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Abstract 
 

     It is believed that primordial eukaryotes were derived from prokaryotes, acquiring 

nucleus. A number of attempts have been made to reveal the early evolution of 

eukaryotes, and some hypotheses for the emergence of the early eukaryotes are 

proposed so far. However, the evolutionary process of early eukaryotes is still a 

controversial issue and remains one of the biggest questions in current biology. In this 

study, with the eventual goal toward elucidation of the evolutionary origin and process 

of early eukaryotes, I conducted molecular evolutionary analyses of transporter proteins 

of ribosomes between the nucleus and the cytoplasm, called ribosome export factors 

(REFs). 

     This thesis consists of four chapters and an appendix. In Chapter 1, I described the 

research background for this study, with particular emphasis on the molecular function 

of the REFs. The ribosome, one of the largest complexes in eukaryotic cells, is to be 

exported from the nucleus to the cytoplasm through nuclear pores. As discovered in 

recent years, the kinetic steps in this nucleocytoplasmic transport pathway are 

stimulated by the REFs. The REFs would be worth focusing on because they can be 

considered as one of the components in the eukaryotic core system, translation, and as 

one of the key genes in the evolutionary process of early eukaryotes for maintaining the 

mobility of the ribosomes under the existence of nuclear membrane in the 

then-emerging eukaryotic cells.  

     In Chapter 2, with the aim of revealing the functional significance of the REFs in 
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the process of eukaryotic evolution, I examined the functional constraints of the entire 

translation system, the ribosomal proteins and the REF proteins. Estimating the relative 

evolutionary rates of the yeast REF proteins, I found that, although not as much as the 

ribosomal proteins, the REF proteins do slowly evolve. More interestingly, the 

evolutionary rates of the REFs can be classified into two groups. In order to explain this 

difference in evolutionary rates between the two groups, I considered two subcategories 

for the REFs, according to the steps in which the REFs are involved. Those two 

subcategories are non-membranous REFs (non-mREFs) and membranous REFs 

(mREFs). Interestingly, this categorization was coincided with the evolutionary rate 

difference: Namely, the rapidly evolving REFs were the non-mREFs while the slowly 

evolving REFs were the mREFs. These results show that the mREF proteins evolve 

slower than the non-mREF proteins, suggesting the functional importance of mREFs in 

the evolutionary process of eukaryotes. 

     In Chapter 3, I examined the evolutionary origin of the eukaryotic nucleus by 

conducting the ortholog detection analysis of the REFs in prokaryotic lineages. The 

evolutionary origin of the nucleus is still unclear, although a number of hypotheses have 

been proposed so far. I searched for the origin of the REFs in archaeal and eubacterial 

lineages by the method of PSI-BLAST. The results obtained showed that the 

non-mREFs originated exclusively from eubacterial proteins whereas the mREFs were 

from both archaeal and eubacterial proteins. Thus, the REFs working inside the nuclear 

membrane (i.e. non-mREFs) are derived only from eubacteria, while alternatively, the 

REFs shuttling between the nucleus and the cytoplasm (i.e. mREFs) are from both 
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archaea and eubacteria. If we assume that the early nucleus has parsimoniously 

employed intranuclear proteins as the intranuclear transporters (i.e. non-mREFs), these 

data suggest that the structure of the nucleus may be a descendant of the eubacterial cell. 

At least, it is suggested that the nucleus arose in a cell that contained chromosomes 

possessing a substantial fraction of eubacterial genes. Therefore, from the viewpoint of 

ribosome transport, it is plausible that the nuclear structure is not originated from 

archaea, but from eubacteria. 

     Lastly, in Chapter 4, I provided a summary and conclusions for the present study. I 

have shown that the REFs evolve slowly, in addition, the mREFs evolve more slowly, 

suggesting that the entire eukaryotic translation system is under the functional 

constraints, and in particular, that the mREFs are functionally important in the process 

of eukaryotic evolution. Moreover, from the prokaryotic origin of the REFs, it is 

suggested that the nucleus is rather a descendant of the eubacterial cell, not the archaeal 

cell.  

