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Abstract. Amoeboid protists are major targets of
recent molecular phylogeny in connection with
reconstruction of global phylogeny of eukaryotes as
well as the search for the root of eukaryotes. The
Centrohelida are one of the major groups of
Heliozoa, classified in the Actinopodida, whose evo-
lutionary position is not well understood. To clarify
the relationships between the Centrohelida and other
eukaryotes, we sequenced SSU rRNA, a-tubulin, and
b-tubulin genes from a centroheliozoan protist,
Raphidiophrys contractilis. The SSU rRNA phylog-
eny showed that the Centrohelida are not closely re-
lated to other heliozoan groups, Actinophryida,
Desmothoracida, or Taxopodida. Maximum likeli-
hood analyses of the combined phylogeny using a
concatenate model for an a- + b-tubulin + actin
data set, and a separate model for SSU rRNA, a- and
b-tubulin, and actin gene data sets revealed the best
tree, in which the Centrohelida have a closer rela-
tionship to Rhodophyta than to other major
eukaryotic groups. However, both weighted
Shimodaira–Hasegawa and approximately unbiased
tests for the concatenate protein phylogeny did not
reject alternative trees in which Centrohelida were
constrained to be sisters to the Amoebozoa. More-
over, alternative trees in which Centrohelida were
placed at the node branching before and after
Amoebozoa or Viridiplantae were not rejected by the
WSH tests. These results narrowed the possibilities
for the position of Centrohelida to a sister to the
Rhodophyta, to the Amoebozoa, or to an indepen-

dent branch between the branchings of Amoebozoa
and Rhodophyta (or possibly Plantae) at the basal
position within the bikonts clade in the eukaryotic
tree.
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Introduction

Single-gene analyses such as of SSU rDNA, actin,
and b-tubulin, intensively performed for the last
decade or so, have demonstrated the monophyly of
major groups of eukaryotes, though evolutionary and
phylogenetic relationships among many of these
groups were unresolved. This circumstance was gen-
erally interpreted as the consequence of the Big Bang
radiation of eukaryotes collectively called crown
eukaryotes (e.g., Knoll 1992). However, recent phy-
logenetic analyses of combined multiple gene data
have begun, with certain confidence, to clarify the
eukaryote phylogeny by resolving relationships
among major groups of the crown and have demon-
strated the existence of several supergroups in which
any eukaryote can be placed. For example,
phylogenies based on combined mitochondrial genes
(Burger et al. 1999) or nuclear genes (Moreira et al.
2000) supported that the Rhodophyta and Viridi-
plantae are sister groups; the Euglenozoa and
Heterolobosea form a clade in combined analyses of
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EF-1a, actin, and a- and b-tubulin (Baldauf et al.
2000); the Alveolata and stramenopiles have close
relationships with weak support in Baldauf et al.’s
(2000) analysis and with clear support in the com-
bined phylogeny of eight genes including rRNAs
(Arisue et al. 2002b); phylogenetic analyses of five
plastid genes suggested the monophyly of plastids of
the Chromista, a taxon comprising the Cryptophyta,
Haptophyta, and photosynthetic stramenopiles orig-
inally defined by sharing four-membrane-bounded
chloroplasts with ribosomes on the outermost mem-
brane (Yoon et al. 2002); and combined phylogeny of
22 proteins demonstrated that the Diplomonadida
and Parabasalia shared a common ancestor in the
rooted eukaryotic tree (Arisue et al. 2005).

Amoeboid protists are the protistan assemblage for
which the taxonomy and phylogenetic view have
changed most drastically. In the last couple of years,
molecular data have been reported for representatives
of themajor groups of the protozoan taxon Sarcodina,
even though the number of data are still insufficient.
The Sarcodina have now collapsed and split into
eukaryotic supergroups such as Amoebozoa, Het-
erolobosea, Rhizaria, stramenopiles, and Opi-
sthokonta. These amoeboid protists are probably the
most important targets of recent phylogenetic studies,
because they are of significance in search for the root of
global eukaryotic tree. Many recent studies have sug-
gested that accurate positioning of very diverse
amoeboid protists would lead us to a comprehensive
understanding of eukaryotic phylogeny (Stechmann
and Cavalier-Smith 2002, 2003; Arisue et al. 2005).

