates of evolution. In our trees,
this is particularly well illustrated by the case of ciliates
(Tetrahymena 1 Paramecium). Although there are several
evidences that ciliates share a common ancestor with api-
complexans and dinoflagellates (Cavalier-Smith 1993; Fast
et al. 2002; Leander and Keeling 2003, 2004), in our anal-
yses, they often branch as sister group to excavates
(fig. 2D), but this branching is systematically rejected by
the AU test, suggesting an artifactual position.

The accelerated rates of evolution in some unicellular
bikonts, which potentially erase the phylogenetic signal, are
probably the main source of problems when inferring their
evolutionary relationships. However, other possible causes
cannot be discarded. One of them could be the rapid
diversification of eukaryotes, suggested by some authors
(Cavalier-Smith 2002). In fact, the lack of resolution in
early animal phylogeny compared with the well-resolved
phylogeny of fungi (observed also in our data, see fig. 1)
has been interpreted as an indirect evidence for Cambrian
explosion (Rokas et al. 2005). However, it is not clear why
such rapid diversification would occur in the unicellular
bikonts but not in other eukaryotes. Alternatively, it may
be that the position of the root for the eukaryotic tree be-
tween unikonts and bikonts, principally based on a single
genomic fusion (Stechmann and Cavalier-Smith 2002), is
not correct. Some authors indeed suggest that this root
could rather be on the branch leading to Opisthokonts or
to the common ancestor of diplomonads/parabasalids
(Arisue et al. 2005). If this is true, then the unicellular
bikonts would be paraphyletic and their phylogeny will
be particularly difficult to resolve.

To conclude, resolving the phylogeny of bikonts will
probably require several additional efforts. As illustrated by
our study, the addition of new higher-level taxa, such as
Rhizaria, is not sufficient but may help to solidify the rela-
tionships within particular supergroups. It is doubtful
whether better resolution can be achieved only by increas-
ing the number of analyzed genes (more EST or whole-
genome data). In fact, the analysis of selected slowly evolv-
ing genes may be more informative than the analysis of
large databases, as it has been shown in case of chromal-
veolates (Harper et al. 2005). Also, searching for new
genomic signatures may be an essential complement to
multigene analyses. Finally, proper rooting of the eukary-
otic tree will be crucial for an accurate interpretation of the
relationships between unicellular bikonts and a better un-
derstanding of the deep phylogeny of eukarytotes.

Supplementary Material

Supplementary Tables S1 and S2 and Figures S1, S2,
S3, S4, and S5 are available at Molecular Biology and Evo-
lution online (http://www.mbe.oxfordjournals.org/).
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