     In Appendix, I made particular mention to the biological database projects for 

eukaryotes, in which I have been involved. Comprehensive annotations of model 

eukaryotes and integrated databases for such annotations are becoming more and more 

important in the current post-genome era. Moreover, such databases are useful for the 

study of early evolution of eukaryotes that is the main aim of the present study. Such 

databases are also invaluable for comprehensive access to the information resources, 

and will stimulate the comparative evolutionary genomics. With the eventual goal to 

know the early evolution of eukaryotes, here I refer to three eukaryotic database projects 
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in which I have been involved, the Molecular Database of Hydra Cells, the Rice 

Annotation Project Database (RAP-DB), and the H-Invitational Database (H-InvDB).  

     The Molecular Database of Hydra Cells includes the invaluable data of expression 

patterns of cell type-specific genes in Hydra, a member of phylum Cnidaria, which 

branched more than 500 million years ago from the main stem leading to all bilaterian 

animals. The database framework was developed by myself, and it serves a unique 

opportunity for graphically browsing more than 100 cell type-specific genes in Hydra. 

All of the resources can be accessed through http://hydra.lab.nig.ac.jp/hydra/.  

     The RAP-DB is a database for Oryza sativa ssp. Japonica, one of the model 

eukaryotes, and has been developed in order to comprehensively house all the 

annotations produced by the RAP (Rice Annotation Project), which is internationally 

organized with the aim of providing standardized and highly accurate annotations of the 

rice genome. The latest version of the RAP-DB contains 31,439 genes validated by 

cDNAs. The RAP-DB has been also developed by myself, and employed in the analyses 

within Chapter 2. The RAP-DB is available at http://rapdb.lab.nig.ac.jp/. 

     The H-Invitational Database (H-InvDB) was originally developed as an integrated 

database of the human transcriptome that was based on extensive annotation of large 

sets of full-length cDNA (FLcDNA) clone. I participated in the Annotation Meeting of 

Genome Information Integration Project for the further development of the human 

genome annotations. Now, the database provides annotation for 175,537 human 

transcripts and 120,558 human mRNAs extracted from the public DNA databank, in 

addition to 54,978 human FLcDNA, in the latest release, H-InvDB_4.3. The H-InvDB 
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is available at http://www.h-invitational.jp/.  

     The three projects in which I have been involved produced comprehensive 

information for the model eukaryotes. Each database provides a nice implementation for 

each biological resource and will stimulate the further exploration in the early evolution 

of eukaryotes.  
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Chapter 1 
Introduction 

 
1.1. The origin of eukaryotic nucleus  

     All eukaryotic cells contain compartments that are bounded by biological membranes 

while prokaryotes possess only simple intracellular compartments, or none at all. 

Among these compartments, the most crucial structure of eukaryotes is the nucleus, 

which separates the biologically fundamental events; DNA replication and RNA 

transcription which take place in the nucleus, and protein synthesis which is done in the 

cytoplasm. If the traffic of molecules between the nucleus and cytoplasm is exquisitely 

controlled, this might provide the eukaryotic cell with a unique opportunity of 

evolutionary diversification of sophisticated molecular interactions and networks. Thus, 

it seems that evolutionary establishment of a transport system between the nucleus and 

the cytoplasm was crucial to evolution of eukaryotes.  