Amoeboid protists having pseudopodia used for
locomotion and food capture were assembled in the
Sarcodina Schmarda 1871 (Levine et al. 1980) and
classified into two groups, those possessing lobose or
filose pseudopodia (the Rhizopoda) and those pos-
sessing radiating axopodia stiffened by a bundle of
axonemal microtubules (the Actinopoda). In recent
molecular phylogenetic studies, polyphyly of these
amoeboid protists has become evident, and many
have been split and placed into several supergroups.
A phylogenetic analysis of combined data of SSU
and LSU rRNAs, EF-1a, and EF-2 revealed that
amitochondrial amoebozoan protists Mastigamoeba
and Entamoeba are closely related to Mycetozoa
(Arisue et al. 2002a), and a combined data set of over
100 genes demonstrated the monophyly of Conosa
(Bapteste et al. 2002). An assemblage comprising of
the cellular slime molds, pelobionts, and entamoebids
(Cavalier-Smith 1998), all of which are placed in a
supergroup, the Amoebozoa, possibly positioned
near the root of eukaryotes (Stechmann and
Cavalier-Smith 2002, 2003). Fahrni et al. (2003),
based on actin and SSU rRNA phylogenies, sug-
gested the monophyly of Amoebozoa as a supergroup
including lobose amoebae, Archamoebae, and My-

cetozoa. On the other hand, actin, SSU rRNA, or
RPB1 phylogeny revealed that the Foraminifera, a
huge group of Rhizopoda that are of ecological and
paleontological importance, are close relatives of the
Cercozoa, another supergroup recognized by molec-
ular analyses (Keeling 2001; Berney and Pawlowski
2003; Longet et al. 2003).

The Actinopoda have been traditionally divided
on morphological basis into the Radiolaria and
Heliozoa. Radiolaria are classified into three groups,
Acantharea, Polycystinea, and Phaeodarea (Haeckel
1887), and they have a skeleton composed of silica or
strontium sulfate and a central capsule (Lee et al.
2000). The central capsule separates endoplasm con-
taining organelles such as nucleus (or nuclei) and
mitochondria from frothy ectoplasm. The Heliozoa
are distinguished from Radiolaria by lacking central
capsules and intricate skeletal elements, and some
heliozoan groups produce a lorica and stalk, scales,
and spines (Febvre-Chevalier 1990). They are very
diverse and morphologically classified into four
orders: Actinophryida, Centrohelida, Desmothoraci-
da, and Gymnosphaerida (Mikrjukov et al. 2000).
Sticholonche zanclea, a unique amoeboid protist
possessing mobile axopodia for rowing, has some-
times been classified into the Heliozoa and treated as
a sole member of the fifth order, Taxopodida
(Febvre-Chevalier 1990). Phylogeny of the Actino-
poda has progressed in the last few years, and the
members of Actinopoda are now phylogenetically
distinct. Phylogenetic analyses of SSU rRNA gene
sequences of radiolarian Acantharea and Polycysti-
nea using environmental SSU rRNA data showed
their monophyly (López-Garcı́a et al. 2002), while the
Phaeodarea is placed separately from the other two
radiolarians in the tree (Polet et al. 2004). Recent
phylogenetic analyses of heliozoan groups demon-
strated probably accurate positioning of major
groups of the Heliozoa into different supergroups,
i.e., the Actinophryida fall within the stramenopiles
with a posterior probability (PP) of 1.0 for SSU
rRNA and actin genes and a bootstrap proportion
(BP) of 71% and 98% for each of the genes, Des-
mothoracida branch among Cercozoa with a PP of
1.0 and a BP of 94% for the SSU rRNA gene, and
Taxopodida branch between the radiolarian
Acantharea and Polycystinea with a PP of 1.0 and a
BP of 80% for the SSU rRNA gene; the two heli-
ozoans form a larger clade, Rhizaria, with
Radiolaria, Cercozoa, and Foraminifera, with a PP
of 1.0 for both genes (Nikolaev et al. 2004). Cilioph-
rys and Pteridomonas, traditionally classified into the
Actinophryida, are heterotrophic members of the
Dyctiochophyceae and belong to the stramenopiles
(Sekiguchi et al. 2002), and a Dimorpha-like strain, an
organism sometimes placed in the Heliozoa, falls
within the Cercozoa (Cavalier-Smith and Chao
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2003b). The first SSU rRNA data were also recently
reported from the Centrohelida and show that the
Centrohelida are sisters to Haptophyta (distance
trees) or to the apusozoan Ancyromonas (quartet-
puzzling tree) as a low-supported group (Cavalier-
Smith and Chao 2003a). In the Bayesian analyses, the
SSU rRNA data weakly support the clade consisting
of the Centrohelida and Cryptophyta + Glauco-
phyta (PP, 0.67; BP, <50%) and the actin data show
that the Centrohelida have no relationship to any
member of the eukaryotes (Nikolaev et al. 2004).
These analyses indicate that the Centrohelida form an
independent lineage in the eukaryotic tree.

