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Abstract. The ribosomes of the amitochondriate
but hydrogenosome-containing protist lineage, the
trichomonads, have previously been reported to be
prokaryotic or primitive eukaryotic, based on evi-
dence that they have a 70S sedimentation coefficient
and a small number of proteins, similar to prokary-
otic ribosomes. In order to determine whether the
components of the trichomonad ribosome indeed
differ from those of typical eukaryotic ribosomes, the
ribosome of a representative trichomonad, Tricho-
monas vaginalis, was characterized. The sedimenta-
tion coefficient of the T. vaginalis ribosome was
smaller than that of Saccharomyces cerevisiae and
larger than that of Escherichia coli. Based on two-
dimensional PAGE analysis, the number of different
ribosomal proteins was estimated to be approxi-
mately 80. This number is the same as those obtained
for typical eukaryotes (approximately 80) but larger
than that of E. coli (approximately 55). N-Terminal
amino acid sequencing of 18 protein spots and the
complete sequences of 4 ribosomal proteins as de-

duced from their genes revealed these sequences to
display typical eukaryotic features. Phylogenetic
analyses of the five ribosomal proteins currently
available also clearly confirmed that the T. vaginalis
sequences are positioned within a eukaryotic clade.
Comparison of deduced secondary structure models
of the small and large subunit rRNAs of T. vaginalis
with those of other eukaryotes revealed that all heli-
ces commonly found in typical eukaryotes are present
and conserved in T. vaginalis, while variable regions
are shortened or lost. These lines of evidence dem-
onstrate that the T. vaginalis ribosome has no prok-
aryotic or primitive eukaryotic features but is clearly
a typical eukaryotic type.
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Introduction

Ribosomes of three amitochondriate protist groups,
namely, Diplomonadida (e.g., Giardia intestinalis),
Parabasala (e.g., Trichomonas vaginalis), and
Microsporidia (e.g., Encephalitozoon cuniculi), have
been reported to exhibit certain features suggesting
their prokaryotic or primitive eukaryotic nature.
These features are (1) shorter small subunit (SSU)
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and large subunit (LSU) ribosomal RNAs (rRNAs)
than those found in most eukaryotes (Vossbrinck
et al. 1987; Sogin et al. 1989; Chakrabarti et al.
1992; van Keulen et al. 1992; De Rijk et al. 1998;
Peyretaillade et al. 1998), (2) the prokaryotic 70S
sedimentation coefficient of microsporidian (Nosema
bombycis) (Ishihara and Hayashi 1968) and tricho-
monad ribosomes (Oka et al. 1973; Champney et al.
1992), (3) the presence of relatively few proteins
(40–56) in four trichomonad ribosomes (Champney
et al. 1992) and (4) the absence in Microsporidia of an
internal transcribed spacer region 2 (ITS2) in the
LSU rRNA region, in contrast to other eukaryo-
tes (Vossbrinck and Woose 1986). The 5.8S
rRNA region of Microsporidia is directly joined to
the LSU rRNA as seen in prokaryotes. Unfortu-
nately, the ribosomes from none of these groups have
been characterized in detail, thus it remains to be
established whether these four ribosomal properties
really separate these groups from the rest of the
eukaryotes.

The notion that Diplomonadida, Parabasala, and
Microsporidia represent primitive eukaryotes or in-
termediate forms between prokaryotes and typical
eukaryotes has been proposed on the basis of two
independent lines of evidence. First, none of these
groups contains morphologically recognizable mito-
chondria and their energy metabolism lacks the
hallmark of mitochondrial metabolism, oxidative
phosphorylation (Müller 1988, 1993). The shorthand
for these characteristics is the term ‘‘amitochondri-
ate.’’ Such observations led to the proposal that these
lineages branched off from the trunk of the eukary-
otic tree preceding the mitochondrial endosymbiotic
event, thus are ‘‘premitochondriate’’ (Cavalier-Smith
1987, 1993). Second, earlier phylogenetic inference
based on SSUrRNA (Leipe et al. 1993; Sogin and
Silberman 1998) and on translation elongation fac-
tors (Hashimoto et al. 1997) placed these amitoch-
ondriate lineages as the earliest, most ancestral,
branches of the eukaryotic tree. These two lines of
evidence seemed to mutually reinforce each other and
were summarized as the Archezoa hypothesis, a hy-
pothesis under increasing criticism (Philippe and
Laurent 1998; Embley and Hirt 1998; Roger 1999;
Philippe et al. 2000).

In recent years mitochondrion related organelles
(hydrogenosomes, mitosomes) have been identified in
these ‘‘amitochondrial’’ lineages, rendering the first
proposition, premitochondrial nature, untenable
(Rotte et al. 2000; Williams et al. 2002; Tovar et al.
2003; Embley et al. 2003). This conclusion by itself,
however, does not exclude the possibility that these
three lineages represent the earliest eukaryotic line-
ages, which could display ancestral features in their
ribosomes.

However, the basal branching position of Micros-
poridia in these phylogenies was subsequently shown
to be an artifact due to the long branch attraction
(LBA) phenomenon (Philippe and Laurent 1998;
Embley and Hirt 1998; Hirt et al. 1999; Philippe et al.
2000; Van de Peer et al. 2000a). Phylogenetic analyses
based on several other genes clearly demonstrated the
fungal relationship of Microsporidia (Edlind et al.
1996; Keeling and Doolittle 1996; Germot et al. 1997;
Hirt et al. 1999;Keeling et al. 2000; Vivarès et al. 2002).
This suggests that Microsporidia are highly evolved
eukaryotes and that their small rRNAs, together with
the absence of ITS2, and their prokaryotic-like 70S
sedimentation coefficients are derived features ac-
quired on the line leading to Microsporidia.

The status of Diplomonadida and/or Parabasala
as early-branching eukaryotes has not been ruled out
(Roger 1999; Bapteste et al. 2002; Keeling and Pal-
mer 2000). If these were really early-branching euk-
aryotes, then the ribosomes of these lineages might
have retained primitive or intermediate features. We
previously reported a preliminary characterization of
G. intestinalis (Diplomonadida) ribosomal proteins
(Shirakura et al. 2001). Seventy-four spots for ribo-
somal proteins were detected by two-dimensional
PAGE analysis. This number was close to that of
typical eukaryotes (approximately 80) such as yeast
(Mager et al. 1997) and rat (Wool et al. 1995).
N-Terminal sequencing analysis of randomly selected
protein spots and a search for ribosomal protein se-
quences from a G. intestinalis genome database
(McArthur et al. 2000) demonstrated that the protein
component of the G. intestinalis ribosome is of a
typical eukaryotic type.

Ribosomes of the third group, Parabasala, have
received little attention so far. The only detailed
report, mentioned above (Champney et al. 1992),
attributed prokaryotic characteristics (low number of
proteins and 70S sedimentation rate) to trichomonad
ribosomes. Since this conclusion would give a unique
status to ribosomes of parabasalids, which are un-
doubtedly eukaryotes, we decided to study the ribo-
somes of the parabasalid, Trichomonas vaginalis, in
more detail.

