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Abstract. Opalinids are enigmatic endosymbiotic
protists principally found in the large intestine of
anuran amphibians. They are multinucleates and
uniformly covered with numerous flagella (or cilia).
Their appearance is somewhat similar to that of cil-
iates, leading to opalinid’s initial classification as cil-
iates, or later as protociliates. However, on the basis
of their monomorphic nuclei, absence of a ciliate-like
life cycle characterized by conjugation, and an inter-
kinetal fission mode, opalinids were subsequently
transferred in the zooflagellates. As several common
ultrastructural characteristics shared with proter-
omonads were elucidated, in particular of the flagel-
lar base, such as their double-stranded flagellar helix,
an alliance with proteromonads was widely accepted.
Thus, opalinids are currently favored to be placed in
the class Opalinea, within the heterokont kingdom
Chromista. However, the question of their classifi-
cation has not been fully resolved, because of a lack
of molecular information. Here, we report their
phylogenetic position inferred from 18S rDNA, and
o- and B-tubulin gene sequences. The 18S rDNA tree
gives the opalinids an ancestral position in hetero-
konts, together with proteromonads, as suggested by
the morphological studies. In great contrast, a- and
B-tubulin gene analyses suggest an affiliation of
opalinids to alveolates, not to heterokonts. However,
the AU test implies that opalinids are not closely
related with any of other three phyla in the alveolates,
suggesting an occupation of an ancestral position
within the alveolates. Based on the present molecular
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information, in particular rDNA phylogeny, and the
ultrastructural character of the double helix common
to heterokonts, we conclude that opalinids would
have a common origin with heterokonts, although
analyses based on two tubulin genes do not as yet
completely deny a possible placement outside het-
erokonts. The ambiguity of the evolutionary position
shown by the discrepancy between rDNA and tubulin
genes phylogenies might reflect an early emergence of
opalinids in ancestral chromalveolates, and an ex-
treme specialization during a lengthy history of par-
asitism, as suggested by a long branch in the rDNA
tree.
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— Chromalveolates — 18S rDNA — Tubulin genes
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Introduction

Since the discovery of the opalinids by Antony van
Leeuwenhoek in 1683, their morphology, physiology,
life cycle, taxonomy, etc., have been investigated in
some detail (for reviews, see Wessenberg 1978; Cor-
liss 1990). They are known only as endosymbionts
that inhabit the large intestine of anuran amphibians
or the rectum of poikilothermic vertebrates. The
opalinids were previously classified into four genera,
Opalina, Cepedea, Zelleriella, and Protoopalina,
based on the shape of the cell body in cross-section
(round or flat) and the number of nuclei (few or
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numerous)(Wessenberg 1961), and are presently
classified into five genera by adding a fifth genus,
Protozelleriella (Delvinquier and Patterson 1989,
2002). The classification of species is somewhat
ambiguous, as opalinids undergo marked changes in
both form and size during their complicated life cycle.
Although hundreds of species have been reported
(Metcalf 1923), it is not clear that they truly represent
distinct species.

The opalinids have long been controversial with
respect to their systematic position among the pro-
tists. In the first half of the 20th century, the
opalinids were regarded as protists belonging to the
astomatous (no cytostome) ciliates because of their
superficial similarities with the ciliates (Calkins
1933). Indeed, their cell surface is uniformly covered
with flagella (or cilia), which they use for swimming
like the ciliates, but they have multiple monomor-
phic nuclei. Opalinids retain undifferentiated multi-
ple diploid nuclei, whereas extant ciliates have
dimorphic nuclei with a highly differentiated somatic
polyploid macronucleus and germinal diploid
micronucleus. Based on this plesiomorphy, the
opalinids were given the status ‘‘protociliates”
against ‘“‘euciliates” (Metcalf 1918), as the mono-
morphic nuclei were suggested to be an ancestral
state of ciliates. Metcalf further asserted that opali-
nids possess differentiated macro- and micro-chro-
mosomes in their nuclei, which were presumed to
correspond to primitive macro- and micronuclei.
However, this was refuted by later observations that
the suggested macrochromosomes are actually
nucleoli (Chen 1948).

By the mid-20th century, the view that the opali-
nids were protociliates was abandoned. Corliss (1955)
and Honigberg et al. (1964) recognized certain simi-
larities between opalinids and flagellates, including
the presence of monomorphic nuclei, interkinetal
(longitudinal or symmetrigenic) fission (vs. perkin-
etal, transverse, or homothetogenic in ciliates), and
sexual reproduction by complete fusion of anisoga-
metes (vs. conjugation by transient fusion of isoga-
metes in ciliates). These properties strongly suggested
that opalinids are more closely related to other
groups of protozoans rather than to the ciliates, and
the opalinids were proposed to have independently
acquired a few ciliate-like characteristics by virtue of
convergent evolution (Corliss 1955). As a result, the
opalinids were included in zoomastigotes or some-
times designated an independent phylum (Honigberg
et al. 1964; Sandon 1976; Wessenberg 1978; Corliss
1982, 1990). In particular, similarities of opalinids
with the proteromonad flagellates based on several
ultrastructural characters of the flagellar base have
been extensively investigated (Patterson 1985, 1989).
Based on the inclusion of the proteromonads within
heterokonts inferred from rDNA phylogeny, there is

presently a general agreement that opalinids should
be classified as heterokonts in the kingdom Chromi-
sta, in particular since opalinids have a transitional
helix structure, which is a common character grouped
the heterokonts (Cavalier-Smith 1998). Irrespective
of these morphological traits shared with proter-
omonads, it is true that opalinids not only retain a
similar body plan with that of ciliates, but also share
an ultrastructural synapomorphy with ciliates: dou-
ble-stranded ciliary necklace (Bardele 1981). To
clarify the phylogenetic position of opalinids,
molecular information has been required, but
unfortunately so far no information on the molecular
biology of opalinids is available, because of the dif-
ficulties associated with in vitro cultivation and
preparation of large numbers of these organisms.