The discovery of fused genes encoding dihydro-
folate reductase (DHFR) and thymidylate synthase
(TS) distributed in a wide range of eukaryotes sug-
gested the existence of a very large clade that com-
prises all eukaryotes except the Amoebozoa and
Opisthokonta (Stechmann and Cavalier-Smith 2002).
This clade is designated bikonts after their possible
biflagellate ancestral state. It is suggested that any
eukaryote could be classified in one of these three
clades. More importantly, if the DHFR-TS gene fu-
sion is really a derived character, it suggests that the
possible position of the root of eukaryotic tree lies
between the bikonts and the Opithokonta, in which
DHFR and TS genes are encoded by separate genes
(Stechmann and Cavalier-Smith 2002).

The position of Amoebozoa is still argued in the
scope of search for the root (Simpson and Roger
2002; Stechmann and Cavalier-Smith 2002, 2003;
Baldauf 2003). The gene fusion has not been found
in Amoebozoa; instead, the separate DHFR and
TS genes were found in the lobosean amoeba
Hartmannella cantabrigiensis (Stechmann and Cava-
lier-Smith 2003). Stechmann and Cavalier-Smith
(2002) showed that the centrohelid Chlamydaster
sterni also has the gene fusion, and they belong to the
bikonts. For rooting the eukaryotic tree and under-
standing the early diversification of eukaryotes, it is
very important to clarify the position of these very
diverse amoeboid protists. The Centrohelida are one
of the protistan amoebae whose phylogenetic posi-
tion is not convincingly resolved (Cavalier-Smith
2004). They are not closely related to any other
eukaryotes in individual SSU rRNA or actin phy-
logeny and Bayesian consensus trees of the two genes
(Cavalier-Smith and Chao 2003a; Nikolaev et al.
2004), indicating that the SSU rRNA and actin data
sets currently available do not contain enough phy-
logenetic signal for resolving the position of Centro-
helida.

In this study, we sequenced SSU rRNA, a-tubulin,
and b-tubulin of the centroheliozoan Raphidiophrys
contractilis and performed combined maximum like-
lihood (ML) analyses of these genes using the ‘‘con-
catenate’’ and the ‘‘separate’’ models for the

estimation of branch lengths (Pupko et al. 2002).
Combined ML analyses using both models revealed
the best tree in which the Centrohelida have a closer
relationship to the Rhodophyta than to any other
eukaryotic groups. However, statistical comparison
of the alternative trees by the weighted Shimodaira–
Hasegawa (WSH) and approximately unbiased (AU)
tests also suggested the possibility that the Centro-
helida are closely related to Amoebozoa, or located
between the divergences of Amoebozoa and Rhodo-
phyta (or possibly Plantae), and thus were placed at
the basal position within the bikonts clade.

Materials and Methods

PCR Amplication and Sequencing

The centroheliozoan R. contractilis was cultured monoxenically as

described by Sakaguchi et al. (2001). Genomic DNA was extracted

with chloroform:isoamyl alcohol (24:1) after cell lysis and precip-

itated with sodium acetate, isopropanol, and ethanol. SSU rRNA

genes were amplified with primers previously designed by

Nakayama et al. (1996), and a- and b-tubulin genes were amplified
with primers as described by Edgcomb et al. (2001) and Leander et

al. (2003). All amplifications of SSU rRNA and tubulin genes

consisted of 30 cycles at a denaturing temperature of 94�C for 1

min, an annealing temperature of 50�C for 1 min, and an extension

temperature of 72�C for 1 min. PCR products were purified using

the Geneclean Kit (BIO101) and were used for direct sequencing

using the DYEnamic ET Terminator Cycle Sequencing Kit

(Amersham Biosciences). Some PCR products were cloned into

pGEM T-easy vector (Promega). Bidirectional sequencing was

carried out on an automated ABI-310 sequencer. The new se-

quences of R. contractilis were deposited in GenBank as follows:

SSU rRNA (AB196984), a-tubulin (AB196985), and b-tubulin
(AB196986).

Alignments and Phylogenetic Analyses

The SSU rRNA sequence alignment was adjusted manually, taking

into account the secondary structure information obtained from

the rRNA database (http:// www.psb.ugent.be/rRNA/) (Wuyts

et al. 2004). Some eukaryotic groups such as Diplomonadida and

Parabasalia were excluded from the data set in order to avoid

possible violation of the analysis affected by LBA. A total of 1251

unambiguously aligned positions from 60-OTU were used for

phylogenetic analysis (the alignment is available from M.S. upon

request). The ML analyses were performed by DNAML using

PHYLIP version 3.6a (Felsenstein 2002), employing the HKY85

model of substitution (Hasegawa et al. 1985) with global rear-

rangements and one-jumble options. An among-site rate variation

was modeled on a G distribution with eight rate categories. The G-
shape parameter (a) estimated by PAML version 3.1 (Yang 1997)

was 0.373.

