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Circumscribing major eukaryote groups and resolving higher order relationships between them are among the most chal-
lenging tasks facing molecular evolutionists. Recently, evidence suggesting a new supergroup (the Excavata) comprising a
wide array of flagellates has been collected. This group consists of diplomonads, retortamonads, Carpediemonas,
heteroloboseans, Trimastix, jakobids, and Malawimonas, all of which possess a particular type of ventral feeding groove
that is proposed to be homologous. Euglenozoans, parabasalids, and oxymonads have also been associated with Excavata
as their relationships to one or more core excavate taxa were demonstrated. However, the main barrier to the general
acceptance of Excavata is that its existence is founded primarily on cytoskeletal similarities, without consistent support
from molecular phylogenetics. In gene trees, Excavata are typically not recovered together. In this paper, we present an
analysis of the phylogenetic position of oxymonads (genusMonocercomonoides) based on concatenation of eight protein
sequences (a-tubulin, b-tubulin, c-tubulin, EF-1a, EF-2, cytosolic (cyt) HSP70, HSP90, and ubiquitin) and 18S rRNA.We
demonstrate that the genes are in conflict regarding the position of oxymonads. Concatenation of a- and b-tubulin placed
oxymonads in the plant-chromist part of the tree, while the concatenation of other genes recovered a well-supported group
of Metamonada (oxymonads, diplomonads, and parabasalids) that branched weakly with euglenozoans—connecting all
four excavates included in the analyses and thus providing conditional support for the existence of Excavata.

Introduction

Reconstructing a comprehensive tree of all living or-
ganisms is the ultimate goal of molecular phylogenetics.
Work over the last few decades has often resolved the
branching pattern within major groups of eukaryotes, but
the relationships between them remain largely unresolved.
The shape of the tree suggested by small-subunit rRNA
sequences—comprising a crown and several early offshoots
(Sogin and Silberman 1998)—has been questioned follow-
ing the demonstration that the position of many of the early
branches (namely, Microsporidia, Parabasalia, and Diplo-
monadida) could be the result of the long-branch attraction
artifact which can push fast-evolving eukaryotic sequences
toward long-branch prokaryotic outgroups (Hirt et al. 1999;
Stiller andHall 1999; Philippe 2000; Dacks et al. 2002). The
questioning of the existence of early branching taxa came
hand in hand with the rejection of the archezoa hypothesis
for the origin of eukaryotes. This hypothesis posited that the
first eukaryotic lineages in the 18S rRNA tree, which do not
harbor well-defined mitochondria, were descendants of
primitively amitochondriate eukaryotes that diverged from
the main trunk of eukaryote evolution before the acquisition
of this organelle (Cavalier-Smith 1983). This view was ab-
andoned after the demonstration that the genomes of the
best-studied archezoans (microsporidians, trichomonads,
diplomonads, Entamoeba) contain genes which cluster with
mitochondrial orthologues (Clark and Roger 1995; Germot,
Philippe, and Le Guyader 1996; Horner et al. 1996; Roger
et al. 1998; Tachezy, Sánchez, and Müller 2001) and that

key species contain highly derived organelles of mitochon-
drial origin (Mai et al. 1999; Tovar, Fisher, and Clark 1999;
Williams et al. 2002; Tovar et al. 2003; Hrdy et al. 2004).

Although the early divergence of diplomonads and
parabasalids is doubtful, available molecular data do not of-
fer robustly supported alternative placements. The morpho-
logically based ‘‘excavate hypothesis’’ of Simpson and
Patterson (1999) postulates a relationship between the
diplomonads, retortamonads, Carpediemonas, heterolobo-
seans, Trimastix, jakobids (Jakoba, Reclinomonas), and
Malawimonas—the so-called ‘‘excavate taxa’’. All ‘‘exca-
vate taxa’’ possess a ventral feeding groove through which
pass one or more recurrent flagella. The hypothesis that
these structures are homologous implies that the ‘‘excavate
taxa’’ constitute either a clade or an evolutionary grade, for
review see Simpson (2003). Molecular evidence has also
suggested the affiliation of some ‘‘excavate taxa’’ to flagel-
lates without a similar groove. There are indications that
Parabasalia (which lack most if not all excavate characters)
share a common ancestor with Diplomonadida. For exam-
ple, Trichomonas and Giardia appear to have obtained
genes for glucokinase, glucosephosphate isomerase, and
two tRNA synthetase genes via horizontal gene transfer
from a common source (Henze et al. 2001; Andersson,
Sarchfield, and Roger 2004), and they are nearest neighbors
in a tree constructed from concatenated genes (Baldauf
et al. 2000; Arisue, Hasegawa, and Hashimoto 2005).
The same concatenated protein data, some 18S rRNA
analyses (Silberman et al. 2002; Cavalier-Smith 2003a;
Nikolaev et al. 2004), and the sharing of unique discoid
shape ofmitochondrial cristae argue for the existence ofDis-
cicristata (Cavalier-Smith 1998)—comprising the excavate
taxon Heterolobosea and nonexcavate Euglenozoa. Finally,
phylogenetic tree based upon 18S rRNA sequences has re-
covered a robust relationship between the excavate taxon
Trimastix and Oxymonadida (Dacks et al. 2001).
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Oxymonadida are a relatively little studied group of
anaerobic amitochondrialflagellates that liveas intestinal en-
dosymbiontsof insects andexceptionallyofvertebrates (sev-
eral species of the genusMonocercomonoides) (Brugerolle
and Lee 2000). The ultrastructure of all five families of
oxymonads is relatively well documented (Brugerolle and
Lee2000).A reinterpretation of themastigont and associated
cytoskeleton of Monocercomonides hausmani, conducted
in the light of the oxymonad-Trimastix relationship, revealed
similarities to ‘‘excavate taxa’’ including a rudimentary ven-
tral groove (Simpson et al. 2002a).Although the existence of
anoxymonad-Trimastixclade seems tobewell corroborated,
its precise position in the eukaryotic tree is unstable in pub-
lished gene phylogenies (Moriya, Ohkuma, andKudo 1998;
Dacks andRoger 1999;Dacks et al. 2001;Moriya et al. 2001;
Keeling and Leander 2003).