In this study, we demonstrate phylogenetic
analyses of opalinids (Opalina, Cepedea and
Protoopalina) deduced from rDNA, and o- and B-
tubulin gene sequences. As presently accepted, 18S
rDNA analysis gave opalinids an ancestral position
in heterokonts, implying an early divergence from
heterokonts. By contrast, phylogenetic analysis of o-
and B-tubulin genes showed a relatively close affinity
of the opalinids with the alveolates rather than with
heterokonts. Based on these results, we reevaluate the
phylogenetic status of opalinids. We also mention a
utility of a short segment of rDNA containing
opalinid-specific insertion for identifying species or
genera.

Materials and Methods

Isolation of Opalinid Cells and DNA Extraction

Opalinids, Opalina sp., Cepedea sp., and Protoopalina japonica
used in these experiments were isolated from frogs collected from
various areas around Kanazawa, Ishikawa Prefecture, Japan. The
isolated opalinids’ genera, the areas from which they were iso-
lated, and their host species are listed in Table 1. Representative
species belonging to three genera, Opalina, Cepedea, and Pro-
toopalina are shown in Fig. 1. Isolates belonging to the genus
Opalina were obtained from three different frog species, Hyla
Japonica, Rhacophorus schlegelii, and R. arboreus. In all cases,
each isolate consisted of an identical population of opalinids.
Isolates belonging to the genus Cepedea were obtained only from
the host Rana rugosa, and P. japonica was obtained only from the
host Rana nigromaculata.

The host’s rectum may include several different organisms, such
as flagellates, ciliates, nematodes, and plants, as well as undigested
meal remnants, such as insect wings. To avoid contamination by
such materials, cells were isolated using the following method. The
host was anesthetized with chloroform and the surface of the frog
disinfected with 70% ethanol. Cells were collected from the intes-
tine of the host and suspended in salt solution (80 mA NaCl, 3.6
mM KCl, 1.1 mM MgSO, 0.049 mM KH,PO4 0.049 mM
NaHCOj; and 0.12 mM CaCl,) as described previously (Wessen-
berg 1961; Hanamura and Endoh 2001). Individual opalinid cell
was transferred nine times in fresh buffer solution in a depression
slide using micropipette and other biological materials were re-
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Opalinids Host species Place captured

Form Gene (s) analyzed Accession No.

Opalina sp. 1 Rhacophorus schlegelii  Nakayama

Opalina sp. 2 Hyla japonica Kamiaraya
Opalina sp. 3 Rhacophorus arboreus  Utatsu
Opalina sp. 4 Hyla japonica Higashihara
Cepedea sp. 1 Rana rugosa Utatsu

Cepedea sp. 2 Rana rugosa Iwozen (river)

Protoopalina japonica 1 Rana nigromaculata Higashihara

Protoopalina japonica 2 Rana nigromaculata Iwozen (pond)

Protoopalina japonica 3 ~ Rana nigromaculata Iwozen

(rice field spot 1)

Protoopalina japonica 4  Rana nigromaculata Iwozen

Scalene triangle B-Tubulin AB105334
18S rDNA (short) AB105341
18S rDNA (short) AB105342

18S rDNA (short) AB105343

Ovoid with a projection
Remarkably flat, caudate

Ovoid, caudate B-Tubulin AB105335
Very thick at its central part 18S rDNA (short) AB105344
Very thick at its central part o-Tubulin AB105333

18S rDNA (short) AB105345
Four nuclei B-Tubulin AB105336

Shell-like structure 18S rDNA (short) AB105447
18S rDNA (long) AB175929
Four nuclei 18S rDNA (short) AB105338
Shell-like structure
Four nuclei

Shell-like structure

Four nuclei

18S rDNA (short) ABI105339

18S rDNA (short) AB105340

(rice field spot 2) Shell-like structure

Note. All Opalina species retain several scores of nuclei, whereas Protoopalina japonica has four nuclei.

Fig. 1. Representatives of typical opalinids belonging to three
different genera. A Opalina sp. B Cepedea sp. C Protoopalina
Jjaponica. Cells were stained with DAPI. The scale bar indicates 100
um. Opalina and Cepedea have many nuclei, while Protoopalina
Jjaponica has four nuclei. Cell shape in cross section of Opalina is

moved. By this procedure, contamination can be avoided, unless
the opalinids carried endosymbionts. Total DNA for PCR was
extracted from the 10 washed cells according to the standard
method, and then precipitated in ethanol with 2 pl of Pellet Paint
Co-Precipitant (Novagen). DNA obtained in this way was divided
in two aliquots, which were used as a template for each PCR
reaction.