     Various hypotheses for the origin of the nucleus have been proposed (Lake, 1988; 

Searcy, 1992; Lake and Rivera, 1994; Martin and Muller, 1998; Moreira and 

Lopez-Garcia, 1998; Vellai et al., 1998; Lopez-Garcia and Moreira, 1999; Horiike et al., 

2001; Cavalier-Smith, 2002; Horiike et al., 2002; Cavalier-Smith, 2004; Horiike et al., 

2004; Mans et al., 2004; Martin, 2005; Embley and Martin, 2006; Martin and Koonin, 

2006), with one of the strongest models suggesting that as a result of the endosymbiosis 

of an archaeal cell into a host eubacterial cell, the archaeal cell became the eukaryotic 

nucleus (Lake, 1988; Lake and Rivera, 1994; Moreira and Lopez-Garcia, 1998; 

Lopez-Garcia and Moreira, 1999; Horiike et al., 2001; Horiike et al., 2002; Horiike et 
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al., 2004). Because the nuclear membrane must have been a newly acquired device 

which appeared in the early stage of the eukaryote, asides from being a beneficial wall 

for the separation of the molecules in the cells, the nuclear membrane would have also 

been an “obstacle” for intracellular kinetics of the molecules. Hence the kinetic 

mechanisms beyond the nuclear membrane should have been acquired at the same time 

or just around the time of the appearance of the nucleus. However, the proposed 

hypotheses generally put no emphasis on the intracellular transport system, which 

should be the crucial mechanism in the eukaryotic evolution for keeping the mobility of 

ribosome. Therefore, from the viewpoint of intracellular kinetics, the origin of 

eukaryotic nucleus remains an open question.  
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1.2. Ribosome biogenesis and Ribosome Export Factors (REFs) 

     From the viewpoint of the intracellular kinetics, one of the molecules most seriously 

affected by the appearance of the nuclear membrane may have been the ribosome, as it 

is assembled inside the nucleus, then exported to the cytoplasm (Tschochner and Hurt, 

2003). Moreover, it is an essential, abundant, and huge molecule in living cells (Warner, 

1999). To produce a mature ribosome, eukaryotic cells must assemble more than 70 

ribosomal proteins along with four different ribosomal RNA (rRNA) species inside the 

nucleus, and then export them to cytoplasm (Tschochner and Hurt, 2003). As elucidated 

in recent years, this export process cannot occur spontaneously, but requires some 

factors that are not rRNAs, nor ribosomal proteins (Ho and Johnson, 1999; Ho et al., 

2000; Gadal et al., 2001; Johnson et al., 2002; Nissan et al., 2002; Tschochner and Hurt, 

2003; Mans et al., 2004). In this study, I termed such factors Ribosome Export Factors 

(REFs).  

     In Chapter 2 and Chapter 3, with the purpose of understanding the evolutionary 

features of REFs in conjunction with an eventual goal toward elucidation of the 

evolutionary origin and process of early eukaryotes, I estimate the evolutionary rates of 

the REFs and search the evolutionary origin of the REFs in prokaryotic lineages. 
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1.3. Eukaryotic Databases 

     Many eukaryotic genome sequencing projects have finished, and it is time to 

annotate the genomes and utilize the information for evolutionary studies. Hence, 

comprehensive annotations of model eukaryotes and integrated databases for such 

annotations are becoming more and more important in the current post-genome era, and 

will stimulate comparative evolutionary genetics. The Molecular Database of Hydra 

Cells was constructed by myself in order to provide a unique opportunity for graphically 

browsing more than 100 cell type-specific genes in Hydra. The Rice Annotation Project 

Database (RAP-DB) is a database for one of the model eukaryotes, Oryza sativa ssp. 

Japonica, and has been developed in order to comprehensively house all the annotations 

produced by the RAP (Rice Annotation Project), which is internationally organized with 

the aim of providing standardized and highly accurate annotations of the rice genome. 

The RAP-DB was also constructed by myself. The H-Invitational Database (H-InvDB) 

provides annotation for 175,537 human transcripts and 120,558 human mRNAs 

extracted from the public DNA databank, in addition to 54,978 human FLcDNA, in the 

latest release, H-InvDB_4.3. I participated the Annotation Meeting of Genome 

Information Integration Project as an annotator, in order to further development the 

H-InvDB annotations. 