Cavalier-Smith (2002) combined morphological and
molecular evidence for ‘‘excavate taxa’’ and their relatives
and created the infrakingdom Excavata composed of the
‘‘excavate taxa,’’ Parabasalia, Euglenozoa, and Oxymona-
dida. The concept of Excavata is currently one of the most
disputed hypotheses concerning the early phylogeny of
eukaryotes. With the exception of weak support for the
monophyly of Excavata in two analyses of 18S rRNA
(Cavalier-Smith 2003a; Nikolaev et al. 2004), the results
of all other molecular studies favor their polyphyly (e.g.,
Dacks et al. 2001; Edgcomb et al. 2001; Simpson et al.
2002b; Arisue, Hasegawa, and Hashimoto 2005). Although
the monophyly of the entire Excavata is uncertain, several
more or less well-supported clusters of excavates can be
recognized. Besides the aforementioned Discicristata,
Trimastix-Oxymonadida, and Parabasalia-Diplomonadida
groups, it has been shown in 18S rRNA and in a- and
b-tubulin phylogenies that Retortamonadida (Silberman
et al. 2002) and Carpediemonas (Simpson et al. 2002b)
are close relatives of Diplomonadida and that Jakoba libera
branches with Reclinomonas americana (Simpson et al.
2002b) Concatenation of a- and b-tubulin, HSP90, and
cytosolic (cyt) HSP70 supported the relationship of Recli-
nomonas and Discicristata (Simpson and Roger 2004).

The Excavata is an important group for understanding
eukaryotic diversity, ecology, and evolution. It comprises
flagellates with aerobic, anaerobic, parasitic, and free-living
lifestyles. In some Excavata, no mitochondria-derived or-
ganelles have yet been identified, but in general the group
harbors a functionally and morphologically diverse range of
mitochondria and mitochondria-derived organelles, includ-
ing fully functional aerobic mitochondria, the mitochondria
of kinetoplastids with their specialized genome organization
(kinetoplast), poorly characterized double membrane-
bounded organelles in Trimastix and Carpediemonas,
hydrogenosomes in parabasalids, and a tiny mitochondrial
homologue or ‘‘mitosome’’ in Giardia. The mitochondrial
genomes of R. americana and J. libera contain the largest
number ofmitochondrial genes of any sequencedmitochon-
drial genome (Lang, Gray, and Burger 1999). The Excavata
thus have the potential to play a crucial role in understanding
the evolution of eukaryotes and themitochondrial organelle.
Whether all Excavata are monophyletic and locating their
position(s) in the eukaryotic tree are therefore important
questions.

The increase in the amount of sequence data in public
databases enables the use of more than one gene for
phylogenetic inference (Baldauf et al. 2000; Bapteste
et al. 2002; Arisue, Hasegawa, and Hashimoto 2005). This
approach increases the amount of characters, often a critical
factor for the robust inference of tree topology (Bapteste
et al. 2002). In order to establish the affiliation of the
oxymonads to other taxa, we have sequenced eight protein-
coding gene sequences and the 18S rRNA gene from the
oxymonad genusMonocercomonoides and performed phy-
logenetic analyses using an alignment of concatenated
genes (4,347 characters). We demonstrated that the genes
contain conflicting phylogenetic signals. The tests of phy-
logenetic hypotheses showed that two genes (a-, b-tubulin)
place oxymonads in the plant-chromist part of the tree, six
genes (c-tubulin, EF-1a, EF-2, cytHSP70, ubiquitin, and
18S rRNA) place oxymonads together with diplomonads
and parabasalids, and one gene (HSP90) did not differen-
tiate between these two hypotheses.

Materials and Methods
Organism

Monocercomonoides strain PA203 was isolated from
a Chinchilla laniger by J. Kulda in 1993. The agnotobiotic
culture with bacteria, but no other eukaryote, was main-
tained by serial transfer every 2–3 days in modified
Diamond TYSGM medium in 37"C with the addition of
rice starch.