Amplification, Cloning, and Sequencing

To amplify opalinid DNA, we designed degenerate primers corre-
sponding to o- and B-tubulin genes and 18S ribosomal RNA genes,
based on the sequences of several protists, including kinetoplastids,
alveolates, and heterokonts.

The primers used in this study were 18S rDNA (reverse, 5'-
CTGGTTGATCCTGCCAGTW-3’; forward, 5-TTCCGTCAAT
TCCTTTAA-3"; expected fragment size, ~1300 bp); 18S rDNA
short fragment (reverse, 5~AACAGGTCTGTGATGCCC-3’; for-
ward, 5-TTTGTACACACCGCCCGT-3’; expected fragment size,
~260 bp, corresponding to the 3’ terminal region of the gene); a-
tubulin (reverse, 5-CACCSACRTACCAGTGSACGAA-3" for-
ward, 5-GAYCBGCBAACAACTWCGC-3"; expected fragment
size, ~900 bp); and B-tubulin (reverse, 5’-CARTGYGGYAACC
ARATYGG-3; forward, 5-TCCATYTCGTCCATRCCYTC-3;
expected fragment size, ~1200 bp).

Bar=100pm

flat with nuclei arranged on the same plane, while that of Cepedea
and Protoopalina is relatively round with nuclei arranged three-
dimensionally, as shown by out-of-focus image of some nuclei in
Cepedea.

PCR mixtures consisting of 50 pl of 1x Taq DNA polymerase
buffer, 0.2 mM dNTPs, 0.5 uM of each primer, 20 pl of template
(sample) DNA solution, and 1 U of Taq DNA polymerase (Sawady
Technology) were subjected to 30 cycles of PCR in a thermal cycler:
each cycle consisted of 60 sec at 94°C, 60 sec at 54°C (18S rDNA)
or 52°C (18S rDNA short fragment) or 58°C (a-tubulin) or 54°C
(B-tubulin), and 60 sec at 72°C. The second PCR was performed
using 1 pl of the first PCR product as a template. PCR products
were purified from agarose gels using the Prep-A-gene DNA
purification system (Bio-Rad) and cloned into the pT7 Blue T-
vector (Novagen). Sequencing of these clones was carried out using
a Thermosequenase Cycle Sequencing Kit (Amersham).

Phylogenetic Analysis

Sequence alignment was performed using CLUSTAL X 1.8 and
MacClade 3.08a and edited by eye, using 797 nucleotides of the 18S
rDNA, 939 nucleotides (313 amino acid residues) of the a-tubulin
gene, and 1116 nucleotides (372 amino acid residues) of the B-
tubulin gene. For all analyses, we used the HKY model (for DNA
analyses) or JTT amino acid substitution model (for protein
analyses), gamma correction (8+ 1 categories) and —j (jumble)
option. In all analyses, the input orders were jumbled the same
times as the number of taxa used for tree construction. The esti-
mated shape parameter alpha for the gamma distribution was 0.31
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Arabidopsis thaliana
Cicer arietinum
Zea mays
Oryza sativa
Chlamydomonas incerta
100L Polytomella agilis
100 Pythium ultimum

Achlya klebsiana
99-Phytophthora cinnamomi
Oxyrrhis marina
Dinophyceae sp.

| Dinoflagellate

1) Tetgélgznj;csz pthermophlla | ciliate
Opalina sp. 1
s Opalina sp. 4 Opalinid

Protoopalina japonica
Plasmodium falciparum
94 Toxoplasma gondii
99 Trypanosoma cruzi
1 —ELelshmama mexicana
Guillardia theta

| Apicomplexa

Chondrus crispus
Porphyra purpurea
Encephalitozoon intestinalis
Nosema locustae
Spraguea lophii
ng_lT:Glugea plecoglossi
Trachipleistophora hominis
Dictyostelium discoideum
Trichomonas vaginalis

