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Amitochondoriate protists are unicellular eukaryotes that lack mitochondria.
Diplomonadida (including Giardia), Palabasala (including Trichomonas), Entamoebidae
(including Entamoeba), Pelobionta (including Mastigamoeba), and Microsporidia (including
Encephalitozoon) are well known as major lineages. Morphological evidence and findings on
the ribosomes showing ‘primitive eukaryotic’ features for these lineages led a proposal of the
‘Archezoa’ hypothesis that several amitochondriate protist lineages (Archezoa) diverged
preceding the endosymbiotic origin of proto-mitochondria, and thus have been living relics of
the early phase of eukaryotic evolution.

Early studies on the eukaryotic phylogenies based on the small subunit (SSU) ribosomal
RNA (rRNA) and on the translation elongation factors (EF) supported this hypothesis, placing
three amitochondriate protists lineages, Microsporidia, Parabasala and Diplomonadida, at the
basal position of the eukaryotic tree. However, phylogenies based on other genes, such as
tubulins, mitochondorial-type heat shock protein 70 (HSP70mit) and the largest subunit of
RNA polymerase II (Rpoll), suggested that Microsporidia are not deep branching eukaryotes
but are closely related to Fungi. Furthermore, phylogenies of various genes based on the recent
accumulation of many sequence data from various protist lineages sometimes gave conflicting
results with each other, indicating that the phylogenetic relationships among major eukaryotic
lineages have still been an open problem.

On the other hand, mitochondrion-related genes that are coded in nuclear DNA and
target for mitochondria were isolated from Entamoebidae, Microsporidia, Parabasala and
Diplomonadida. The findings suggested that ancestors of these amitochondriate lineages once
harbored mitochondria and lost them secondarily during their evolution.

On these backgrounds of the studies on early eukaryotic evolution, this work was
intended to elucidate an evolutionary status of the amitochondriate protists. First, in order to
establish a robust placement of the amitochondriate protist lineages in the eukaryotic tree,
phylogenetic relationships among major eukaryotic lineages including amitochondriate
protists were statistically analyzed in detail by applying a combined maximum likelihood
(ML) method to the sequence data of multiple genes. Next, in order to establish whether the
ribosomal features of potentially early-branching lineages are ‘primitive eukaryotic’, the
ribosomes of the amitochondriate protists, Giardia intestinalis (Diplomonadida) and
Trichomonas vaginalis (Parabasala), were analyzed, and the components were compared to
those of other eukaryotic organisms including amitochondriate protists.

Chapter 1 of this article described the analyses of the phylogenetic relationships among
major eukaryotic lineages including amitochondriate protists, with the reports on 27 original
sequence data of various genes mostly derived from amitochondriate protists.

At first, phylogenetic positions of Microsporidia and of stramenopiles were analyzed. In
order to clearly settle a phylogenetic position of Microsporidia among major eukaryotic
lineages, a combined ML analysis was performed using 6,391 positions from 10 genes for
which data from Microsporidia were available. These genes were EF-14EF-2, valyl- and
isoleucyl- tRNA synthetases (ValRS, IleRS), Rpoll, Actin, ubulin, &ubulin, SSUTRNA,
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and large subunit (LSU) rRNA. Although several phylogenies based on individual genes, such
as EF-141leRS, and SSUrRNA, did not support a close relationship between Microsporidia
and Fungi, the combined analysis clearly demonstrated a relationship, (Metazoa, (Fungi,
Microsporidia)) with a very high statistical support. In addition, another combined ML
analysis was performed to examine a relationship between stramenopiles and Alveolata, using
5,423 positions from eight genes for which data from stramenopiles were available (EF-14
EF-2, cytosolic-type HSP70 (HSP70c), non-catalytic ‘B’ subunit of vacuolar ATPase, Actin,
&ubulin, SSUTRNA, and LSUIRNA). The analysis demonstrated also with a very high
statistical support that stramenopiles and Alveolata were the closest relatives with each other.