Here we report on the analyses of components of
the T. vaginalis ribosomes looking for differences that
would separate T. vaginalis ribosomes from other
typical eukaryotic ribosomes. In contrast to a
previous report by Champney et al. (1992) stating
that trichomonad ribosomes have prokaryotic char-
acteristics, our analyses clearly demonstrate that the
T. vaginalis ribosome is neither prokaryotic nor pri-
mitive eukaryotic but is, in fact, a typical eukaryotic
type. We also present further data in support of
our earlier conclusion on the eukaryotic nature of
G. intestinalis ribosomes (Shirakura et al. 2001).
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Materials and Methods

Organisms: Strains, and Cultures

To compare the properties of the T. vaginalis ribosome with ribo-

somes from other organisms the following species were used:

G. intestinalis, S. cerevisiae, E. coli, and Artemia salina (brine

shrimp). T. vaginalis, strain C-1:NIH (ATCC 30001), was cultured

in TYM medium (Diamond 1957). G. intestinalis, strain WB, clone

6 (ATCC 30957), was cultured in TYI-S-33 medium (Keister 1983).

These cultures were incubated at 37�C. Trophozoites during log

phase were harvested by centrifugation at 800g and 4�C. Since

trophozoites of G. intestinalis grow attached to vial walls, the

G. intestinalis culture was chilled on ice for 10 min to detach them

before harvesting. Sedimented cells were washed twice in phos-

phate-buffered saline (pH 7.4) and stored at )80�C until use.

S. cerevisiae (strain A364A) and E. coli (strain W3110) were

cultured and harvested using standard methods (Sambrock et al.

1992).

Sedimentation Analysis of Ribosomes

The trophozoites (1 · 108) of T. vaginalis or G. intestinalis were

resuspended in 0.5 ml of Buffer A (100 mM NH4Ac, 15 mM

MgAc2, 20 mM Tris–HCl, pH 7.6) and homogenized with 0.5 g of

0.3-mm-/ glass beads using a microtube mixer (VORTEX-GENIE

2, Scientific Industries) at 4�C for 5 min at maximum speed. Im-

mediately after homogenization the material was centrifuged at

10,000g for 15 min at 4�C. The supernatant that contained the

ribosomes was placed into a new tube and the optical density (OD)

at 260 nm was measured. Extracted ribosomes of 3 OD260 units

were loaded onto a 5–20 or 10–40% (w/v) linear sucrose gradient,

prepared in Buffer A, and centrifuged (L90; Beckman) at 4�C and

40,000 rpm (202,000g) for 2 h (5–20% [w/v] sucrose) or at

35,000 rpm (155,000g) for 3 h (10–40% [w/v] sucrose) using a

swinging bucket rotor (SW40Ti; Beckman). The distribution of

RNA in the gradients was monitored by the absorbance at 260 nm.

Sedimentation analysis was also performed for ribosomes of

E. coli, S. cerevisiae, and A. salina using the same buffer conditions

(Buffer A). Ribosomes from E. coli and S. cerevisiae were pre-

pared according to Horie et al. (1981) and Guthrie and Fink (1991),

respectively. The ribosomes of A. salina were prepared from dried

eggs according to Mizumoto et al. (1974) and Zasloff and Ochoa

(1971). For analyses of the dissociated subunits, Buffer B (100 mM

NH4Ac, 1 mMMgAc2, and 20 mM Tris–HCl, pH 7.6) was used for

E. coli, and Buffer C (500 mM KCl, 16 mM MgCl2, 20mM Tris–

HCl, pH 7.8, 20 mM 2-mercaptoethanol, and 0.2 mM EDTA) was

used for E. coli and S. cerevisiae (Guthrie and Fink 1991).

Preparation and Purification of Ribosomes

The trophozoites of T. vaginalis were homogenized in Buffer A

containing 6 mM 2-mercaptoethanol with 0.3-mm-/ glass beads by

using a microtube mixer (TMW-4836; IWAKI) for 10 min at 4�C.
The mixture was centrifuged at 10,000g for 15 min, and the sup-

ernatant was saved and removed into a new tube. The pellet was

resuspended in Buffer A and centrifuged once more using the same

conditions, and the supernatant was removed completely. Ammo-

nium acetate (NH4Ac) was added to the combined supernatants to a

final concentration of 1M, incubated on ice for 30 min, and centri-

fuged at 10,000g for 10 min.The supernatant of this high salt-washed

ribosome suspension was loaded onto a 10–40% (w/v) linear sucrose

density gradient using a high-ionic strength buffer (Buffer D: 1 M

NH4Ac, 15 mM MgCl2, 20 mM Tris–HCl, pH 7.6) with 6 mM

2-mercaptoethanol and centrifuged at 40,000 rpm (140,000g) for 3 h

in an angle rotor (45Ti; Beckman) at 4�C. The supernatant was

fractionated and the absorbance at 260 nm was recorded. The frac-

tions containing small or large ribosomal subunits were collected

separately and placed over a 40% (w/v) sucrose cushion in Buffer D.

The ribosomes were finally pelleted by centrifugation at 40,000 rpm

(99,000g) for 12 h at 4�C in an angle rotor (90Ti; Beckman).

Extraction and Electrophoresis of Ribosomal Proteins

Protein extracts were prepared from the ribosomal fractions using

an acetic acid method (Hardy et al. 1969) and dialyzed in a

membrane (MW = 1000; Spectra/Por) overnight against 2% (v/v)

acetic acid, Thereafter the proteins were lyophilized (FZ-1; LAB-

CONCO) and stored at )80�C. The ribosomal protein fraction was

separated by a radical-free and highly reduced method of two-

dimensional (RFHR 2D-) PAGE (Wada 1986a,b) employing 8 M

instead of 6 M urea. After electrophoresis, the gels were stained

with amido black 10B in 1% (v/v) acetic acid and destained using

the same concentration of acetic acid. Gel images were scanned

with a densitometer (PD110; Molecular Dynamics) and the number

of protein spots was counted on each gel.

N-Terminal Sequencing of the Ribosomal Proteins

The ribosomal proteins of T. vaginalis on the gels were electro-

blotted from the gels onto a polyvinylidene difluoride (PVDF)

membrane. Protein spots on the membrane were cut out and their

N-terminal amino acid sequences determined in a protein se-

quencer (G1005A; Hewlett Packard). Up to 20 sequencing cycles

were performed on each spot.

Sequence Similarity Analysis and Database Search

The N-terminal amino acid sequence of each protein was compared

with protein sequences from public databases using the FASTA

(http://fasta.genome.ad.jp/) program to detect homologous

sequences present in other organisms.