The concatenate a- + b-tubulin and the tubulins + actin

amino acid sequence data were aligned by eye (the alignments are

available from M.S. upon request). The complete alignments con-

tained 31 taxa and 771 sites and 28 taxa and 1028 sites, respectively,

and were used for combined analysis with the concatenate model.

Glaucophyta was excluded from concatenate protein data sets,

because the a-tubulin sequence of Cyanophora paradoxa is much

shorter than that of other eukaryotic groups. In order to increase

the OTU number of representative eukaryotic groups, three com-
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posite taxa, ‘‘Cercomonas’’ (a-tubulin from Cercomonas sp.

ATCC50319 and b-tubulin from Cercomonas sp. ATCC50316),

‘‘Leishmania’’ (a-tubulin from Leishmania donovani and b-tubulin
from Leishmania mexicana), and ‘‘stramenopile (Phaeophyceae)’’

(a-tubulin from Pelvetia fastigiata and b-tubulin from Ectocarpus

variabilis), were included in the alignment of tubulins, and five

composite taxa, ‘‘Cercomonas’’ (tubulins composite data and actin

from Cercomonas sp. ATCC50317), ‘‘Leishmania’’ (tubulins com-

posite data and actin from Leishmania major), ‘‘stramenopile’’

(tubulins composite data and actin from Fucus distichus),

‘‘Bangiophyceae’’ (tubulins from Cyanidium caldarium and actin

from Porphyra yezoensis), and ‘‘Raphidiophrys’’ (tubulins from

Raphidiophrys contractilis and actin from Raphidiophrys ambigua),

were included in the tubulins + actin sequence data set. The amino

acid composition of each protein data set was analyzed using

TREE-PUZZLE version 5.2, and there was no statistically signif-

icant compositional bias for any species analyzed. ML analyses

were performed with PROML in PHYLIP, using the JTT-F sub-

stitution matrix (Jones et al. 1992) and assuming homogeneous site

rates. Based on the best trees, the G-shape parameters (a) were
estimated by the use of PAML for the tubulins and tubulins +

actin data sets. These values were 0.777 and 0.748, respectively.

Then using these a values, the PROML analyses employing the

JTT-F + G model (among-site rate variation model with eight rate

categories) were performed with the global rearrangements and the

one-jumble options.

In the neighbor-joining (NJ) analyses of SSU rRNA and the

concatenate protein data, distance matrices were calculated using

DNADIST and PROTDIST in PHYLIP, based, respectively, on

the HKY85 and JTT-F models with rate variation among sites

allowed. The NJ trees were reconstructed from the distances using

NEIGHBOR in PHYLIP. In the maximum parsimony (MP)

analyses, the MP trees were searched by DNAPARS and

PROTPARS in PHYLIP.

Support values for NJ, ML, and MP trees were obtained by

bootstrapping (100 replicates for ML trees and 1000 replicates for

NJ and MP trees) using SEQBOOT and CONSENSE in PHYLIP.

In the bootstrap analyses of SSU rRNA, the global rearrangements

option was employed and the input order was jumbled once.

Alternative topologies were compared using the WSH (Shimodaira

and Hasegawa 1999) and AU (Shimodaira 2002) tests with the

program CONSEL (Shimodaira and Hasegawa 2001).

In addition to the combined analyses using the concatenate

model, we performed the combined analysis of the four genes, SSU

rRNA, a-tubulin, b-tubulin, and actin, based on the separate

model. We computed log-likelihood values of 10,395 trees for eight

eukaryotic groups (Amoebozoa, Cercozoa, Cryptomonada,

Rhodophyta, Viridiplantae, Euglenozoa, Alveolata + strameno-

piles, and Centrohelida) and summed the likelihood values of these

genes for each tree, selecting the best tree with the highest log-

likelihood value in total. The relationship among each eukaryotic

group for each gene was constrained in advance according to the

best tree of the ML analysis for each gene. Constraints were made

based also on the generally accepted findings of the eukaryotic

phylogeny (Table 1).