Filtration

The culture was filtered to remove the majority of
bacteria before the isolation of DNA or RNA. In the first
step, large contaminants were removed by filtration through
filter paper. The filtrate, which contained the protozoa, was
then filtered through a 3-lm cutoff polycarbonate filter
(Whatman International Ltd., Maidstone, UK). Most bacte-
ria appeared in the flow-through, while the trophozoites of
Monocercomonoides remained in the medium above the fil-
ter. The suspension of trophozoites was washed by contin-
uous addition of pure medium (approximately 3 volumes of
the original culture) and finally transferred to a clean tube.
Both filtrations were accelerated by application of a partial
vacuum.

Isolation of Genomic DNA and Amplification of
18S rRNA, a-tubulin, and EF-1a Genes

Cells were lysed using 4 M guanidium isothiocyanate,
proteins were extracted once with phenol-chloroform (1:1)
and twice with chloroform, and the DNA was precipitated
with ethanol.

An 800-kb fragment of 18S rRNA gene was amplified
from genomic DNA using eukaryotic primers 5#F EUK (5#-
AYCTGGTTGATYYTGCCAG-3#) (Medlin et al. 1988)
and 577R (5#-ACCGCGGCKGCTGGC-3#). The polymer-
ase chain reaction (PCR) mixture consisted of 75 mM Tris-
HCl pH 8.8, 20 mM NH4SO4, 0.01% Tween 20, 2 mM
MgCl2, 0.25 mM deoxynucleoside triphosphate, 0.4 lM
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of each primer, 2 ng/ll bovine serum albumin, and 0.04U/ll
Taq polymerase. The temperature profile consisted of initial
denaturation at 94"Cfor 2min followedby35 cycles of 94"C
for 1 min, 60"C for 2 min, and 72"C for 3 min with a final
polymerization at 72"C for 15 min. The PCR products were
purified from the gel and sequenced. A specific primer
MspecF1 (5#-AAGGGGTGTAATGATATGTGTCC-3#)
was designed on the basis of the determined sequence.
The remaining part of the 18S rRNA gene (approximately
2,800 bp) was amplified using similar reaction conditions
(but annealing at 50"C) using one specific primer MspecF1
and the universal eukaryotic primer 3#R EUK (5#-TGATC-
CATCTGCAGGTTCACCT-3#) (Medlin et al. 1988). The
PCR products were cloned into the pCR2.1-TOPO vector
using the TOPO TA Cloning kit, and both strands were
sequenced using a gene-walking strategy. Specific primers
for the whole 18S rRNA gene were designed on the basis
of thecompletesequence(MonidesSSUF—5#-GAAGTGA-
TATGCTGTCTCAA-3#andMonidesSSUR—5#-TCACC-
TACGGAAACCTT-3#). Using these primers, the complete
18S rRNA gene was amplified, cloned, and sequenced. The
amplification conditions differed from the previously
described in the annealing temperature (50"C) and the length
of polymerization step in the cycle (2 min). Regions that
differed in their sequence among subclones were sequenced
directly from PCR products.

The a-tubulin gene was amplified from genomic DNA
usingnestedPCR.TheprimaryPCRwascarriedoutwithpri-
mers AtubA (5#-RGTNGGNAAYGCNTGYTGGGA-3#)
and AtubB (5#-CCATNCCYTCNCCNACRTACCA-3#)
(Edgcomb et al. 2001). The reaction mix was identical to
the 18S rRNA PCR, excepting that primers were at 1.2
lM. The cycle consisted of an initial denaturation (94"C
for 2 min), 35 cycles (94"C for 1 min, 45"C for 1.5 min,
and 72"C for 2 min), and final polymerization (72"C for
15min).Theproductsof theprimaryPCRwerepurifiedusing
MicroconYM-100andusedas the template for thesecondary
PCR with primers AlphatubF1 (5#-TAYTGYYWNGAR-
CAYGGNAT-3#) andAlphatubR1(5#-ACRAANGCNCG-
YTTNGMRWACAT-3#) (Moriya et al. 2001). Secondary
PCR was performed under the same conditions as the
primary PCR, only the number of cycles was reduced to
25. The PCR products were cloned into the pGEM-T
Easy Vector. Both strands of five subclones from two inde-
pendent nestedPCRwere sequencedusing the gene-walking
strategy.

The EF-1a gene was amplified from genomic DNA
using nested PCR. The procedure was similar to the am-
plification of a-tubulin. The combination of primers
was EF-1alpha55F (5#-GTNATHGGNCAYGTNGAYDS-
NGGNAA-3#) (Moriya, Ohkuma, and Kudo 1998) and
EF-1alphaR2 (5#-CKCATRTCNCGNACNGCRAANCK-
NCC-3#) for primary PCR and EF-1alpha110F (3#-CGN-
GARMGNGGNATNACNAT-5#) (Moriya, Ohkuma, and
Kudo 1998) and EF-1alpha345R (TCNCGNACNGCRAA-
YCKYCCNAGNGGNG) (Moriya, Ohkuma, and Kudo
1998) for secondary PCR. The reaction conditions were
the same as used for a-tubulin. Both strands of four sub-
clones from two independent nested PCRs were sequenced
with a gene-walking strategy. All sequencing was per-
formed on an ABI PRISM 310.