Cloning and Sequencing of Ribosomal Protein Genes

To compare complete amino acid sequences of T. vaginalis ribo-

somal proteins with homologs from other organisms, the genes

encoding S14, S15a, L5, and L8 proteins of T. vaginalis and G.

intestinalis were sequenced. Since the primary structure of T. vag-

inalis L10a protein has already been published (Wu and Hashimoto

1999), a gene encoding the counterpart from G. intestinalis was also

obtained for comparison. These five ribosomal proteins are present

in all three primary kingdoms of eukaryotes, archaebacteria, and

eubacteria and are suitable for comparing T. vaginalis sequences

with those of other organisms.

Genomic DNA was extracted from T. vaginalis and G. intesti-

nalis using a Blood and Culture DNA kit (QIAGEN) according to

the manufacturer’s instruction. Degenerate forward primers for the

T. vaginalis ribosomal proteins S14, S15a, L5, and L8 were de-

signed based on N-terminal amino acid sequences, while reverse

degenerate primers were designed based on the highly conserved

C-terminal sequences of these proteins; S14—GVAHIYA (forward)

(5¢-GGNGTNGCNCAYATHTAYGC-3¢), GRIEDVT (reverse)

(5¢-GGNMGNATHGARGAYGTNAC-3¢); S15a—DALKAITN

(forward) (5¢-GAYGCNYTNAARGCNATHACNAA-3¢), GRL-

NKCGV(reverse) (5¢-GGNMGNYTNAAYAARTGYGGNGT-3¢);
and L8—MGHIVRAQ(forward) (5¢-ATGGGNCAYATHGTN-

MGNGCNCA-3¢), GVAMNPV(D/E) (reverse) (5¢-TCNACNG-

GRTTCATNGCNACNCC-3¢). An uneven PCR (Chen and Wu
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1997) method was used to obtain N- or C-terminal portions of each

gene. Specific primers for the uneven PCRmethod were synthesized

based on sequence information already obtained, while arbitrary

primers were based on the sequences described by Chen and Wu

(1997). The sequences for the S14, S15a, L5, L8, and L10a ribo-

somal protein genes were searched using the G. intestinalis genome

sequencing project database (McArthur et al. 2000; http://evol3.

mbl.edu/Giardia-HTML/). Based on the identified sequences a set of

oligonucleotide primers was designed for upstream (forward) and

downstream (reverse) regions of the open reading frames (ORFs) of

these ribosomal proteins; S14—5¢-GTACGAGTTTGCCTTTG-

CATTAAAG-3¢ (forward), 5¢-CAAGCGCCGTGTTATGTAAA-

CATAG-3¢ (reverse); S15a—5¢-GCTGAGCGCACATCGCGTG-

CCGGCG-3¢ (forward), 5¢-CGTCGCCGCGTTTACTCACAGG-

TCC-3¢ (reverse); L5—5¢-GGAGCCCTCTGGTGAAATACAAA-

CC-3¢ (forward), 5¢-CTGTTCAGGCACAACCTGGATCCCG-3¢
(reverse); L8—5¢-CGCCCACTTGATCCGCTGTGTGATA-3¢
(forward), 5¢-GCAGGGAAAAGGTCTCCGTCATAGC-3¢ (re-

verse); and L10a—5¢-CAATATTAATTTAGAATCTGAGTC-3¢
(forward), 5¢-GGTGATTTACTCGGCAGAGCCTCCC-3¢ (rever-
se). The plasmid vectors, pT7 (Novergen) and pCR2.1 (Invitrogen),

were used for cloning the PCR amplified bands. Nucleotide se-

quences were determined on both strands using an automated DNA

sequencer (Model 310 Genetic Analyzer; ABI). The sequences re-

ported in this paper have been submitted to GenBank, EMBL, and

DDBJ databases under accession numbers AB089486–ABC89494.

Phylogenetic Analysis of Ribosomal Protein Sequences

All sequence data, apart from the originally reported ones, used

in this work were collected from public databases, including

genome or cDNA sequencing project databases. Multiple align-

ments for S14, S15a, L5, L8, and L10a ribosomal proteins were

accomplished manually. Unambiguously aligned sites were selected

and used for phylogenetic analyses. Data files for original align-

ments and selected positions are available from N.A. or T.H. on

request.

The maximum likelihood (ML) method for protein phylogeny

was applied to each of the five individual protein data sets and to a

concatenated data set of five proteins using the PROTML program

in MOLPHY2.3 (Adachi and Hasegawa 1996), the CODEML

program in PAML3.1 (Yang 1997), and the PROML, SEQBOOT

and CONSENSE programs in PHYLIP3.6a (Felsenstein 2002).

First, a heuristic search was done by applying a quick add OTU

search option ()q )n10000) of the PROTML with the JTT-F

model for amino acid substitution process. The trees produced by

the search were exhaustively examined by the ML method of

CODEML with rate-across-site heterogeneity taken into consid-

eration by assuming discrete C-distribution with eight categories

for site rate (JTT-F + C model) and the best tree with the highest

log-likelihood was finally selected. On the other hand, for the

analysis of the concatenated data set including five proteins, con-

straints were assumed in advance on the monophyletic origins of

and the phylogenetic relationships among six eukaryotic groups

and an outgroup—((Homo sapiens, Ecdysozoa), Fungi) [Opi-

sthokonta], Viridiplantae, Apicomplexa, (Dictyostelium discoideum,

Entamoeba histolytica) [Conosa], (Porphyra yezoensis, Guilladia

theta nucleomorph), (G. intestinalis, T. vaginalis), and Archaebac-

teria [outgroup]—and 945 possible trees for these seven groups

were exhaustively searched by CODEML with the JTT-F + C
model. These trees were statistically compared with the best tree

obtained without the constraints using the Shimodaira–Hasegawa

(1999) test in PAML. Bootstrap analysis was performed by ap-

plying PROML (JTT-F + C with eight categories) to 100 resam-

pled data sets produced by SEQBOOT. Bootstrap proportion (BP)

values were calculated for internal branches of the best tree by the

use of CONSENSE.

RNA Extraction

Total RNAs were extracted from T. vaginalis, G. intestinalis,

S. cerevisiae, and E. coli using the RNeasy Mini kit (QIAGEN).

Extracted RNAs were electrophoresed on a 1% (w/v) agarose gel

containing 2.2M formaldehyde to compare the size of the SSU and

LSU rRNAs of different organisms.

Secondary Structure Model of rRNA

Secondary structure models were built by a method developed by

Zuker (1989) for the SSU rRNA of T. vaginalis and for the LSU

rRNAs of T. vaginalis andMastigamoeba balamuthi. The program

package GENETYX-WIN (version 5; Software Development Co.,

Ltd., Tokyo) was used for the calculation. To compare secondary

structure models of T. vaginalis rRNAs with other eukaryotic or-

ganisms, the following previously reported models were used: SSU

rRNA—Homo sapiens (Van De Peer et al. 2000b), S. cerevisiae

Fig. 1. Sedimentation profiles of the ribosomes from Artemia
salina, Saccharomyces cerevisiae, Giardia intestinalis, Escherichia
coli, and Trichomonas vaginalis. Buffer composition used in the
analysis was 100 mM NH4Ac, 15 mM MgAc2, 20 mM Tris–HCl,
pH 7.6. Vertical and horizontal axes denote absorbance at 260 nm
and sedimentation gradient (top to bottom), respectively. Loca-
tions of the peaks for E. coli (Patel et al. 2001) and A. salina
(Nieuwenhuysen and Clauwaert 1981) are represented by vertical
lines.
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(Neefs et al. 1993),M. balamuthi (Hinkle et al. 1994), G. intestinalis

(Sogin et al. 1989), E. cuniculi (Hartskeerl et al. 1993), and E. coli

(Gutell et al. 1993); and LSU rRNA—S. cerevisiae (De Rijk et al.