Results

SSU rRNA Phylogeny

The best tree of the ML analysis presented in an
unrooted format is shown in Fig. 1. All major
eukaryotic groups were recovered in the tree, except
for the Alveolata. Euglenozoa appeared as sisters to
Plasmodium falciparum, probably because of an
artifact by extremely fast rate of evolution. Cercozoa,
Radiolaria, and two groups of heliozoans (Desmo-
thoracida and Taxopodida) formed the clade
Rhizaria, and Rhizaria themselves were placed as
sisters to the stramenopiles clade. Raphidiophrys
contractilis branched within the Centrohelida clade,
and their monophyly was supported with 95–100%
BP support. The unclassified centroheliozoan ‘‘mar-
ine microheliozoan TCS-2002’’ was weakly associ-
ated with the Rhodophyta rather than with the
Centrohelida. However, the monophyly of the marine
microheliozoan TCS-2002 with the Centrohelida was
also very likely at either of the two different positions
of the backbone tree. The Centrohelida branched as a
sister group to the Glaucophyta and Cryptomonada,
and they formed a clade with the Rhodophyta and
Viridiplantae. However, no significant BP support
was obtained for the branching order of these groups.

To evaluate the significance of the position of the
Centrohelida, it was moved to possible branching

Table 1. Eight eukaryotic groups used for 10,395 possible constrained SSU rRNA trees

Amoebozoa

((Physarum, Dictyostelium), ((Leptomyxa, Hartmannella), (Entamoeba, Mastigamoeba)))

Centrohelida

(Heterophrys, Chlamydaster, (Raphidiophrys contractilis, Raphidiophrys ambigua))

Rhodophyta

(Porphyra, nucleomorph of Hanusia, (Cyanidium, Cyanidioschyzon))

Viridiplantae

((Chlorella, Chlamydomonas), (Zea, Arabidopsis))

Cercozoa

(Cercomonas, Dimorpha-like sp., Chlorarachnion, (Hedriocystis, Clathrulina))

Cryptomonada

(Goniomonas, (Guillardia, Hanusia))

Euglenozoa

(Euglena, (Trypanosoma, Crithidia))

Alveolata + stramenopiles

((Tetrahymena, (Prorocentrum, (Cryptosporidium, (Toxoplasma, Plasmodium)))), (Phytophthora, (Pteridomonas, Fucus,

Skeletonema, Actinosphaerium))
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positions in the backbone tree in Fig. 1. WSH and
AU tests were used for excluding alternative trees, the
log-likelihoods of which are significantly different
from that of the best tree (Fig. 2). The WSH tests
rejected the trees in which Centrohelida were sisters
to Actinophryida (node 20; p < 0.001), to
Desmothoracida (node 21; p < 0.001), or to Tax-
opodida (node 22; p < 0.001), while other alter-
natives were not significantly different from the best
tree. The AU tests further rejected (p < 0.05) the
trees in which Centrohelida were constrained as sis-
ters to Viridiplantae (node 3), Cercozoa + Des-
mothoracida (node 7), Taxopodida + Radiolaria
(node 8), Apusozoa (node 10), Opisthokonta (node
12), or other heliozoan groups (nodes 20–22). Other
alternative trees in which Centrohelida were placed at
the nodes branching before and after Apusozoa were
also rejected by AU tests (nodes 13 and 14; p< 0.05).

a- + b-Tubulin Phylogeny with the Concatenate
Model

In the a- + b-tubulin phylogeny (Fig. 3A), most of
the major groups were recovered in agreement with
other combined tubulin phylogenies (Edgcomb et al.

2001; Simpson et al. 2002). Diplomonadida and
Parabasalia were placed between Opisthokonta and
Amoebozoa, demonstrating the typical feature of the
tubulin phylogeny (Arisue et al. 2005). Centrohelida
(R. contractilis) branched together with the
Rhodophyta (Cyanidiales) with 71–83% BP support
in different phylogenetic methods. Although the po-
sition of Amoebozoa in the eukaryote tree is still
ambiguous, the clade of Centrohelida + Rhodophyta
was positioned basally within the bikonts clade.

Comparison among alternative treeswas performed
by WSH and AU tests (Fig. 3B). Only two trees were
not rejected by theAU test (p>0.05): the tree in which
Centrohelida were constrained to be sisters to
Amoebozoa (node 4) and the tree in which Centro-
helida branched with stramenopile composite +
Cryptomonada (node 21). However, in the WSH test,
trees in which Centrohelida were constrained as sisters
to Amoebozoa (node 4), Cercozoa (node 5), Crypto-
monada (node 9), or Viridiplantae (node 10) were not
rejected (p > 0.05), while other trees in which Cen-
trohelida were placed at the nodes branching before or
after Amoebozoa (nodes 14 and 15), branching after
Alveolata (node 18), or united with Jakobids + Eug-
lenozoa (node 19), with stramenopile composite +