Preparation of a cDNA Library

Total RNAwas isolated from 2503 106 filtered troph-
ozoites using the single-step guanidine isolation method
(Ausubel et al. 2001). mRNA was isolated from total RNA
using the Dynabeads mRNA purification kit (DYNAL,
Wirral, UK). A cDNA library was constructed from 5 lg
ofmRNAusing thekZAP-cDNAGigapackIIIGoldCloning
Kit according to the manufacturer’s instructions (# 080012,
Stratagene, La Jolla, Calif.).

Expressed Sequence Tag Sequencing

Recombinant pBluescript SK (!) plasmids were ex-
cised from the k ZAP II cDNA library according to the
manufacturer’s instructions (Stratagene). Plasmid DNA
was extracted from 400 randomly selected clones using
the Montage Plasmid Miniprep96 Kit (Millipore, Bedford,
Mass.) and sequenced with the vector-based M13F primer.
A BlastX search was performed on the cDNA sequences
using the National Center for Biotechnology Information
database. Clones that contained the sequences of genes
suitable for molecular phylogeny (b-tubulin, c-tubulin,
cytHSP70, HSP90, EF-2, and ubiquitin) were selected,
and both strands of one clone for each gene were completely
sequenced using the gene-walking strategy.

Phylogenetic Analyses
Oxymonad 18S rRNA Phylogeny

The 18S rRNA sequences of oxymonads and Trimastix
were aligned using ClustalX (Thompson et al. 1997) and
manuallyrefined inBioEdit5.0.9(Hall1999).The18SrRNA
tree was constructed from a data set of 1,329 characters rep-
resenting 24 taxa by maximum likelihood in PAUP*4.0beta
(Swofford1998)using theTrN1 I1Cmodel recommended
by a hierarchical likelihood ratio test implemented in
Modeltest 3.06 (Posada and Crandall 1998). Five hundred
bootstrap replicates, each with 10 subreplicates of starting
tree construction by random taxa addition and tree bisec-
tion-reconnection (TBR) swapping, were performed. Boot-
strapping using distance (least squares method with LogDet
distancesandconstant sites removedfromthealignment) and
maximum parsimony methods was also performed in
PAUP*4.0beta with 1,000 replicates, each with 10 subrepli-
cates of starting tree construction by random taxa addition
and TBR swapping. Bayesian posterior probabilities under
the GTR 1 I 1 C model were obtained using MrBayes
3.0 (Ronquist and Huelsenbeck 2003) after 2,000,000
generations of four parallel MCMCs sampled every 1,000
generations after discarding the first 1,001 as burn-in.

Eukaryotic Phylogeny

Eukaryotica-tubulin,b-tubulin,c-tubulin,EF-1a, EF-2,
cytHSP70,HSP90,ubiquitin, and18SrRNAsequenceswere
downloaded from public databases. Preliminary sequence
data for HSP90 of Trichomonas vaginalis were obtained
from The Institute for Genomic Research through the Web
site http://www.tigr.org. The set of taxa was compiled such
that at least seven gene sequences were present for each
taxon. Only sequences that passed the chi-square test of
nucleotide or amino acid composition in Tree-Puzzle 5.0
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(Strimmer and vonHaeseler 1996)were used. Because of the
limited data, some higher taxa were represented by different
species for individual genes as follows: Stramenopila
(Pelvetia fastigiata, Thalassiosira weissflogii, Blastocystis
hominis, Achlya ambisexualis, Phytophthora infestans),
Rhodophyta (Porphyra purpurea, Cyanidioschyzon
merolae, Guillardia theta nucleomorph), Diplomonadida
(Giardia intestinalis, Hexamita inflata), Trichomonas
(Trichomonas vaginalis, Trichomonas tenax), Leishmania
(Leishmania donovani, Leishmania major, Leishmania
tarentolae),Trypanosoma (Trypanosoma cruzi,Trypanoso-
ma brucei), Tetrahymena (Tetrahymena pyriformis, Tetra-
hymena thermophila), Euplotes (Euplotes octocarinatus,
Euplotes eurystomus), andApicomplexa (Plasmodium falci-
parum, Toxoplasma gondii). The sequences were aligned in
BioEdit5.0.9at theaminoacid level,nucleotide sequencesof
18S rRNAgenewere aligned inClustalX.All alignments are
available as Supplementary Material online.