1999), E. cuniculi (Peyretaillade et al. 1998), and E. coli (Gutell

et al. 1993). In addition to these published models, information on

the secondary structure of other organisms was also obtained from

the database presented by Wuyts et al. (2001, 2002) and was used

for comparison purposes.

Results

Sedimentation Profiles of Ribosomes

The sedimentation profiles of ribosomes from various
organisms were analyzed by sucrose density gradient
centrifugation (Fig. 1). The sedimentation profile of
T. vaginalis showed three peaks. These corresponded
respectively from left to right to the SSU, the LSU,
and the monosome of T. vaginalis. The peak obtained
for the monosome of T. vaginalis was very low. We
were unable to obtain a single monosome peak for
T. vaginalis using any of the various buffer conditions
examined (data not shown). The peaks for mono-
somes of various organisms as shown in Fig. 1
demonstrate that the order of the sedimentation co-
efficients for these organisms in A. salina (81S)
(Nieuwenhuysen and Clauwaert 1981) > S. cerevisiae
> T. vaginalis> G. intestinalis> E. coli (67S) (Patel
et al. 2001).

Next, sedimentation profiles of the dissociated
subunits were compared (Fig. 2). Because the ionic
conditions necessary to obtain a profile with disso-
ciated subunits are different for T. vaginalis and
S. cerevisiae, different buffers were used. In these
analyses, the sedimentation profile of the dissociated
subunits of E. coli was used as a control. The peaks
for the small and large subunits of T. vaginalis and
S. cerevisiae were located to the right to those of
E. coli, indicating higher sedimentation coefficients of
dissociated subunits for these organisms. In addition,

comparison of Figs. 2a and b with Figs. 2c and d
revealed that the sedimentation coefficients of
T. vaginalis were slightly smaller than those of
S. cerevisiae and were comparable with the profile
shown in Fig. 1.

Isolation of T. vaginalis Ribosomal Proteins by
2D-PAGE Analysis and N-Terminal Sequencing of
Protein Spots

Ribosomal proteins of T. vaginalis were extracted
from the high salt-washed ribosomal preparations
and resolved by RFHR 2D-PAGE. Forty-two and 55
protein spots were identified on the gels for the small
(Fig. 3a) and large (Fig. 3b) subunits, respectively,
and are schematically represented in Figs. 3c and d.
Protein spots randomly selected from the 2D gels
were sequenced. The number of sequenced proteins
was 12 from the SSU and 6 from the LSU gels
(Figs. 3c and d) and were compared with all the
protein sequences in the public databases using the
FASTA program. Each of these sequences, except
S12 of T. vaginalis, showed the highest similarity
score to a eukaryotic ribosomal protein among the
ribosomal proteins identified in each FASTA analysis
(Table 1). The ribosomal protein S12 of T. vaginalis
showed the highest FASTA score with the archae-
bacterial homologs, although they also had simila-
rities with the corresponding homologs of the
eukayotes. No ribosomal proteins present exclusively
in eubacteria or archaebacteria were found in the
examined spots of T. vaginalis ribosomal proteins.

Each of three ribosomal proteins, S26, L21, and
L37a, was identified as two separate spots on the gel
with the same N-terminal sequence (Fig. 3, Table 1).
Although the actual cause of this phenomenon is not
known, it could have been due to posttranslational
modifications, or to the presence of products from
different gene copies, and/or to changes in the

Fig. 2. Sedimentation profiles of the small
and large subunit ribosomes of Trichomonas
vaginalis, Saccharomyces cerevisiae, and
Escherichia coli. Millimolar concentrations of
the buffers, NH4Ac: MgAc2: Tris–HCl, pH 7.6
(a, b), and KCl: MgCl2: Tris–HCl, pH 7.6 (c, d),
used in the analysis are shown in parentheses;
0.2 mM EDTA and 12 mM 2-mercaptoethanol
were also contained in the buffer. Vertical and
horizontal axes denote absorbance at 260 nm
and sedimentation gradient (top to bottom),
respectively. Location of the peaks for E. coli
small and large subunit ribosome are
represented by vertical lines.
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movement on the gel due to the formation of disulfide
linkage within the molecule. If such duplication (17%:
3 proteins of 18 protein sequences examined) oc-
curred at the same frequency also for other spots,
then roughly 17% of all spots (approximately 16)
would correspond to the ones that were derived from
the same ribosomal proteins. By taking this into
consideration, the total number of different ribo-
somal proteins on the gels in Fig. 3 can be estimated
as approximately 80.

Phylogeny of Ribosomal Proteins

Putative ORFs of the T. vaginalis and G. intestinalis
ribosomal proteins cloned and sequenced in this
study were not interrupted by intron-like sequences.
Complete amino acid sequences of the T. vaginalis
and G. intestinalis ribosomal proteins S14, S15a, L5,
and L8 and that of the G. intestinalis L10a ribosomal

protein were deduced from the nucleotide sequences
and were aligned with those of archaebacterial,
eubacterial and eukaryotic homologs (data not
shown). The T. vaginalis and G. intestinalis sequences
of all five proteins could be easily aligned with other
eukaryotic sequences by introducing minor inser-
tions/deletions and showed high similarity values
with other eukaryotic sequences. Preliminary phylo-
genetic analysis of these proteins based on data sets
including sequences from other eukaryotes, archae-
bacteria, and eubacteria revealed with high bootstrap
support that the T. vaginalis and G. intestinalis
sequences are positioned within a eukaryotic clade.
However, phylogenetic positions of these organisms
within the eukaryotic clade were not resolved with
any statistical confidence (data not shown).