% Giardia intestinalis
0.05 100; Spironucleus barkhanus

53

Plant

Heterokonta

Alveolata

I Euglenozoa

1 Cryptophyta
I Rhodophyta

Microsporidia

I Mycetozoa
I Parabasalidea

Diplomonadida
NJ Hexamita sp.
Fig. 2. Phylogenetic trees of opalinids and
B 00/100/100 Chlamydomonas incerta other eukaryotes consisting of protistans
%ﬁggﬁ;ggfﬂs thaliana Plant and plants. A Neighbor-joining tree of 33
100/98/98 Oryza sativa B-tubulin sequences with bootstrap support
100/100/100 Pythmm ultimum over 50%. Three sequences derived from
\:L_ chlya klebsiana diplomonads were used as the outgroup
64/-/- FOH 100/96/94 Phytophzhora cinnamomi Heterokonta  Alveolates and heterokont N .t
%T alassiosira weissflogii veolates and heterokonts were shown to
Ectocarpus variabilis be monophyletic with high bootstrap
Peridinium willei probability. B Maximum likelihood tree
Heterocapsa triquetra using plants as the outgroup. Numbers at
Crygthecodmmm cohnii des indi han 50% of
rodinium instriatum Dinoflagell nodes indicate support greater than 50% o
inoflagellate
Amphzdmmm corpulentum neighbor-joining, maximum parsimony,
W%%S %ngggz tsenulsstma and maximum likelihood bootstrap values
5221100110010 Sterkzella htstrtomuscorum (NJ/MP/ML). Alveolates anq heterokonts
- SHy otrzghzda S l Alveolata formed separate monophyletic groups.
5/69/73 = Stylonychia mytilus -1 Open circles indicate rejected positions by
A 74/677/;;3}?%& aathoezﬁlﬁq% hila Ciliate Shimodaira’s AU test at confidence levels of
— 4 ‘olpoda sp. P >95%, while positions shown by fillcircles
1hb/os/00 OPalina sp. 1 .. were not rejected. See text for details. In
o« alina s Opalinid both trees, opalinids were placed within the
. rotoopa ma 121;%1%1‘) is alveolates but not in the heterokonts. The
Plasmodmm falciparum : precise position of opalinids within the
0.01 97/75/85 Eimeria tenella Apicomplexa alveolates is still uncertain due to the low
NJ/MP/ML 77/60/61 Toxoplasma gondii resolution.
(Fig. 2A), 0.43 (Fig. 2B), 3.13 (Fig. 3), 1.45 (Fig. 4A), and 0.79 Results

(Fig. 4B). Neighbor-joining tree (NJ) analyses were performed with
the DNADIST, PROTDIST, and NEIGHBOR program, maxi-
mum parsimony analyses were performed with the PROTPARS
program, and for maximum likelihood analysis, we used the
PROML program in PHYLIP package. For bootstrap analyses,
100 data sets were created by the SEQBOOT program and the
consensus bootstrap tree was obtained with the CONSENSE
program in the PHYLIP package.

The position of the opalinids within the maximum likelihood
phylogenetic tree was evaluated using the approximately-unbiased
test (AU test; Shimodaira 2002) of the CONSEL program by giving
the p-values for each edges of the trees. The site-wise log likehood
files were created by PAML program. Thereby, we calculated the
possibility if opalinids are included within heterokonts, dinofla-
gellates, apicomplexans, ciliates, or others.

Amplification of Opalinid Gene Sequences

The sequences we obtained and their accession
numbers are listed in Table 1. In this study, we failed
to amplify the full-length 18S rDNA sequences,
especially due to the difficulty of obtaining the 5 re-
gion, although the primers used were designed to
amplify 18S rDNAs of almost all heterokonts, alve-
olates, and kinetoplastids. This suggests that the 5’
region of opalinid rDNA has a highly divergent se-
quence, different from those of heterokonts and al-
veolates.
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100/95/100 Prunus dulcis
Oryza sativa Plant
06/98/9 Zea mays
O Pelvetia fastigiata | Heterokonta
94 Plasmodium falciparum
Toxoplasma gondii .
06/73/38 Dinoflagellate
69 Eimeria acervulina
o . 100/100/9. 4|— Heterocapsa triquetra
~ Karenia brevis Apicomplexa
76/76/88 Amphidinium herdmanii
o Oxytricha granulifera Alveolata
75/-/54 Blephalisma japonicum
o Colpoda sp. Ciliate
53/53/55 Tetrah h hil Fig. 3. Maximum likelihood tree inferred
etrahymena thermophila . from a-tubulin gene analysis. Only a
[ ) Cepedea sp. 2 |Opalinid sequence from heterokonts was available.

NIJ/MP/ML

Phylogenetic Analyses from o- and B-Tubulin Gene
Sequences

In our B-tubulin gene analysis, DNA fragments
approximately 1.2 kb in length were amplified from
three species belonging to the genera Opalina,
Cepedea, and Protoopalina (Fig. 1), and these were
aligned with the amino acid sequences from 33
eukaryotes for phylogenetic analysis. Based on 372
residues after ambiguously aligned sites were re-
moved, a phylogenetic tree was constructed by
neighbor joining, using diplomonads as outgroup, to
evaluate the position of opalinids in the overall pat-
tern of protists (Fig. 2A). In this tree, the opalinids
were placed within alveolates, not within hetero-
konts. However, this did not support alveolates as a
monophyletic group, but grouped heterokonts and
alveolates as a clade (chromalveolates). In particular,
opalinids were placed in a clade consisting of ciliates
and apicomplexans at a high bootstrap value (82%).
Opalinids were most closely related with a ciliate
Colpoda sp., but the resolution was low so that the
precise relationship between opalinids and ciliates is
uncertain. To improve the resolution, plants were
used as outgroup, with fewer total taxa: a similar
result was obtained, but a clade of alveolates or of
heterokonts was weakly supported only in NJ
(Fig. 2B). In this tree, the exact position of opalinids
was again unknown. In addition, ciliates did not form
a monophyletic group, perhaps due to unusual evo-
lutionary rates of their genes, as indicated previously
in some protein-coding genes (Philippe and Adoutte
1996). To examine the relationship of opalinids with
alveolates or heterokonts, Shimodaira’s AU test was
performed. In this analysis, inclusions of opalinids
within heterokonts, dinoflagellates, or apicomplexans
were all rejected at confidence levels of >95%. Sim-
ilarly, inclusion of opalinids within several ciliates

See Fig. 2 for the numbers at nodes and the
filled or open circles.