The analyses of all concatenates were performed using
MrBayes 3.0 (Ronquist and Huelsenbeck 2003) (missing
data coded as X). Specific models were assigned to each
gene partition (covarion JTT1 I1C for proteins and cova-
rion GTR1 I1C for nucleotides). Proportions of invariant
sites and the shape parameter for the gamma distribution
were optimized for each individual partition. Four MCMC
chains were run for 2,000,000 generations and sampled ev-
ery 1000th generation; the trees from the generations before
the chain reached the plateau of likelihood value were dis-
carded as burn-in.

Bootstrapping was performed using the concatenated
data set after the exclusion of 18S rRNA sequences because
the software cannot analyze mixed amino acid/nucleotide
data. A total of 1,000 distance bootstrap replicates were per-
formed using the Seqboot, Protdist (JTT 1 C substitution
model), Fitch (10 replicates of random taxa addition),
and Consense programs of the PHYLIP 3.6 package
(Felsenstein 1993). The 1,000 maximum parsimony boot-
strap replicates were performed using Seqboot, Protpars
(10 replicates of random taxa addition), and Consense
(majority rule extended) programs of the PHYLIP package
(Felsenstein 1993). The 100 maximum likelihood boot-
straps were performed using Seqboot, Phyml (Guindon
and Gascuel 2003) (JTT substitution model, eight gamma
rate categories with estimated a parameter, estimated pro-
portion of invariant sites), and Consense.

Likelihood Mapping

Likelihood mapping (Strimmer and vonHaeseler
1997) was performed in Tree-Puzzle 5.0 (Strimmer and
vonHaeseler 1996) using JTT 1 I 1 C model for proteins
and TrN 1 I 1 C model for 18S rRNA with parameters
estimated by the software. The taxa were divided into four
groups: (1)Monocercomonoides; (2) diplomonads, Tricho-
monas; (3) Saccharomyces, Neurospora, Caenorhabditis,
Homo; and (4) all remaining taxa.

Approximately Unbiased Test

Phylogenetic hypotheses were tested using the ap-
proximately unbiased (AU) test (Shimodaira 2002) imple-
mented in the program Consel (Shimodaira and Hasegawa

2001). For each gene, the site likelihoods for the particular
set of topologies were calculated under the appropriate
model using P4 (Foster 2004). These site likelihoods were
used as input data for Consel.

When comparing the results of different gene concat-
enates, the input file for Consel was prepared by concate-
nation of site likelihoods calculated separately for two or
three partitions of the concatenate, which enabled the use
of more specific models. The partitions were proteins
and 18S for the two larger data sets (fig. 4c and d) and single
genes for the smaller data sets (fig. 4a and b).

Results
Sequenced Genes

18S rRNA, a-tubulin, and EF-1a genes were se-
quencedfromgenomicDNAclonesandb-tubulin,c-tubulin,
EF-2,cytHSP70,HSP90,andubiquitinweresequencedfrom
cDNA library clones.

The sequenced part of the 18S rRNA gene of Mono-
cercomonoides (2,927 nt long) is among the longest known.
The exceptional length results from expansions of several
regions of the sequence (Supplementary Table, Supplemen-
tary Material online). While some expansions areMonocer-
comonoides specific, others appeared in the same parts of
the molecule in other oxymonad genera, but were substan-
tially longer in Monocercomonoides. At 11 positions, the
nucleotide sequence of theMonocercomonoides 18S rRNA
gene differed among clones. Corresponding ambiguous sig-
nal was also observed in direct sequencing of the PCR
products. All these polymorphisms were located in the ex-
panded regions and probably result from the presence of
multiple copies of the 18S rRNA gene in the genome of
Monocercomonoides.

Considerable polymorphism was also detected among
the five sequenced subclones of the a-tubulin gene. The
closest subclones differed in 28 nt (all synonymous), and
the most distant subclones differed in 78 nt (10 nonsynon-
ymous changes). This suggests that most of the differences
are real rather than Taq polymerase errors in the course of
PCR amplification. In phylogenetic analyses (not shown),
the subclones formed a single cluster with 100% bootstrap
support and very short internal branches. The sequence of
subclone 1/1 was used in all further phylogenetic analyses.

The sequences of four EF-1a subclones differed in
3–57 nt and 2–8 amino acids, and formed a single cluster
in the preliminary analyses. The sequence of subclone 2/1
was used in subsequent analyses.

For b-tubulin, c-tubulin, EF-2, cytHSP70, HSP90, and
polyubiquitin genes, one cDNA library subclone, the lon-
gest found in expressed sequence tags, was fully sequenced.
The lengths of these inserts were 1,440, 1,970, 1,674,
2,259, 2,409, and 965 nt, respectively. The transcript of
polyubiquitin contained three identical tandem copies of
ubiquitin. The obtained sequences are available under Gen-
Bank accession numbers AY831435–AY831450.