In order to obtain a clearer resolution of the posi-
tion of T. vaginalis andG. intestinalis in the eukaryotic
clade, a concatenated data set of the five proteins was

Fig. 3. Two-dimensional gel electrophoresis profiles of the total proteins from Trichomonas vaginalis ribosomal subunits. (a) Large
subunit, (c) small subunit, and (b, d) protein spots on the gel of large (b) and small (d) subunit of the T. vaginalis ribosome and ribosomal
protein names identified by N-terminal amino acid sequencing analysis are schematically represented.
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made and used for further analysis. The data set
comprised only the eukaryotic and archaebacterial
sequences. An exhaustive search was performed by the
ML method with a JTT-F +C model for 5991 trees
obtained by a heuristic search. The best tree finally
selected confirmed the monophyly of eukaryotes in-
cluding T. vaginalis and G. intestinalis with 100%
bootstrap support (Fig. 4). The monophyly of Meta-
zoa, Fungi, Viridiplantae (green plants), and Api-
complexa was also clearly supported. However, no
clear resolution was obtained in other parts of the
eukaryotic clade. The basal position ofGuillardia theta
(nucleomorph) may probably be affected by a LBA
caused by an unusual feature of the G. theta sequence.
The position ofPorphyra yezoensis (Rhodophyta)may
also be affected by the earliest-branching position ofG.
theta, sinceP. yezoensis andG. theta are closely related
(Bapteste et al. 2002). Although with low BP supports,
the tree reconstructed close relationships between
Entamoeba histolytica and Dictyostelium discoideum
and between T. vaginalis and G. intestinalis. The for-T
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Fig. 4. Eukaryotic tree based on a concatenated ribosomal pro-
tein data set (S14, S15a, L5, L8, and L10a). Archaebacteria are
used as outgroups. The best tree finally selected by the ML analysis
with the JTT-F + C model is shown. Bootstrap proportions (BPs)
are attached to the internal branches. The length of each branch is
proportional to the estimated number of substitutions. Unambig-
uously aligned 645 amino acid positions were used for the analysis.
The positions used are listed below for T. vaginalis sequences: S14,
35–148; S15a, 6–130; L5, 19–37, 47–82, 93–110, 138–150, 154–170,
172–174, and 204–211; L8, 13–29, 44–68, 75–139, and 143–168; and
L10a, 9–17, 25–65, 69–80, 87–92, 95–137, 142–186, and 188–190.
Information on accession numbers and alignments available from
the authors.
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mer relationship has recently been demonstrated with
analyses using multiple genes (Arisue et al. 2002; Ba-
pteste et al. 2002). Also, from previous reports the
latter relationship has been suggested by several single
gene phylogenies (Keeling and Doolittle 1996; Roger
et al. 1999; Hashimoto et al. 1997, 1998; Henze et al.
2001; Horner and Embley 2001) and has recently been
clearly demonstrated by a combined ML analysis of
multiple genes (Arisue et al., in preparation). In order
to examine significance of unexpected relationships
in the best tree, such as the nonmonophyly of
Opisthokonta or of Ecdysozoa, the tree (Fig. 4) was
compared with the best tree obtained by an analysis
under constraints based on accepted findings. The best
tree among 945 alternatives under constraints revealed
a relationship: (outgroup, (T. vaginalis,G. intestinalis),
((P. yezoensis, G. theta), ((Conosa, Apicomplexa),
(Viridiplantae, ((H. sapiens, Ecdysozoa), Fungi))))). A
log-likelihood of the tree was less than that of the tree
without constraints shown in Fig. 4 by 24.6
(p = 0.261), demonstrating that the best tree under
constraints wasn’t significantly different from the tree
without constraints (Fig. 4). Among the 945 trees
under constraints, 110 and 847 trees were not rejected
by statistical significance criteria, p < 0.05 and p <
0.01, respectively. These results indicate not only
nonsignificance of the unexpected relationships in the
tree in Fig. 4 but also a lack of phylogenetic infor-
mation in the present data set to resolve the relation-
ships among major eukaryotic groups.

Comparison of the Sizes of Intact rRNAs

In order to compare the size of the rRNAs from
various organisms, intact rRNAs were extracted and
separated on an agarose gel (Fig. 5). The rRNAs of
T. vaginalis were slightly larger in size than those of

G. intestinalis, but smaller than S. cerevisiae and
E. coli, Ribosomal RNAs of G. intestinalis were the
smallest among the organisms examined. The lengths
of the rRNAs from various organisms, some of which
were estimated from sequence alignments, are also
summarized (Table 2). The lengths correlated well
with the size of the rRNAs as shown in Fig. 5. The
lengths were also in good agreement with the order of
sedimentation coefficients among the four eukaryotes
examined (A. salina> S. cerevisiae> T. vaginalis>
G. intestinalis) (Fig. 1).

Comparison of Secondary Structure Models of rRNAs

Secondary structure models of SSU rRNA and LSU
rRNA of T. vaginalis were compared with those of
other organisms, namely, H. sapiens, A. salina, S.
cerevisiae, M. balamuthi, G. intestinalis, E. cuniculi,
and E. coli. The universal core regions, which are
conserved among all extant organisms including mi-
tochondria and plastids (Gutell 1993), were strictly
conserved in both the SSU rRNA and the LSU
rRNA of T. vaginalis. Universal helices commonly
found in typical eukaryotes (50 in SSU rRNA and 90
in LSU rRNA) were also conserved in T. vaginalis, as
well as in G. intestinalis and M. balamuthi. Several
extra helices specific only toM. balamuthi were found
in both the SSU rRNA and LSU rRNA of M. bal-
amuthi (Table 3), whereas in the microsporidian, E.
cuniculi, the helices 11, 18, 43, and 46 in SSU rRNA
and the helices, B7, B8, D3, D5, E15, and G5 in LSU
rRNA were absent. Although the major part of the
universal helices was conserved among all eukaryotes
including Microsporidia at the secondary structure
level, phylogenetic analyses of SSU rRNA and LSU
rRNA, which compares these regions at the primary
sequence level, demonstrated that the evolutionary
rates for T. vaginalis, G. intestinalis, and E. cuniculi
are extremely accelerated (e.g., Arisue et al. 2002;
Peyretaillade et al. 1998; Philippe et al. 2000; Van De
Peer et al. 2000a). This suggests that compensative
substitutions may have frequently occurred on the
lines leading to these organisms in order to obtain the
conserved helix structures. In contrast to the con-
served regions, variable regions of eukaryotic rRNAs
exhibited extremely high divergence in both length
and sequence features (Table 3). As well as in G. in-
testinalis and E. cuniculi, the lengths of the variable
regions in T. vaginalis were reduced. The differences
in total sequence lengths of the rRNAs of T. vaginalis
from those of typical eukaryotes, such as H. sapiens
and S. cerevisiae, are attributed mostly to a reduction
in the lengths found in these regions (Table 3). Apart
from the divergent variable regions, no clear differ-
ence was found in the rRNAs that would separate T.
vaginalis and G. intestinalis from typical eukaryotes.

Fig. 5. Comparison of the size of intact rRNAs from various
organisms, (a) Saccharomyces cerevisiae; (b) Trichomonas vaginalis;
(c) Giardia intestinalis; (d) Escherichia coli. As a comparison, un-
usually large rRNAs of an amitochondriate, free-living amoebo-
flagellate, Mastigamoeba balamuthi (e), are also shown (Arisue
et al. 2002).
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Discussion

The ribosomes of well studied organisms generally
demonstrate a sedimentation profile with a mono-
some peak at high Mg2+ concentrations, such as
Buffer A (100 mM NH4Ac, 15 mM MgAc2, 20 mM
Tris–HCl, pH 7.6) (Iwabuchi and Ochiai 1969; Cook
et al. 1971; Zasloff and Ochoa 1971; Chaires and
Kegeles 1977). However, in this study under the same
conditions, a profile displaying only dissociated sub-
units was obtained for the T. vaginalis ribosome. The
affinity that associates the subunits of the T. vaginalis
ribosome is potentially weak and thus the intact
ribosome may be easily broken into subunits by
centrifugation during sedimentation analysis. Factors
necessary for the formation of the monosome in
T. vaginalis may be lost during preparation of the
ribosome extract. Indeed, Oka et al. (1973) reported
that the ribosome of Tritrichomonas foetus another
trichomonad species, is very sensitive to the stresses
of cell destruction.