Fig. 1. Unrooted tree based on SSU rRNA sequences from 60
eukaryotes inferred from a ML analysis using 1251 unambiguously
aligned positions. Numbers at internal nodes represent BP support
values of ML, NJ, and MP analyses after 100 replicates, respec-
tively. Tick nodes indicate that support values of three analyses are

all 100%. Dashes indicate values under 50%, and support values
that are all under 50% are omitted. NJ and MP analyses did not
reveal the same topology as the best tree. The scale bars indicate a
distance of 0.05 and 0.1 substitutions per sites, respectively.
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Fig. 2. Unrooted tree based on SSU rRNA sequences and the
comparison of alternative topologies by WSH and AU tests. A The
SSU rRNA ML tree as shown in Fig. 1. Circles indicate the
alternative branching positions of Centrohelida as shown in B. The
numbers in the white circles indicate the sister relationships be-
tween Centrohelida and other eukaryotic groups, and others within
the gray circles indicate the relocation of Centrohelida to the
internal branching positions. The scale bars indicate a distance of

0.05 and 0.1 substitution per sites, respectively. B Comparison of
alternative topologies for the relationship between Centrohelida
and other eukaryotic groups. Dli indicates log-likelihood differences
of alternative topologies from that of the best ML tree (A). p-values
of the WSH and AU tests were estimated by CONSEL (Shimodaira
and Hasegawa 2001). Topologies rejected by each test at the *5%
and **1% levels, respectively.



Fig. 3. Unrooted tree based on concatenate a-tubulin + b-
tubulin amino acid sequences and comparison of alternative
topologies by WSH and AU tests. A Unrooted tree based on
concatenate a-tubulin + b-tubulin amino acid sequences from 31
representatives of eukaryotes inferred from a ML analysis using
771 unambiguously aligned positions. Numbers at internal nodes
represent BP support values of ML, NJ, and MP analyses after 100
replicates, respectively. Tick nodes indicate that support values of
three analyses are all 100%. Dashes indicate values under 50%, and
support values that are all under 50% are omitted. NJ and MP
analyses did not reveal the same topology as the best tree. Circles
indicate the alternative branching positions of Centrohelida as

shown in B. The numbers in the white circles indicate the sister
relationships between Centrohelida and other eukaryotic groups,
and others within the gray circles indicate the relocation of Cen-
trohelida to the internal branching positions. The scale bar indi-
cates a distance of 1 substitution per site. B Comparison of
alternative topologies for the relationship between Centrohelida
and other eukaryotic groups. Dli indicates log-likelihood differences
of alternative topologies from that of the best ML tree (A). p-values
of the WSH and AU tests were estimated by CONSEL (Shimodaira
and Hasegawa 2001). Topologies rejected by each test at the *5%
and **1% levels, respectively.

771



Cryptomonada + Viridiplantae (node 20), or with
stramenopile composite + Cryptomonada (node 21)
were not rejected either (p> 0.05).

Tubulins + Actin Phylogeny with the Concatenate
Model

In the tubulins + actin tree (Fig. 4A), the
Centrohelida (Raphidiophrys composite) and Rho-
dophyta formed a clade with 61–88% BP support.

The alternative tree in which the Centrohelida
were sisters to Amoebozoa (node 3) was not rejected,
while all other trees were rejected by AU test (p
< 0.05) (Fig. 4B). However, by WSH tests, alterna-
tive trees in which the Centrohelida were sisters to
Amoebozoa (node 3) or Viridiplantae (node 6) were
not rejected (p > 0.05), and other trees in which the
Centrohelida were placed at the node branching be-
fore or after Amoebozoa (nodes 11 and 12) or
Viridiplantae (nodes 16 and 17) were not rejected
either (p > 0.05).

Combined SSU rRNA and Protein Phylogeny with the
Separate Model

To further evaluate the phylogenetic position of the
Centrohelida among eukaryotes, the combined anal-
ysis of the SSU rRNA, a-tubulin, b-tubulin, and actin
genes was performed with the separate model. Because
of the limitation of our computational facility, Opi-
sthokonta and Parabasalia + Diplomonadida were
excluded from the analysis. The best tree
was (Amoebozoa, (Centrohelida, Rhodophyta),
((Alveolata + stramenopiles, Cercozoa), (Cryptomo-
nada, (Viridiplantae, Euglenozoa)))), again suggesting
the relationship between the Centrohelida and the
Rhodophyta as shown in the concatenate protein
phylogeny (Fig. 4A). However, the branching order of
other major eukaryotic groups was unclear.