     In the Appendix, I refer to these three eukaryotic database projects in which I have 

been involved. 
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Chapter 2 
The early evolution of eukaryotes revealed from  
the evolutionary rates of ribosome export factors  

 

2.1. Introduction 

     Eukaryotes are clearly differentiated from prokaryotes, possessing a definite 

intracellular structure, the nucleus, which is characterized particularly by a nuclear 

membrane. One of important roles of the nucleus in a eukaryotic cell is separation of 

biologically fundamental events; DNA replication and RNA transcription take place in 

the nucleus, whereas protein synthesis is done in the cytoplasm. If the traffic of 

molecules between the nucleus and the cytoplasm is exquisitely controlled, it might 

provide a eukaryotic cell with a unique opportunity of evolutionary diversification of 

sophisticated molecular interactions and networks. Thus, it seems that evolutionary 

establishment of a transport system between the nucleus and the cytoplasm was crucial 

to evolution of eukaryotes. 

In a eukaryotic cell, more than 70 ribosomal proteins and 4 different rRNAs are to 

be assembled in the nucleus, and the ribosomal complex is to be exported to the 

cytoplasm (Tschochner and Hurt, 2003). As elucidated in recent years, this export 

process requires some adapter molecules that are not rRNAs, nor ribosomal proteins 

(Ho and Johnson, 1999; Ho et al., 2000; Gadal et al., 2001; Johnson et al., 2002; Nissan 

et al., 2002; Tschochner and Hurt, 2003; Mans et al., 2004). Such molecules are proteins 

which stimulate the kinetic steps in this nucleocytoplasmic transport pathway. In this 

study, I call those proteins Ribosome Export Factors (REFs).  To let a ribosome pass 
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through the nuclear membrane, the REFs should have appeared in the early stage of 

eukaryotic evolution because the nucleus must have been a newly acquired structure 

which came out in the epoch of eukaryotes. Thus, it is of particular interest to 

understand the evolutionary features of REFs. However, even the evolutionary rates of 

REFs have not been well studied. 

Ribosomal molecules that are to make up the tertiary complex are highly expressed, 

ubiquitously expressed, and highly indispensable.  In particular, export of ribosomes, 

one of the largest complexes in a eukaryotic cell, from the nucleus to the cytoplasm 

must have been crucial for the translation system of proteins.  The evolutionary rates of 

ribosomal proteins are well known to be very slow due to their functional constraints 

(Hori et al., 1977). Thus, it is of immediate interest to compare the evolutionary rates of 

REFs with those of ribosomal proteins. 

In the present study, with the purpose of understanding the evolutionary features of 

REFs in conjunction with an eventual goal toward elucidation of the evolutionary origin 

and process of early eukaryotes, we estimated the rates of amino acid substitution for 

REFs and compared them with those of ribosomal proteins. The results obtained suggest 

that there are two classes of REFs; slowly and rapidly evolving REFs. I found that the 

slowly evolving REFs correspond to the membranous REFs (mREFs), which are 

committed to direct transport of proteins from the nucleus to the cytoplasm. From my 

observations and findings, I concluded that the mREFs might have played an important 

role when early eukaryotes acquired the nucleus and maintained the translation system 

by establishing transport pathways through the nuclear membrane between the nucleus 
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and the cytoplasm.  I also discuss the evolutionary significance of the non-mREFs 

(REFs involved in the non-membranous protein transport from the nucleolus to 

nucleoplasm) in the process of eukaryotic evolution. 
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2.2. Materials and Methods 

 

2.2.1. Proteome data 

     The list of finished genomes of eukaryotes was obtained from the Entrez Genome 

Project Database (http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi) (Wheeler et al., 

2007). The genome projects that require the license agreements to end users were 

excluded from the list. The genomes that lack any REFs were also excluded from the 

list (but the lack of Mtr2p was allowed, see section 2.2.7.). The final list contains 16 

species (Figure 1), and the protein sets were downloaded from the URLs. Among them, 

Saccharomyces cerevisiae and Saccharomyces paradoxus were employed to estimate 

the evolutionary rates of the REFs (see section 2.2.6.) because these two species were 

closely related and well annotated. 