Eukaryotic ribosomal proteins have been exten-
sively analyzed using 2D gel electrophoresis from
various organisms, including rat (Rattus norvegicus)
(Wool et al. 1995), S. cerevisiae (Mager et al. 1997;
Michel et al. 1983), Dictyostelium discoideum (Rama-
gopal and Ennis 1980,), Tetrahymena thermophila
(Petridou et al. 1983), Podospora anserina (Dequard-
Chablat et al. 1986), Chlamydomonas reinhardtii
(Fleming et al. 1987), and G. intestinalis (Shirakura et
al. 2001). The number of ribosomal proteins from
each of these organisms as deduced by 2D-PAGE
analysis was found to range from 71 to 93. Such
variations may primarily be due to differences not
only in species but also in criteria used for identifi-
cation of the protein spots on the 2D gel. Approxi-
mately 80 different ribosomal proteins in T. vaginalis
were obtained in the present analyses, a number
comparable to previous findings for the number of
eukaryotic ribosomal proteins.

However, far fewer ribosomal proteins (40–56)
have been reported to be present in four tricho-
monads, T. gallinae, T. bactrachorum, Tritrichomonas
augusta, and T. foetus. (Champney et al. 1992). Since
T. vaginalis and these four trichomonad species are
phylogenetically closely related, it is very unlikely
that the number of their ribosomal proteins on the
2D gel would vary from 40 to 80. In their sedimen-
tation analyses a buffer with a low Mg2+ content
(350 mM KCl, 7.5 mM MgAc2, 50 mM Tris–HCl,
pH 7.6) was used, and the ribosomal particles were
isolated from the fractions of the sedimentation gra-
dient and analyzed by either 2D gel electrophoresis or
high pressure liquid chromatography to determine
the number of proteins. However, when these buffer
conditions were used by us, the T. vaginalis ribosomes
clearly showed a profile with dissociated subunits.
Since the culture medium (Diamond 1957) and cen-
trifugation conditions used in their study were almost
identical to our conditions, it is possible that the
fractionated preparation in their study contained
only large subunits, thus only the number of large
subunit proteins have been counted. In typical
eukaryotes, the numbers of ribosomal proteins on the
small and large subunits are approximately 30 and
50, respectively. If they had counted the number of
ribosomal proteins only of the large subunit ribo-
somes of the four trichomonads, the smaller numbers
(40–56) compared to the number in T. vaginalis (ap-
proximately 80) could be explained, although the
variation is still too large.

Based on sequence database searches, including
genome sequencing project databases, alignments of
all the ribosomal proteins present in eukaryotes were
made in order to compare the protein components of
the eukaryotic ribosomes (data not shown). The
comparison included H. sapiens S. cerevisiae, E. cu-
niculi, Dictyostelium discoideum, Arabidopsis thaliana,
Plasmodium falciparum, Trypanosoma brucei, and
G. intestinalis, No significant differences were ob-

Table 2. Sequence lengths of the rRNA from various organisms

Nucleotides

Organism (accession No.) SSU rRNA LSU rRNA

Homo sapiens (U13369) 1871 5035

Artemia salina (X01723/our unpublished sequence + AY210805) 1810 3710a

Saccharomyces cerevisiae (U53879) 1800 3396

Trichomonas vaginalis (U17510/AF202181) 1574 2765

Giardia intestinalis (X52949) 1454 2684

Mastigamoeba balamuthi (L23779/AB066363-5) 2741 4485

Encechalitozoon cuniculi (AJ005581) 1299 2487

Escherichia coli (J01695) 1542 2904

Haloarcula marismortui (AF034620) 1472 2922

aCompared with the Drosophila sequence, approximately 40 nucteotides were missing in the 3¢ portion. The number was taken into

consideration for estimating the approximate length.

67



served for either the number of ribosomal proteins or
sequence features among the different organisms,
apart from the microsporidian, E. cuniculi (Vivarés
et al. 2002), which lacks several ribosomal proteins
and contains others that possess extremely divergent
sequence features. In contrast to the conservative
nature of the protein components of the eukaryotic
ribosomes so far examined, variable regions of the
rRNAs showed extreme divergence in their length
(Tables 2 and 3, Fig. 5). This, plausibly, could ac-
count for the differences in sedimentation coefficients
among the different organisms (Fig. 1).

Although individual phylogenetic analyses based
on five ribosomal proteins, S14, S15a, L5, L8, and
L10a, confirmed the eukaryotic nature of the Tricho-
monas homologs, no clear resolution was obtained for
the phylogenetic positions of T. vaginalis and G. in-
testinalis in the eukaryotic tree. Even when a concat-
enated data set was used in the analysis, the resolution
hardly improved. This situation is in disagreement
with a status of these organisms in the eukaryotic tree,
which was previously supported mainly by phyloge-
nies of SSU rRNA (Sogin and Silberman 1998) and

elongation factors (Hashimoto et al. 1997). However,
the status of these two lineages has recently been re-
garded as an artifact due to LBA (Embley and Hirt
1998; Philippe et al. 2000; Bapteste et al. 2002). The
most recent version of our combined phylogenetic
analysis of multiple genes with slowly evolving posi-
tions has demonstrated that there is no clear support
for the early emergence of the two lineages of Diplo-
monadida (including G. intestinalis) and Parabasala
(including T. vaginalis) (Arisue et al., in preparation).