In the next, the phylogenetic position of the Pelobiont Mastigamoeba balamuthi was
analyzed in relation to the position of E. histolytica. A combined ML analysis using 3,935
positions from four genes, SSUTRNA, LSUrRNA, EF-14and EF-2, suggested that M.
balamuthi was the closest relative of E. histolytica and that Mycetozoa were placed at the
sistergroup to the common ancester of M. balamuthi and E. histolytica. These findings
supported the notion, which had previously been proposed primarily on cytological evidence,
that both M. balamuthi and E. histolytica are closely related to the Mycetozoa and that these
three together represent a major eukaryotic lineage (Conosa).

Finally, on the basis of the findings as mentioned above and as currently reported in the
literatures, 13 major eukaryotic lineages were divided into seven groups: 1. (Metazoa, (Fungi,
Microsporidia)), 2. (Mycetozoa, (Pelobionta, Entamoebidae)) [Conosa],

3. (Viridiplantae, Rhodophyta), 4. (stramenopiles, Alveolata), 5. Euglenozoa,

6. Diplomonadida, and 7. Parabasala. Phylogenetic relationships among these groups with an
outgroup were examined by a combined ML analysis of the genes, EF-14EF-2, ribosomal
protein (Rp) S14, RpS15a, RpLS, RpL8, RpL10a, IleRS, ValRS, Rpoll, chaperonin 60,
HSP70mit, endoplasmic reticulum-type HSP70, HSP70c and cytosolic-type HSP90,
chaperonin-containing testis complex polypeptide-1 subunit (CCT) 4CCTaCCTiCCTg
Actin, &ubulin, &ubulin, SSUTRNA, and LSUrRNA. The combined ML analysis clearly
supported with statistical confidence that Diplomonadida and Parabasala diverged earlier than
other five groups in the eukaryotic tree, although the branching order between these two
lineages were still open for further analysis. In addition, especially when among-site rate
heterogeneity was taken into consideration, it was clearly supported that (Metazoa, (Fungi,
Microsporidia)), Conosa, and (Viridiplantae, Rhodophyta) were the first, the second and the
third earliest offshoots among the five groups excluding Diplomonadida and Parabasala. The
analysis at the first time demonstrated robustly that Diplomonadida and Parabasala are the
early branching eukaryotes, although presence of a potential artefact derived from a long
branch attraction could not be ruled out entirely.

Chapter 2 of this article described the analyses of the ribosomes of potentially early
branching amitochondriate protists, G. intestinalis and T. vaginalis.

Sedimentation analyses demonstrated that the sedimentation coefficients of these
ribosomes were larger than that of Escherichia coli and smaller than that of Saccharomyces
cerevisiae or Artemia salina. Based on the radical free and highly reduced two dimensional
polyacrylamide gel electrophoresis analysis, N-terminal sequencing analysis, and/or similarity
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search on the public database, the number of ribosomal proteins were estimated to be at least
74 for G. intestinalis and approximately 80 for T. vaginalis. These numbers were comparable
with that of a ‘typical’ eukaryote (about 80) and larger than that of E. coli (about 55). The
N-terminal sequences of the protein spots and alignment analyses of all the ribosomal proteins
currently available revealed that the sequences of G. intestinalis and T. vaginalis are clearly of
‘typical’ eukayotic type with no exception.

On the other hand, sequence comparison analyses of TRNAs revealed that the SSU and
LSUrRNAs of G. intestinalis and T. vaginalis were remarkably shorter in length than those of
‘typical’ eukaryotes. All the helices that belong to the universal core, however, were strictly
conserved also in G. intestinalis and T. vaginalis. In contrast, variable regions of both TRNAs
were reduced to be short in G. intestinalis and T. vaginalis. '

As far as these results are concerned, the protein components and the essential parts of
the rRNAs of the G. intestinalis and T. vaginalis ribosomes are clearly of ‘typical’ eukaryotic
type. No ‘primitive eukaryotic’ features are found in the ribosomes of these amitochondriate

‘protists. The smaller sedimentation coefficients of the ribosomes of G. intestinalis and T.
vaginalis than those of ‘typical’ eukaryotes are due to the smaller size of IRNAs with
shortened variable regions. These findings give additional evidence for fully developed
eukaryotic nature of G. intestinalis and T. vaginalis. Probably Diplomonadida and Parabasala
already had obtained major eukaryotic properties commonly found in the ‘typical’ eukaryotes.
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