Discussion

Molecular phylogenetic analyses performed for the
last couple of years have succeeded in placing various
amoeboid protists in the global eukaryotic tree. For
some amoeboid members, however, previous studies
have failed to point to their accurate phylogenetic
positions. The centroheliozoan protists are one of
these. Probably, these protists are deep branches of
eukaryotes, and available data did not provide
information to resolve their position within the global
tree. In this study, in order to obtain more reliable
views on the phylogenetic position of the centrohe-
liozoa and their relationships with other groups of
eukaryotes, we sequenced SSU rRNA, a-tubulin, and
b-tubulin genes of R. contractilis and performed de-

tailed phylogenetic analyses on the basis of these
genes and the actin gene of other species of the same
genus, Raphidiophrys ambigua. These trials provided
better answers for the above-mentioned questions on
the centroheliozoa.

The best tree of the ML analysis for SSU rRNA
indicated a sister relationship between the
Centrohelida and the Glaucophyta + Cryptomonada
cluster, though its BP support was weak. This rela-
tionship was also suggested in the SSU rRNA tree by
Nikolaev et al. (2004). In our tree, moreover, these
three eukaryotic groups branched with the
Rhodophyta, and the common ancestor of these
groups was located as sisters to Viridiplantae, form-
ing a large clade, though, once again, their BP sup-
port was weak. All members of this clade have flat
mitochondrial cristae, and both Rhodophyta and
Centrohelida completely lack flagella. At present,
phylogenetic relationships among major eukaryotic
groups including these have not been resolved in SSU
rRNA analysis but should be gauged by adding more
gene sequences as suggested by Nikolaev et al. (2004).

The microheliozoan TCS-2002, deposited in Gen-
Bank by the name of unclassifiedCentrohelida, did not
branch with the Centrohelida in the best tree but
appeared as a sister group of the Rhodophyta.
Cavalier-Smith andChao (2003a)mentioned, basedon
preliminary ultrastructural examination, that this mi-
croheliozoan is not a centrohelid. If more detailed
morphological analyses show that this protist is actu-
ally a centrohelid or closely related to Centrohelida,
the node 2 in Fig. 2B with monophyly of the Centro-
helida and themicroheliozoamight bemore likely than
the best tree. The log-likelihood difference between
these two trees was only 3.5, and the difference was not
significant. The tree (node 2 in Fig. 2B) is reconciled
with the combined protein trees which reconstruct the
monophyly of the Centrohelida with Rhophyta. The
SSU rRNA phylogeny supported the fact that the
Centrohelida is not closely related to other heliozoans,
being congruent with morphological data (Febvre-
Chevalier 1990) and the previous SSU rRNA tree
(Nikolaev et al. 2004). This study also supports the fact
that axopodia possess an analogous structure resulting
from convergent evolution.

Combined analyses of three different combinations
of the genes, tubulins, tubulins + actin, and tubulins
+ actin + SSU rRNA, consistently suggested that
Centrohelida are likely the sisters of the Rhodophyta.
However, on the other hand, the alternative trees
were not significantly rejected in the combined pro-
tein phylogenies (Figs. 3 and 4). The Rhodophyta
have no flagella and possess flattened mitochondrial
cristae like Centrohelida. The Amoebozoa, other
possible sisters to Centrohelida shown by AU tests in
Fig. 4B, use pseudopodia to move and engulf prey,
but they have mitochondria with tubular cristae.
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Though there are few common ultrastructural fea-
tures among these eukaryotic groups, comparison of
these trees with respective p-values suggested with
some confidence that the Centrohelida could be

positioned to a deeply branched sister of the
Rhodophyta or the Amoebozoa, or to an indepen-
dent branch between the branchings of Amoebozoa
and Rhodophyta.

Fig. 4. Unrooted tree based on concatenate tubulins + actin
amino acid sequences and comparison of alternative topologies by
WSH and AU tests. A Unrooted tree based on concatenate a-
tubulin + b-tubulin + actin amino acid sequences from 28 rep-
resentatives of eukaryotes inferred from a ML analysis using 1028
unambiguously aligned positions. Numbers at internal nodes rep-
resent BP support values of ML, NJ, and MP analyses after 100
replicates, respectively. Tick nodes indicate that support values of
three analyses are all 100%. Dashes indicate values under 50%, and
support values that are all under 50% are omitted. NJ and MP
analyses did not reveal the same topology as the best tree. Circles
indicate the alternative branching positions of Centrohelida as

shown in B. The numbers in the white circles indicate the sister
relationships between Centrohelida and other eukaryotic groups,
and others within the gray circles indicate the relocation of Cen-
trohelida to the internal branching positions. The scale bar indi-
cates a distance of 1 substitution per site. B Comparison of
alternative topologies for the relationship between Centrohelida
and other eukaryotic groups. Dli indicates log-likelihood differences
of alternative topologies from that of the best ML tree (A). p-values
of the WSH and AU tests were estimated by CONSEL (Shimodaira
and Hasegawa 2001). Topologies rejected by each test at the *5%
and **1% levels, respectively.