18S rRNA Phylogeny

TheMonocercomonoides 18S rRNA sequence formed
a robust cluster with the other oxymonad sequences in the
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phylogenetic tree that included representatives of all major
eukaryotic taxa (not shown). The nearest sister taxon to
oxymonads was the genus Trimastix (bootstrap support
above 80% from all methods), consistent with previous
findings (Dacks et al. 2001). The relationship of the oxy-

monads-Trimastix clade to other eukaryotic groups was un-
resolved. In the small-scale 18S rRNA phylogeny (fig. 1),
including all available full-length oxymonad sequences
and Trimastix as outgroup, Monocercomonoides and Stre-
blomastix strix constituted the most basal oxymonad
branch. The position of Monocercomonoides and the
relationships among the main oxymonad groups were gen-
erally well supported with bootstrap values ranging from
65% to 80%.

Concatenation of 18S rRNA, a-tubulin, b-tubulin,
c-tubulin, EF-1a, EF-2, cytHSP70, HSP90, and
Ubiquitin Genes

We have used all available sequence data for Mono-
cercomonoides to elucidate the relationship of oxymonads
to other eukaryotic groups. The Bayesian analysis using the
concatenated data set resulted in a single tree with posterior
probability 1 (fig. 2). In this tree, Monocercomonoides
branched with the diplomonad and Trichomonas branch.
The same placement was also recovered by the maximum
likelihood and maximum parsimony methods (bootstrap 75
and 81, respectively). However, there were indications that
some genes preferred a different topology. For example, in
the Bayesian a-tubulin gene tree (Supplementary Material
online), the diplomonad and Trichomonas lineages were re-
covered separately along with opisthokonts (animals and
fungi). This placement of diplomonad and Trichomonas
was the second most frequent among the maximum likeli-
hood bootstrap trees (16%).

We used likelihood mapping (Strimmer and von
Haeseler 1997) and theAU test (Shimodaira 2002) to examine
the preferences of each gene for each of the three possible

FIG. 1.—Bayesian tree constructed using the 18S rRNA sequences of
oxymonadswithTrimastix as out-group. The node values correspond to sta-
tisticalevaluationsofnodesupport (distancebootstrap/maximumparsimony
bootstrap/MrBayes posterior probability/maximum likelihood bootstraps).
Asterisks indicate that thenodewasnot recoveredusing a particularmethod.
The genera Dinenympha and Pyrsonympha were abbreviated to D. and P.,
respectively. The new sequence ofMonocercomonoides is in bold.

FIG. 2.—Bayesian tree constructed using the concatenate of a-tubulin, b-tubulin, c-tubulin, EF-1a, EF-2, cytHSP70, HSP90, ubiquitin, and 18S
rRNA. The node values correspond to statistical evaluations of node support (distance bootstrap/maximum parsimony bootstrap/MrBayes posterior
probabilities/maximum likelihood bootstraps). Asterisks indicate that the branch leading to a given node was not recovered using a particular method.
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relationships between the four groups of taxa: (1)Monocer-
comonoides; (2) Trichomonas, diplomonads; (3) opistho-
konts; and (4) other taxa. Figure 3 summarizes the result
of likelihood mapping analysis. In this analysis, likelihood
of a four-taxon alignment, where each taxon is drawn from
different group, is calculated under the three possible topol-

ogies. These three likelihoods determine the position of this
quartet of taxa in a triangle, where each apex represents one
topology of the four-group tree. This calculation is per-
formed for all possible quartets. The graphs in figure 3 give
for each gene the percentage of quartets that fall into each of
the seven areas of the quartet map.

FIG. 3.—Likelihood mapping analysis. Taxa were divided into four groups: (1) Monocercomonoides; (2) diplomonads, Trichomonas; (3) opistho-
konts; and (4) other eukaryotes. For all possible combinations of four taxa drawn from the four groups, likelihoods were calculated under the three possible
topologies (top). These likelihoods determine the position of a particular quartet in a triangle where each apex represents one possible topology. The
percentage of quartets that fall into the regions of the triangle is given for each gene.
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Table 1 summarizes the results of AU tests. For each
gene, we found (using MrBayes 2.0) the best topology un-
der each of the three constraints of monophyly that corre-
sponds to the topologies in figure 3: (1) monophyly of
Monocercomonoides and opisthokonts; (2) monophyly of
Monocercomonoides, diplomonads, and Trichomonas; or
(3) monophyly of opisthokonts, diplomonads, and Tricho-
monas. For each gene, the significance of the differences
between likelihoods under the three topologies was tested
using the AU test.

The results of both likelihood mapping and the AU test
showed that c-tubulin, EF-1a, EF-2, cytHSP70, ubiquitin,
and 18S rRNA genes preferred a topology in which Mono-
cercomonoides formed a group with Trichomonas and dip-
lomonads, but most genes could not reject the alternatives.
a-tubulin sequences favored a topology in which Tricho-
monas and diplomonads formed a group with opisthokonts
to the exclusion of Monocercomonoides and rejected both
alternative topologies. b-tubulin also favored this topology
in the likelihood mapping analysis, with the preference for
this topology rising to 62.5% after the exclusion of the
long-branches of fungi, rhodophytes, and Dictyostelium,
but did not reject any topology in the AU test. HSP90 se-
quences were equivocal in their support for various hypoth-
eses of relations.