In the present study we have provided several lines
of evidence to confirm that the components of the
T. vaginalis ribosome are a typical eukaryotic type. The
small sedimentation coefficient of the T. vaginalis ri-
bosome comparedwith that ofS. cerevisiae orA. salina
is the only difference that separates T. vaginalis from
typical eukaryotes. Although the small sedimentation
coefficient has previously been regarded as evidence
that the T. vaginalis ribosome is prokaryotic or prim-
itive eukaryotic, such characteristics can now be at-
tributed to the shortened or lost variable regions of the
rRNAs. The present findings regarding the compo-
nents of the T. vaginalis ribosome give additional evi-

Table 3. Comparison of nucleotide lengths of variable regions among secondary structure models of the rRNAs from seven eukaryotic
organismsa

SSU rRNA regionb LSU rRNA regionb

Organism E10_ E23_ 43 E45_ B13_ B16_c C1/C1_ D5

H. sapiens 84 236 56 — 41 — 873 34

(E10_1) (E23_1–9)

A. salina 55 233 49 — 47 — 305 34

S. cerevisiae 50 225 49 — 40 — 210 32

(E10_1) (B13_1) (C1,C1_1–3) (D5_l)

M. balamuthi 315 674 197 69 78 37 478 107

(B13_1) (B16_1–2) (C1,C1_1–7) (D5_1)

T. vaginalis — 130 46 — — — 12 —

(C1)

G. intestinalis — 98 15 — 23 — 12 29

E. cuniculi — 54 — — 33 — 13 —

(B13_1) (C1)

LSU rRNA regionb

E9_ E11_ E14_c E15_c E20/E20_ G5/G5_ H1_

H. sapiens 26 29 — — 718 83 226

A. salina 54 31 — — 186 89 161

S. cerevisiae 18 10 — — 171 76 133

(E9_1) (E11_1) (E20,E20_1–2) (G5,G5_1–2) (H1_1–3)

M. balamuthi 86 115 174 43 67 269 131

(E9_1) (E11_1–2) (E14_1–2) (E15_1–2) (G5,G5_1–3) (H1_1–4)

T. vaginalis — 10 21 — 22 12 78

(E11_1) (E14_1) (G5) (H1_1–2)

C. intestinalis 10 19 — — 28 14 40

E. cuniculi — 10 — — 20 — —

aLengh of nudeotides inserted in each variable region is shown. Designation of the regions is based on the helix numberings of Neefs et al.

(1993) for SSU rRNA and De Rijk et al. (1999) for LSU rRNA. Helices identified in the corresponding region in the secondary structure

model are shown in parentheses. Otherwise, only a number of nucleotides inserted in the region was shown based on an alignment.
bRegions with underbars contain hypervariable extra helices.
cHelices in these regions were found only in the secondary structure models of M. balamuthi and/or T. vaginalis LSU rRNAs.
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dence for the fully developed eukaryotic nature of the
amitochondriate protist, T. vaginalis (Roger 1999).

Cavalier-Smith (2002) pointed out that remarkable
divergence of the eukaryotic rRNAs, such as trun-
cation, expansion, and rapid evolution, is observed
especially in amitochondriate protists, and he argued
that the loss of mitochondrial ribosomes is associated
with a marked reduction in the selective con-
straints on cytosolic rRNAs. As far as the rRNA
components are concerned, this hypothesis fits well
with the actual findings on the evolution of the
rRNAs of amitochondriate protists. However, in
order to fully settle whether the loss of typical
mitochondria really accelerates the evolution of the
cytosolic ribosomes, the protein components must
also be explored for the presence or absence of a re-
duction in selective constraints, and if present, the
extent of such a reduction must be determined.
Currently, very little is known about the protein
components of the ribosomes of amitochondriate
protists. Accumulation of ribosomal protein se-
quences from various protists including amitoch-
ondriates in the near future should provide a deeper
insight into the evolution of the ribosomes of the
amitochondriate protists.
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Hashimoto T, Sanchéz LB, Shirakura T, Müller M, Hasegawa M

(1998) Secondary absence of mitochondria in Giardia lamblia

and Trichommonas vaginalis revealed by valyl-tRNA synthetase

phylogeny. Proc Natl Acad Sci USA 95:6868–6865

69



Henze K, Horner DS, Suguri S, Moore DV, Sánchez LB, Müller

M, Embley TM (2001) Unique phylogenetic relationships of

glucokinase and glucosephosphate isomerase of the amito-

chondriate eukaryotes Giardia intestinalis, Spironucleus barkh-

anus and Trichomonas vaginalis. Gene 281:123–131

Hinkle G, Leipe DD, Nerad TA, Sogin ML (1994) The unusually

long small subunit ribosomal RNA of Phreatamoeba balamuthi.

Nucleic Acids Res 22:465–469

Hirt RP, Logsdon JM Jr, Healy B, Dorey MW, Doolittle WF,

Embley TM (1999) Microsporidia are related to Fungi: Evi-

dence from the largest subunit of RNA polymerase II and other

proteins. Proc Natl Acad Sci USA 96:580–585

Horie K, Wada A, Fukutome H (1981) Conformational studies of

Escherichia coli ribosomes with the use of acridine orange as a

probe. J Biochem 90:449–461

Horner DS, Embley TM (2001) Chaperonin 60 phylogeny provides

further evidence for secondary loss of mitochondria among pu-

tative early-branching eukaryotes. Mol Biol Evol 18:1970–1975

IshiharaR,HayashiY (1968) Some properties of ribosomes from the

sporoplasm of Nosema bombycis. J Invertebr Pathol 11:377–385

Iwabuchi M, Ochiai H (1969) Sedimentation properties of ribo-

somal particles in Dictyostelium discoideum. Biochim Biophys

Acta 190:211–213

Keeling PJ, Doolittle WF (1996) Alpha-tubulin from early-di-

verging eukaryotic lineages and the evolution of the tubulin

family. Mol Biol Evol 13:1297–1305

Keeling PJ, Palmer JD (2000) Phylogeny: Parabasalian flagellates

are ancient eukaryotes. Nature 405:635–637

Keeling PJ, Luker MA, Palmer JD (2000) Evidence from beta-

tubulin phylogeny that microsporidia evolved from within the

fungi. Mol Biol Evol 17:23–31

Keister DB (1983) Axenic culture of Giardia lamblia in TYI-S-33

medium supplemented with bile. Trans R Soc Trop Med Hyg

77:487–488

Leipe DD, Gunderson JH, Nerad TA, Sogin ML (1993) Small

subunit ribosomal RNA+ of Hexamita inflata and the quest of

the first branch in the eukaryotic tree. Mol Biochem Parasitol

59:41–48

Mager WH, Planta RJ, Ballesta JG, Lee JC, Mizuta K, Suzuki K,

Warner JR, Woolford J (1997) A new nomenclature for the

cytoplasmic ribosomal proteins of Saccharomyces cerevisiae.

Nucleic Acids Res 25:4872–4875

McArthur AG, Morrison HG, Nixon JE, Passamaneck NQ, Kim

U, Hinkle G, Crocker MK, Holder ME, Farr R, Reich CI,

Olsen GE, Aley SB, Adam RD, Gillin FD, Sogin ML (2000)

The Giardia genome project database. FEMS Microbiol Lett

189:271–273

Michel S, Traut RR, Lee JC (1983) Yeast ribosomal proteins:

Electrophoretic analysis in four two-dimensional gel systems—

Correlation of nomenclatures. Mol Gen Genet 191:251–256

Mizumoto K, Iwasaki K, Tanaka M, Kaziro Y (1974) Studies on

polypeptide elongation factor 2 from pig liver. I. Purification

and properties. J Biochem 75:104–1056

Müller M (1988) Energy metabolism of protozoa without mit-

ochondria. Annu Rev Microbiol 42:465–488

Müller M (1993) The hydrogenosome. J Gen Microbiol 139:2879–

2889

Neefs JM, Van de Peer Y, DeRijk P, Chapelle S, DeWachter R

(1993) Compilation of small ribosomal subunit RNA structures.