(Sterkiella, Hypotrichida, Stylonychia and Oxytricha)
was not supported. Positions of opalinids as a sister
group to heterokonts, alveolates, or dinoflagellates
were also rejected. This test only supported a sister
group to(1) Colpoda, (2) a clade consisting of Colpoda
and apicomplexans, and (3) a clade of two ciliates
(Colpoda and Tetrahymena) and apicomplexans. In
both trees, dinoflagellates did not form a monophy-
letic group with apicomplexans, suggesting a fast
evolutionary rate of the B-tubulin gene of dinofla-
gellates; apicomplexans and dinoflagellates are
known to form a clade to the exclusion of ciliates
(Fast et al. 2001). These results imply that opalinids
may have a somewhat closer affinity with alveolates
than heterokonts, but are rather independent of the
other three phyla in the alveolates, in contrast to their
previously proposed status and the rDNA analysis
(see below), in which they were placed within the
heterokonts.

The similar conclusion was also obtained by
analysis of a-tubulin gene phylogeny using 313 amino
acid residues when plants were used as an outgroup
(Fig. 3). Although only one sequence of heterokonts
is available, opalinids again occupied a position
within alveolates, but not in the heterokonts. Again
in this tree, we could not obtain the exact relationship
of opalinids with ciliates due to low bootstrap values.
The AU test showed that in addition to several
positions related to a few ciliates, the ancestral posi-
tion of alveolates was not rejected, different from the
B-tubulin gene analysis. All together, these results
suggest an early branching of opalinids from ances-
tral alveolates.

Phylogenetic Analysis of the rDNA Sequence

In the analysis of 18S rDNA, a total of 797 positions
of 1263 bp of amplified sequence from Protoopalina



700

Chlorella lobophora
1001~ Petunia axillaris
Oryza sativa
Cryptomonas sp.
Goniomonas truncata
100— Emiliania huxleyi
Prymnesium calathiferum

IDinoﬂagellate

Oxytricha granulifera
Blepharisma americanum
imerig necatrix
-Babesia gibsoni
Ophriocystis elektroscirrha
Blastocystis hominis
Proteromonas lacertae
Protoopalina japonica | Opalinid
Ochromonas danica
Tribonema aequale
Heterosigma akashiwo
Dictyocha speculum
Thalassiosira eccentrica
Achlya apiculata
éve 0 zrlyellg ele§ans
afeteriq roenbergensis .
byrinthuloides haliotidis
94— Irypanosoma cruzi
100F'E-Leishmania donovani
-Bodo caudatus
Euglena viridis
100 Naegleria gruberi
‘—{ 100E Tetramitus rostratus

Vahlkampfia lobospinosa

100/91/9 Chlorella lobophora
—8{ |: Oryza sativa
100/100/100%- Petunia axillaris

Blastocystis hominis
Proteromonas lacertae
Protoopalina japonica | Opalinid
Labyrinthuloides haliotidis
Thalassiosira eccentrica
Dictyocha speculum
Ochromonas danica
Heterosigma akashiwo
Tribonema aequale

evelopayella elegans
Achlya apiculata
Cafeteria roenbergensis

Blepharisma americanum

58162162 Oxytricha granulifera
Colpoda inflata

Ophriocystis elektroscirrha
Bagesia gibsoni

Eimeria necatrix

Gymnodinium beii
Gonyaulax spinifera
Prorocentrum arenarium

| Ciliate

Apicomplexa

91/89/94

56458/
64/59/7

Ciliate

| Apicomplexa

I Dinoflagellate

Jjaponica were used to construct a phylogenetic tree. A

Plant

| Cryptophyta
Haptophyta

Alveolata

Heterokonta

Euglenozoa

Percolozoa

Plant

Heterokont

Alveolata

Fig. 4. Phylogenetic position of opalinids
and other eukaryotes consisting of
protistans and plants inferred from 18S
rRNA gene analysis. A Neighbor-joining
tree of 37 sequences with bootstrap
support over 50%. Three sequences derived
from percolozoans were used as the
outgroup. A monophyly of alveolates and
heterokonts was weakly supported. B
Maximum likelihood tree using plants as
the outgroup. See Fig. 2 for the numbers at
nodes and the circles. The AU test
supports that opalinids occupied an
ancestral position to heterokonts, but
inclusion of opalinids in alveolates was
rejected. Opalinids were grouped in a
monophyletic group with Proteromonas
lacertae and Blastocystis hominis.

Table 2. AT ratio of 18S rRNA

monophyly of alveolates (69%) or heterokonts (53%)

was weakly supported in this tree (Fig. 4A).  Classification Species AT ratio (%)
Protoopalina was placed within heterokonts together Opalinid Protoopalina japonica 67.5
with Proteromonas, and they formed a monophyletic =~ Heterokont Proteromonas lacertae 62.5
group with Blastocystis, as expected from the mor- Blastocystis hominis 56.4
phological studies. For more precise analysis, fewer Thalassiosira eccentrica >4.8
| d for furth Ivsis (Fie. 4B). I Achlya apiculata 55.6
toFa taxa Were used for further analysis (Fig. ). In Ciliate Blepharisma americanum 529
this analysis, alveolates and heterokonts formed a Colpoda inflata 55.2
clade, respectively, at higher bootstrap values (87/73/  Dinoflagellate Heterosigma akashiwo 54.6
84 and 91/89/94 in NJ/MP/ML). Since the sequences 4 Gymnodinium beii 54.6
of Protoopalina and Proteromonas have higher AT ~ /Apicomplexan Babesia gibsoni 45
Eimeria nectarix 53.2

ratios (Table 2), we cannot rule out a long branch
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Ogahmds—spemflc insertion Deletion
]