In the knowledge of these conflicting preferences of in-
dividual genes, we performed phylogenetic analyses using
four concatenates: (1)a-tubulin andb-tubulin; (2)a-tubulin,
b-tubulin, and HSP90; (3) EF-1a, EF-2, c-tubulin,
cytHSP70, ubiquitin, and 18S rRNA; and (4) EF-1a, EF2, c-
tubulin, cytHSP70, ubiquitin, 18S rRNA, and HSP90.
Bayesian analyses using these concatenates found, respec-
tively, 84, 16, 6, and 1 topology with a cumulative posterior
probability of 1. The consensus trees are given in figure 4.

We used the AU test to assess whether the results based
on the four concatenates were significantly different. We
tested the significance of differences between likelihoods
of each concatenate calculated for all 107 topologies found
in the four aforementioned Bayesian analyses. The test
showed that all topologies resulting from the analysis of con-
catenates 1 and 2 were rejected by concatenates 3 and 4 and
viceversa (P"0.006).Some topologies found in theanalysis
of concatenate 1 were not rejected by concatenate 2 and vice

versa. Similarly the results based on concatenates 3 and 4
were not significantly different.

Discussion

Brugerolle (1991) and Moriya et. al (2003) suggested
a basal placement for the family Polymastigidae in the
oxymonad evolutionary tree. It was also reported that
Monocercomonoides, a representative of the family Poly-
mastigidae, shares some cytoskeletal homologies with
Trimastix, the closest relative of oxymonads (Simpson
et al. 2002a). In our tree (fig. 1), Monocercomonoides
together with Streblomastix strix forms the basal branch.
Consistent with their affinity in the tree, the 18S rRNA
sequences of both Streblomastix strix (2,406 nt) andMono-
cercomonoides (2,927 nt) are longer than other oxymonad
sequences, and some expanded regions, though different in
sequence, were shared between the two 18S rRNA genes.
On the other hand, the attachment organelle (holdfast)
and contractile axostyle of Streblomastix is similar to
Pyrsonymphidae and Oxymonadidae, while Monocerco-
monoides lacks both structures. If the 18S rRNA tree topol-
ogy is correct, these characters must either have originated
independently in Streblomastix on one side and Pyrsonym-
phidae, Oxymonadidae on the other, or they must have been
secondarily lost in Monocercomonoides.

A noncanonical genetic code was observed in Streblo-
mastix, in which the stop codons TAA and TAG encode the
amino acid glutamine (Keeling and Leander 2003). A sim-
ilar genetic code was also reported in some, but not all, spe-
cies of diplomonads (Keeling and Doolitle 1996). Such
deviations from the standard code may represent an auta-
pomorphy of Streblomastix because they have neither been
reported in other oxymonad genera nor do we observe such
modifications in Monocercomonoides.

To infer the position of oxymonads in the eukaryotic
tree,we analyzed all available data forMonocercomonoides.
The analysis of the concatenate of all genes gave a tree in
which oxymonads robustly branched with Trichomonas
and diplomonads and in which several suggested eukaryotic
supergroups were recovered (fig. 2). However, it also ap-
peared that some genes disagreed with this topology. Likeli-
hoodmapping and theAU test showed that the topologywas
supported by c-tubulin, EF-1a, EF-2, cytHSP70, ubiquitin,
and 18S rRNA genes, while a-tubulin, and to a lesser extent
b-tubulin,preferredadifferent placement forMonocercomo-
noides. TheHSP90 genewas indecisive on this issue.Unsur-
prisingly, phylogenetic analyses based on the concatenate of
a-tubulin andb-tubulin and the concatenate ofc-tubulin,EF-
1a, EF-2, cytHSP70, ubiquitin, and 18S rRNA produced
significantly different topologies (fig. 4a and c). The inclu-
sionofHSP90sequences ineitherconcatenatedidnotchange
the topology of robustly supported nodes, but it did improve
support in both cases for another contentious super-
group—the chromalveolates. The analysis of six genes plus
HSP90 (fig. 4d) produced the same topology as the analysis
based on all genes (fig. 2)with a cluster comprising the green
plants1 rhodophytes and a cluster including all the excava-
tes—Trypanosoma, Leishmania,Monocercomonoides, Tri-
chomonas, anddiplomonads.The similar outcomeof the two
analyses apparently results from the fact that, in the all-gene

Table 1
Result of AU Test

Gene\Topology 1a 2 3

a-Tubulin 0.001 4 3 10!5 Best
b-Tubulin Best 0.421 0.232
c-Tubulin 0.031 Best 0.052
EF-1a 0.045 Best 0.253
EF-2 0.260 Best 0.419
cytHSP70 0.263 Best 0.149
HSP90 Best 0.198 0.242
Ubiquitin 0.85 Best 2 3 10!5

18S rRNA 0.295 Best 0.134

NOTE.—The hypothesis, under which the likelihood is highest, is designed as

‘‘best’’. Each value represents the significance (P value) of the difference between the

maximum likelihood of individual gene alignments under particular topological hy-

pothesis compared to the best hypothesis. The hypotheses that are significantly worse

(P , 0.05) are in bold.
a The numbers of topological hypotheses correspond to figure 3.
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analysis, the signal contained in c-tubulin, EF-1a, EF-2,
cytHSP70, ubiquitin, and 18S rRNA genes was greater than
the signal from a- and b-tubulins.