773



The monophyly of Rhodophyta and Viridiplantae
has been established by using concatenate mitochon-
drial gene (Burger et al. 1999) and nuclear gene
(Moreira et al. 2000) data sets. In contrast, Nozaki
et al. (2003) have shown by analysis of concatenate
protein data sets that theRhodophyta are placed at the
basal position within the bikonts and do not form a
monophyletic group with the Viridiplantae. Their
conclusion was based mainly on the data set including
EF1a, a- and b-tubulin, and actin. Also, in our phy-
logenetic analyses of concatenate tubulin and actin
sequences, the monophyly of the Rhodophyta and
Viridiplantae was not reconstructed in the best tree.
However, some constrained trees in which the Cen-
trohelida + Rhodophyta cluster is a sister to Viridi-
plantae and the clade is located at the base of bikonts
were not rejected by WSH tests (p > 0.05), and AU
tests also did not reject (p>0.05) the constrained trees
when the clade uniting the Centrohelida + Rhodo-
phyta and Viridiplantae was located at the position
that is different from the earliest branch of the bikonts
clade (data not shown). These results might be caused
by the weak signal that unites Rhodophyta with
Viridiplantae as suggested by mitochondrial and other
nuclear genes (Burger et al. 1999; Moreira et al. 2000).

Some eukaryotes lacking flagella or those being
temporarily flagellated such as Fungi, Amoebozoa,
and Rhodophyta have highly divergent tubulin genes.
Branches of the tubulin trees in these groups are
sometimes very long so that the groups seem to be
affected by long branch attraction (LBA) artifacts. As
our protein trees show that the Centrohelida, also
with a long branch, are sisters to Rhodophyta, we
cannot exclude the possibility that the sister relation-
ship between them was caused by LBA effects. How-
ever, the ML tree excluding Dictyostelium and
Rhodophyta, both with long branches, revealed that
the Centrohelida were not attracted to the Parabasalia
+ Diplomonadida clade with long branches but were
located at the sisters to Physarum (data not shown).
The branch length of Physarum is much shorter than
those of Dictyostelium and Rhodophyta. Therefore, if
Centrohelida were correctly located at the second
most likely position, the sisters to the Amoebozoa, in
the absence of Rhodophyta, then we could exclude the
possibility that Centrohelida was randomly attracted
to be located at other long branches in an artificial
fashion. As there are few nuclear gene data for Rho-
dophyta at present, we have analyzed the tubulin and
actin phylogeny using the Bangiophyceae (Cyanidi-
ales and Porphyra) as representatives of the Rhodo-
phyta. If the sequences of other red algae that
represent short branches become available, we can
reexamine the relationship between the Centrohelida
and the Rhodophyta more precisely.

Though the position of Amoebozoa is obscure at
present, it has been argued that the possible position

of the root of eukaryotic tree lies between the
Opisthokonta and the bikonts based on multiple-gene
analyses (Arisue et al. 2005) and the distribution of
fused DHFR-TS genes in the bikonts (Simpson and
Roger 2002; Stechmann and Cavalier-Smith 2002,
2003; Baldauf 2003). Stechmann and Cavalier-Smith
(2002) reported DHFR-TS gene fusion in the
Centrohelida. It is likely that the Centrohelida
branched after Amoebozoa in the eukaryotic tree and
are placed at the basal position within the bikonts
clade. It is also likely that the Rhodophyta (or pos-
sibly Plantae) branched after the Centrohelida, as
Centrohelida may have some relationship to the
Rhodophyta and Viridiplantae.

In our concatenate protein phylogenies, some
eukaryotic groups such as Haptophyta and Rhizaria
(excluding Cercozoa) were not included due to the
lack of their protein sequence data. As mentioned by
Cavalier-Smith and Chao (2003a), Ancyromonas, a
member of Apusozoa, has mitochondria with flat
cristae and kinetocysts like Centrohelida. Though the
sister relationship between the Centrohelida and the
Apusozoa was not supported in the SSU rRNA tree,
we cannot exclude the possible relationship between
the two groups because of sharing ultrastructural
features. More molecular data will be needed from
the Centrohelida and other eukaryotes to resolve the
branching order and clarify the precise evolutionary
position of the Centrohelida in the big picture of
eukaryote phylogeny.
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