Opalina sp.Rsl (Opalinids) ACAATGATATATTCAATAAGTTAATTTTTTATATATTATATTATAAATTTATTTATAATATAATATAAAAALCT: TTGGG
Opalina sp.Hjl (Opalinids) T GTTA- TGCGG
Opalina sp.Ral (Opalinids) AC TT
Cepedea sp.Rrl (Opalinids) AC T GTTA TTGCGG
Cepedea sp.Rr2 (Opalinids) T GTTA TTGGG
Protoopalina japonica Rnl (Opalinids) AC TATA ATTA
Protoopalina japonica Rn2 (Opalinids) TTGGG
Protoopalina japonica Rn3 (Opalinids) AC A TTGCGG
Protoopalina japonica Rnd (Opalinids) ACAATGATATATACAATAAGIL ___-—---- TATAATTIATIAATATA - - o c--c-o---oo--oo
Loxodes magnus (Ciliates)
Blepharisma americanum (Ciliates) ACAC! CCT- AA
Colpoda inflata (Ciliates) TTC
Eimeria necatrix (Apicomplexans) TTTA: GTCT
Babesia canis (Apicompl ) GTCT crrrld
Gymnodinium beii (Dinoflagellates) TACGA: GGC'
Dinophysis norvegica(Dinoflagellates) CT GGTT
Labyrinthula sp. ) AC GTA'
Proteromonas lacertae ) TA GTCT
Blastocystis homins (! ) ACTT

gma ) A GCAC
Tribonema marinium ) AAC GCCT:
Opalina ranarum (Data base) AC G’
Cryptomonas sp. (Cryptophyta) ACAC T GCCC:
Pavlova gyrans ptophyta) ACACTGACGCATTCI GTG! TG~/
Arabidopsis thaliana (Plants) ACAC ACGAGTTCACA: GCCC:
Cercomonas longicauda ) TTAC) GACT
Leishmania donovani (Kinetoplastida) ACAATGTCAGTGAGAACAAGA.
Naegleria gruberi CC GGATT

(Pexcolozoa) ACAATAAC ACC.
)

Dictyostelium minutum AC)

AAACG

Y
Spironucleus vortens (Dipl da)

Choriocactis geaster (Fungi)
)

cr AG--GTCT T

Mus musculus

Fig. 5. Representative alignment of the 3’ terminal region
(approximately 240 bp) of the 18S ribosomal RNA genes from
opalinids and various eukaryotes, where primer regions are omit-
ted. The sequences derived from Opalina, Cepedea, and Protoopa-
lina commonly contained a specific insertion. The opalinid-specific
insertion is longer and considerably AT-rich compared with those

attraction (LBA) due to the higher AT ratio. To
address the difference of AT ratios, a tree was con-
structed utilizing the LogDet method (Lake 1994,
Steel 1994) of PHYLIP package, however, the tree
shape remained fundamentally unchanged (data not
shown). Rather, this may suggest that opalinids and
proteromonads genuinely share far more nucleotide
characters that could be accounted for by LBA and
convergence.

To analyze the relationship of opalinids to
other members of heterokonts, the AU test was also
carried out. As shown in Fig. 4B, inclusions of
opalinids in alveolates and most heterokonts includ-
ing Labyrinthuloides were rejected, but only the
positions of the most ancestral heterokonts including
Cafeteria were not rejected. Thus the 18S rDNA
analysis strongly supports the current classification of
opalinids within heterokonts, and indicates an early
branch of opalinids as well as proteromonads in the
heterokonts. Considering these observations, the
ancestral position of opalinids and extreme special-
ization to parasitism might be responsible for the
inconsistency with their evolutionary positions, as
discussed later.

Opalinid-Specific Insertion in Partial Sequences of the
18S rRNA Gene

Unlike the 5" rDNA region, the 3" 250-300 bp was
successfully amplified from the genera Opalina,
Cepedea, and Protoopalina. When sequences derived
from protists, fungi, and animals were aligned,
opalinid-specific insertions of ~50 bp AT-rich se-

of the other groups. One deletion site common to opalinids and a
few alveolates was identified. Four sequences from Protoopalina
species with different geographic origins were precisely the same,
suggesting that they were all of the same species, Protoopalina
Japonica.