It is clear that a-tubulin and b-tubulin favor a topology,
and in particular a placement for oxymonads, which is sig-
nificantly incongruent with most of the other genes. Similar
incongruence was observed by Moriya et al. (2001) on
a smaller sampling of genes (a-tubulin versus EF-1a). This
disagreement between a-, b-tubulin and other proteins and
rRNA genes was also reported by Arisue, Hasegawa, and
Hashimoto (2005), who analyzed 24 genes together.
Although we cannot determine which (if either) of these
groups of genes reflects the real evolutionary history of
the organisms, we favor the tree based upon the c-tubulin,

EF-1a, EF-2, cytHSP70, ubiquitin, 18S rRNA, and HSP90
because it contains the greatest number of functionally in-
dependent proteins and rRNA. This data set also supports
the relationship of plants and red algae, which is consistent
with other data (McFadden and van Dooren 2004), while in
the a-, b-tubulin tree, red algae form a well-supported but
probably incorrect group withDictyostelium. The incongru-
ence of the two data sets could be explained either by the
presence of tree construction artifact that obscures the result
of one of the analyses or by the fact that the evolutionary
history of gene(s) in one set differs from the history of other
genes, for example if some gene(s) had undergone horizon-
tal transfer or if there was hidden paralogy. In either case,
the two-gene analysis is more likely to be affected by these

FIG. 4.—Bayesian trees constructed on the basis of four different concatenates. The node values correspond to statistical evaluations of node support
(distance bootstrap/maximum parsimony bootstrap/MrBayes posterior probabilities/maximum likelihood bootstraps). Asterisks indicate that the branch
leading to a given node was not recovered using a particular method.
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phenomena, particularly if the two proteins, like tubulins,
are functionally dependent.

The results of the seven- and nine-gene analyses (figs. 2
and 4d) moderately support the existence of clusters of
opisthokonts, green plants 1 rhodophytes, and alveolates.
Bayesian analyses (the only analyses that included the 18S
rDNA gene and the partition-specific covarion models) also
supported the existence of the proposed supergroups
chromalveolates (Cavalier-Smith 1999) and corticates
(Cavalier-Smith 2003b) and the unikont/bikont split
(Stechmann and Cavalier-Smith 2003). The relationship of
Monocercomonoides with diplomonads and Trichomonas
supports the monophyly of the phylum Metamonada
amended by Cavalier-Smith (2003a) which comprises:
Eopharyngia (diplomonads, enteromonads, retortamonads),
Carpediemonas,Anaeromonada(oxymonadsandTrimastix),
and Parabasalia. Moreover, the maximum parsimony– and
maximum likelihood–based phylogenies suggest, albeit
rather weakly, the existence of an excavate supergroup.
The sampling of metamonads and excavates in our tree is
rather sparse, but considering multiple lines of evidence in-
dicating that retortamonads and Carpediemonas are related
todiplomonads(Silbermanetal.2002;Simpsonetal.2002b),
Trimastix to oxymonads (Dacks et al. 2001), and Heterolo-
bosea andReclinomonas toEuglenozoa (Baldauf et al. 2000;
Simpson andRoger 2004),wecan conclude that this analysis
presents robust molecular evidence for the monophyly of
Metamonada and suggests, albeit weakly, the monophyly
of at least nine excavate groups (diplomonads, parabasalids,
Heterolobosea, Reclinomonas, Euglenozoa, Trimastix,
oxymonads, retortamonads, and Carpediemonas).

Conclusions

Careful analysis of new sequence data fromMonocer-
comonoides has considerably improved our understanding
of phylogenetic relationships among oxymonads as well as
the position of oxymonads in the eukaryotic tree.Monocer-
comonoides formed the most basal branch in the oxymonad
tree together with the genus Streblomastix. We detected
some conflicting signal among genes for the position of
oxymonads. This conflict seems to originate from the a-
tubulin and less strongly b-tubulin gene sequences. After
exclusion of a- and b-tubulin, phylogenetic analyses
strongly supported the monophyly of Metamonada com-
prising oxymonads, diplomonads, and parabasalids in
our analyses. In addition, likelihood- and parsimony-based
methods recovered all the included excavates together.
Although support for these relationships was not high, it
is nevertheless some of the strongest data supporting the
excavate hypothesis. The results of our analyses demon-
strate that concatenation of data can improve the signal
for relationships and also that care is needed to investigate
possible incongruence between partitions.

Supplementary Material

SupplementaryTablewith anoverviewof the expanded
regions ofMonocercomonoides 18S rRNA, alignments, and
gene trees are available atMolecular Biology and Evolution
online (http://www.mbe.oxfordjournals.org/).
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