Nucleic Acids Res 21:3025–3049

Nieuwenhuysen P, Clauwaert J (1981) Physicochemical character-

ization of ribosomal particles from the eukaryote Anemia. J Biol

Chem 256:9626–9632

Oka Y, Hayashi H, Hayashi N, Furuya M, Ito Y, Yagyu M, Osaki

H (1973) Comparative studies on the isolation of ribosomes in

Trichomonas foetus. Jpn J Parasitol 22:193–198 (in Japanese

with an English abstract)

Patel VB, Cunningham CC, Hantgan RR (2001) Physiochemical

properties of rat liver mitochondrial ribosomes. J Biol Chem

276:6739–6746

Petridou B, Cuny M, Guerin MF, Hayes F (1983) Ribosomal

subunits and ribosomal proteins of Tetrahymena thermophila.

Effect of the presence of iodoacetamide during ribosome ex-

traction on the properties of the subunits. Eur J Biochem

135:425–434

Peyretaillade E, Biderre C, Peyret P, Duffieux F, Metenier G, Gouy

M, Michot B, Vivares CP (1998) Microsporidian Encephalito-

zoon cuniculi, a unicellular eukaryote with an unusual chro-

mosomal dispersion of ribosomal genes and a LSU rRNA

reduced to the universal core. Nucleic Acids Res 26:3513–

3520

Philippe H, Laurent J (1998) How good are deep phylogenetic

trees? Curr Opin Genet Dev 8:616–623

Philippe H, Lopez P, Brinkmann H, Budin K, Germot A, Laurent

J, Moreira D, Müller M, Le Guyader H (2000) Early-branching

or fast-evolving eukaryotes? An answer based on slowly

evolving positions. Proc R Soc Lond B Biol Sci 267:1213–

1221

Ramagopal S, Ennis HL (1980) Studies on ribosomal proteins in

the cellular slime mold Dictyostelium discoideum. Resolution,

nomenclature and molecular weights of proteins in the 40-S and

60-S ribosomal subunits. Nucleic Acids Res 25:4872–4875

Roger AJ (1999) Reconstructing early events in eukaryotic evolu-

tion. Am Nat 154:S146–S163

Roger AJ, Morrison HG, Sogin ML (1999) Primary structure and

phylogenetic relationships of a malate dehydrogenase gene from

Giardia lamblia. J Mol Evol 48:750–755

Rotte C, Henze K, Müller M, Martin W (2000) Origins of hydro-

genosomes and mitochondria. Curr Opin Microbiol 3:481–486

Sambrook J, Fritch EF, Maniatis T (1989) Molecular cloning: A

laboratory manual. 2nd ed. Cold Spring Harbor Laboratory

Press, Cold Spring Harbor, NY

Shimodaira H, Hasegawa M (1999) Multiple comparisons of log-

likelihoods with applications to phylogenetic inference. Mol

Biol Evol 16:1114–1116

Shirakura T, Maki Y, Yoshida H, Arisue N, Wada A, Sánchez LB,

Nakamura F, Müller M, Hashimoto T (2001) Characterization

of the ribosomal proteins of the amitochondriate protist,

Giardia lamblia. Mol Biochem Parasitol 112:153–156

Sogin ML, Silberman JD (1998) Evolution of the protists and

protistan parasites from the perspective of molecular system-

atics. Int J Parasitol 28:11–20

Sogin ML, Gunderson JH, Elwood HJ, Alonso RA, Peattie DA

(1989) Phylogenetic meaning of the kingdom concept: an unu-

sual ribosomal RNA from Giardia lamblia. Science 243:75–77

Tovar J, Leon-Avila G, Sánchez LB, Sutak R, Tachezy J, van der

Giezen M, Hernández M, Müller M, Lucocq JM (2003) Mit-

ochondrial remnant organelles of Giardia function in iron-sulfur

protein maturation. Nature 426:172–176

Van de Peer Y, Ben Ali A, Meyer A (2000a) Microsporidia: Accu-

mulating molecular evidence that a group of amitochondriate

and suspectedly primitive eukaryotes are just curious fungi. Gene

246:1–8

Van de Peer Y, Baldauf SL, Doolittle WF, Meyer A (2000b) An

updated and comprehensive rRNA phylogeny of (crown) eu-

karyotes based on rate-calibrated evolutionary distances. J Mol

Evol 51:565–576

Van Keulen H, Gutell RR, Campbell SR, Erlandsen SL, Jarroll EL

(1992) The nucleotide sequence of the entire ribosomal DNA

operon and the structure of the large subunit rRNA of Giardia

muris. J. Mol Evol 35:318–328

Vivarès VP, Gouy M, Thomarat F, Méténier G (2002) Functional

and evolutionary analysis of a eukaryotic parasitic genome.

Curr Opin Microbiol 5:499–505

70



Vossbrinck CR, Woose CR (1986) Eukaryotic ribosomes that lack

a 5.8 RNA. Nature 320:287–288

Vossbrinck CR, Maddox JV, Friedman S, Debrunner-Vossbrinck

BA, Woese CR (1987) Ribosomal RNA sequence suggests

microsporidia are extremely ancient eukaryotes. Nature

326:411–414

Wada A (1986a) Analysis of Escherichia coli ribosomal proteins by

an improved two dimensional gel electrophoresis. I. Detection

of four new proteins. J Biochem 100:1583–1594

Wada A (1986b) Analysis of Escherichia coli ribosomal proteins by

an improved two dimensional gel electrophoresis. II. Detection

of four new proteins. J Biochem 100:1595–1605

Williams BAP, Hirt RP, Lucocq JM, Embley TM (2002) A mito-

chondrial remnant in the microsporidian Trachipleistophora

hominis. Nature 418:865–869

Wool IG, Chan YL, Gluck A (1995) Structure and evolution of

mammalian ribosomal proteins. Biochem Cell Biol 73:933–947

Wu G, Hashimoto T (1999) Sequence analysis of genes encoding

ribosomal proteins of amitochondriate protists: L1 of Tricho-

monas vaginalis and L29 of Giardia lamblia. Parasitol Int

48:135–134

Wuyts J, De Rijk P, Van de Peer Y, Winkelmans T, De Wachter R

(2001) The European large subunit ribosomal RNA database.

Nucleic Acids Res 29:175–177

Wuyts J, Van de Peer Y, Winkelmans T, De Wachter R (2002) The

European database on small subunit ribosomal RNA. Nucleic

Acids Res 30:183–185

YangZ (1997) PAML:A programpackage for phylogenetic analysis

by maximum likelihood. Comput Appl Biosci 13:555–556

Zasloff M, Ochoa S (1971) A supernatant factor involved in initi-

ation of complex formation with eukaryotic ribosomes. Proc

Natl Acad Sci USA 65:3059–3063

Zuker M (1989) On finding all suboptimal foldings of an RNA

molecules. Science 244:48–52

71