quence were observed (Fig. 5). Highly variable is
this site, where a short insertion of ~18 bp was
commonly observed in various organisms from
protists to mammalians, except one ciliate Loxodes
magnus. Proteromonas also retained a 10-bp inser-
tion. However, the insertion sequence of opalinids
can be distinguished from those of all other
eukaryotes. In addition, one deletion site common
to opalinids and some alveolates was identified. This
deletion is common among opalinids, several ciliates
(e.g., Loxodes magnus, Blepharisma americanum,
Stylonychia mytilus, Oxytricha nova), and one api-
complexan Babesia canis. This may indicate a rela-
tionship between opalinids and alveolates, especially
between opalinids and ciliates. The former insertion
is useful to distinguish opalinids from other species.
The presence of the opalinid-specific long insertions
indicate that there was no contamination by other
alveolates or heterokonts sequences in our DNA
preparations. The insertion sequences of opalinids
are correlated with the three genera, Opalina,
Cepedea, and Protoopalina, that we identified based
on their cell shape in cross section and the number
of nuclei (Fig. 1). The three sequences of Opalina sp.
were identical, suggesting that the isolates are the
same species, although they were found in a wide
range of hosts and showed slight differences in
morphology (Table 1), implying that their morpho-
logical diversity (and further speciation) can be
influenced by their host species. Two sequences from
Cepedea sp. were similar to those of Opalina, but
contained two deletions, suggesting a close kinship
of Opalina and Cepedea, as proposed previously
(Patterson 1990). In contrast, the four sequences



702

from Protoopalina sp. were all identical, although
they were isolated at different geographical loca-
tions. Furthermore, the genus Protoopalina is pres-
ently restricted to the host species Rana
nigromaculata in Japan. They commonly retain four
relatively large nuclei, show similar morphological
characters (Table 1), and are classified as P. japonica
(Hara 1934).

Discussion

Unsettled Position of Opalinids

Opalinids have been given several different statuses
during the last century, and the co-existence of both
flagellate-like and ciliate-like features has confused
their classification. Even after they were removed
from the ciliate group, they were repeatedly reported
to be related to other protists (Corliss 1955, 1990;
Honigberg et al. 1964). On the basis of the ultra-
structural features of opalinids that are shared with
the  proteromonad  flagellates-especially  with
Karotomorpha bufonis (such as the double-stranded
transitional helix at the base of the flagella), a new
alliance, the order Slopalinida, was proposed
(Brugerolle and Joyon 1975; Patterson 1985). And
later, based on the double-stranded transitional helix
as a defining synapomorphy, opalinids were trans-
ferred into the heterokonts, together with Protero-
monas and Karotomorpha (Cavalier-Smith 1998).
While morphological traits are important for deduc-
ing phylogenetic relationships (Patterson 2002),
molecular information is now an important contrib-
utor to elucidating phylogenetic relationships even
though there are some cases where molecular data are
misleading, and previous to this work, the lack of
molecular information for opalinids was an acute
problem.

In the molecular phylogenetic study presented
here, conclusions obtained from the three analyses,
18S rDNA and two tubulin genes, were inconsistent
with each other. The 18S rDNA tree supports the
traditional basal position of opalinids within the
heterokonts, whereas the o- and B-tubulin gene
analyses place them basally within the alveolates; in
either case they fall deep within the chromalveolates,
near to a place where alveolates diverge from the
chromists (Cavalier-Smith 1998). The long branch of
opalinids together with the proteromonads in the
rDNA tree (Fig. 4) may reflect a rapid evolutionary
rate due to the biased AT ratio (Table 2) and many
indels. When other “opalinid”(?) 18S rDNA se-
quences available in database were added in this
analysis, those sequences with a long branch were
placed outside chromalveolates, and did not form a
monophyletic group with our opalinid sequence

presented in this study (data not shown). Therefore
we conclude that they are not the sequences truly
derived from opalinids. There are some publications
which unwittingly included those sequences in
rDNA trees (Guillou et al. 1999; Karpov et al. 2001;
Moriya et al. 2002). It is worth noting that the
position of the “opalinid” sequences on those pub-
lished trees is totally misleading. It is well known
that phylogenies of 18S rDNA and protein-coding
genes are sometimes inconsistent with each other
(Philippe and Adoutte 1996), especially in parasitic
protistans, such as microsporidia (Keeling et al.
2000) and Entamoeba (Hasegawa et al. 1993). Un-
like molecules of varying length, such as rDNA, the
constant length of the PB-tubulin gene facilitates
comparison among taxa. In a few protein-coding
gene phylogenies, however, ciliates are known to be
sometimes paraphyletic, although the trees usually
recover an assemblage of alveolates (Fast et al. 2002;
Moreira et al. 2002; Roger et al. 2002). Conse-
quently, the precise relationship between opalinids
and other members of the alveolates, especially cil-
iates, is unclear because of poor resolution within
the alveolates. To eclucidate the phylogenetic posi-
tion of opalinids more accurately, the construction
of phylogeny and additional analyses based on the
full length of 18S rDNA and many more protein-
coding genes including mitochondrial genes are re-
quired.

Opalinids as an Ancestral Protist Within Heterokonts

At present, opalinids are widely accepted to be
classified in the phylum Bigyra of the kingdom
Chromista as the subphylum Opalinata (Cavalier-
Smith 1998). Heterokonts are primarily character-
ized by the following synapomorphic characteristics:
chloroplast located within the rough endoplasmic
reticulum instead of free in the cytosol, bipartite or
tripartite flagellar hairs, and flagellar transitional
helix (Cavalier-Smith 1991). Opalinids have been
placed in the heterokonts because of the presence of
a double transitional helix in the flagellar base.
However, they do not have the flagellar hairs called
mastigonemes, although we cannot exclude the sec-
ondary loss of the character. With reference to the
affiliation of opalinids with proteromonads, multiple
kinetosomal features, such as transitional helix,
transitional plates, curving arms, and intrakinetos-
omal shelves, were extensively studied (Patterson
1985, 1988). These are important synapomorphies of
opalinids with proteromonads, to address their
strong relationship, and this was supported by 18S
rDNA phylogeny (Fig. 4). Unfortunately, it is un-
known whether these characteristics are widely
shared among heterokonts, except for the transi-
tional helix. Thus, opalinids do not necessarily have



multiple traits in common with heterokonts. How-
ever, it is worth referring that some of the earliest or
earlier-diverging free-living heterokonts (Placidiales
and Pseudobodo) have a double-helix structure at
the base of flagellum, so this evidence may support
the placement of opalinids within heterokonts
(Karpov 2000; Karpov et al. 2001; Moriya et al.
2000, 2002). It is known that there are two signature
sequences specific to heterokonts in the V9 region of
rDNA, and that Proteromonas has the unique se-
quences (Cavalier-Smith et al. 1994). Unfortunately,
the amplified opalinid sequence did not extend into
the V9 region. As suggested by 18S rDNA tree
(Fig. 4), we presently conclude that opalinids and
proteromonads (and Blastocystis to be added to this
group) are likely to represent an early branching of
putative ancestral heterokonts and this may be
responsible for few synapomorphy with other het-
erokonts. Opalinids might have been highly spe-
cialized in a long history of parasitism, during which
they would have acquired a ciliate-like body plan
independently of ciliates.

Implications for an Affinity with Alveolates Inferred
from Tubulin Gene Analyses

o- and PB-tubulin gene analyses showed a possible
relationship of opalinids with alveolates, rather than
heterokonts. Opalinids and ciliates are actually
somewhat similar in that they are multinucleated and
multiciliated, and that they share a double-stranded
ciliary necklace (Bardele 1981). However, in this
study the AU test excluded opalinids from dinofla-
gellates and apicomplexans at a confidence level of
more than 95%, suggesting a distant relationship of
opalinids with an apicomplexan—dinoflagellate line-
age. Similarly, the inclusion of opalinids within cili-
ates were not positively approved, except a few
ciliates. Even if we accept the inclusion of opalinids
within the alveolates, it seems likely that opalinids
occupy a position at most as a sister group to the
three phyla belonging to alveolates. In fact, opalinids
retain no alveoli, which are the crucial synapomorphy
among alveolates, although we cannot deny the sec-
ondary loss, since a few ciliates, such as one of the
most primitive ciliates, the karyorelictids, do not re-
tain alveoli (D. Lynn, personal communication). In
addition, the analyses of a- and B-tubulin genes per-
formed in the present study indicate that the codon
usage of opalinids is not exceptional (data not
shown), in contrast to the ciliates, where the stop
codons UAA and UAG are used for glutamine in
most species, such as Paramecium, Tetrahymena, and
stylonychia, and UGA is used for cysteine in Euplotes
(Reviewed by Prescott 1994). Furthermore, they are
markedly different in that sexual reproduction in
opalinids involves complete fusion of anisogametes
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(micro- and macrogametes), whereas in ciliates it is
replaced by temporal union of morphologically
identical cells with exchange and fusion of gametic
nuclei. The entire life cycle of opalinids is unique,
although other alveolate life cycles show similarities
to parts of it (Wessenberg 1978). In this sense,
opalinids are different from all other alveolates.
Considering these arguments, only a common char-
acter between opalinids and alveolates is a double-
stranded ciliary necklace structure. This may reflect a
vestige of characters which their ancestors had once
retained, but a common ancestor of heterokonts has
lost after opalinids diverged from the main line of the
heterokonts. At present, no tubulin sequences for
Proteromonas and Blastocystis are available, so that
we had better now refrain from placing too much
trust in the tubulin trees. More molecular informa-
tion, especially protein-coding genes, of proteromo-
nads along with opalinids is required to determine
their affiliation with heterokonts.

Finally, we more carefully isolated oplainids from
host frogs to avoid contaminants; the shared opa-
linid-specific insertions in the rRNAs should have
helped exclude contaminants from any previously
known source. However, since no signature sequences
specific to opalinids were detected in the two tubulin
genes, we cannot necessarily rule out the possibility of
contamination, although aliquots of the same DNA
preparation were used as a template for amplification
of both rDNA and tubulin genes.

Concluding Remarks

Although molecular data were added to the debate
as to the phylogenetic position of opalinids for the
first time, they were contradictory to each other.
Indeed, there is an uncertainty in this issue, but
considering the present situation it is appropriate to
assume that opalinids are an early branching from
the ancestral ““‘chromalveolates”. The deep root of
the origin in the chromalveolates and perhaps the
insufficiency of molecular information might make it
ambiguous to clarify the precise phylogenetic rela-
tionship of opalinids. We must wait for accumulat-
ing information on many more genes. There might
have been a substantial amount of time for diversity
to develop between opalinids and other protists; as
Corliss (1955) stated, “Their organization (opali-
nids) seems to show a very high degree of differen-
tiation and specialization indicating a long
evolutionary history of their own far removed from
the main line of development of any other proto-
zoan group”. Opalinids might have attained an ex-
treme specialization through an adaptation to
parasitic life and/or retained some characteristics
once scattered in ancestral chromalveolates.
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