 

2.2.2. Ortholog detection 

    Each protein set of 15 species, excluding S. cerevisiae (Figure 2-1), was subjected to 

the BLASTP search (Altschul et al., 1997) against the protein set of S. cerevisiae, and 

the reciprocal BLAST best hit with a bit score >50 was taken as a possible ortholog 

between the species and S. cerevisiae. 

 

2.2.3. Ribosomal proteins 

     Among the 5,602 orthologous proteins detectable between S. cerevisiae and S. 

paradoxus, 64 orthologous proteins were taken as the ribosomal proteins in S. cerevisiae, 

according to the gene description in the protein set in the Saccharomyces Genome 
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Database (Nash et al., 2007). 

 

2.2.4. Ribosome Export Factor proteins (REF proteins) 

     Among the 5,602 orthologous proteins detectable between S. cerevisiae and S. 

paradoxus, 8 orthologous proteins (Mtr2p, Nmd3p, Noc1p, Noc2p, Noc3p, Noc4p, 

Nop14p, and Xpo1p) were taken as the REF proteins, according to the previous report 

(Tschochner and Hurt, 2003). The accession numbers of these REF protein sequences 

from S. cerevisiae are as follows; NP_012735 (Mtr2p), NP_012040 (Nmd3p), 

NP_010345 (Noc1p), NP_014849 (Noc2p), NP_013102 (Noc3p), NP_015470 (Noc4p), 

NP_010133 (Nop14p), and NP_011734 (Xpo1p). For the other 15 species (except for S. 

cerevisiae, see Figure 1) the orthologous proteins to the REFs of S. cerevisiae were 

taken as corresponding REFs. The REFs were subcategorized into two subgroups, 

non-membranous REFs (non-mREF) and membranous REFs (mREFs) according to the 

previous report (Tschochner and Hurt, 2003) (See section 2.3.2.).  

 

2.2.5. Other proteins 

     Among the 5,602 orthologous proteins detectable between S. cerevisiae and S. 

paradoxus, 5,530 proteins that were not ribosomal proteins nor REF proteins were taken 

as “other proteins” as the control fraction in S. cerevisiae. The proteins Q0105, 

YGR176W, and TDR193W were excluded from the present analysis because the 

ClustalW could not obtain the pairwise alignments of corresponding orthologous protein 

pairs between S. cerevisiae and S. paradoxus (see section 2.2.6.). Finally, 5,527 proteins 
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were taken as other proteins. 

 

2.2.6. Estimation of relative evolutionary rates 

I estimated the number of amino acid substitutions per site for the orthologous 

protein pairs of S. cerevisiae and S. paradoxus. Because the divergence time of the two 

species is still roughly estimated (~5-20 million years) (Kellis et al., 2003), the numbers 

were directly employed as relative evolutionary rates in this study, following the 

convention of molecular evolutionary studies. In particular, pairwise alignments were 

obtained by ClustalW (version 1.83) (Thompson et al., 1994) for each orthologous pair, 

and the numbers of amino acid substitutions were estimated by Kimura’s empirical 

method (Kimura, 1983), which is implemented in PHYLIP (version 3.66) (Felsenstein, 

2005).  

 

2.2.7. Molecular phylogenetic tree construction 

     The multiple alignment of 112 REFs from a total of 16 eukaryotes was obtained by 

ClustalW. Next, the protein distance matrix was estimated by the Jones-Taylor-Thornton 

model (Jones et al., 1992). The phylogenetic tree was then constructed by the 

neighbor-joining method (Saitou and Nei, 1987). Finally, the figure of tree was drawn 

by MEGA3.1 (Kumar et al., 2004). Mtr2p was excluded from this analysis because it is 

a fungi lineage specific protein. 
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2.3. Results and Discussion 

 

2.3.1. Comparison of evolutionary rates among REF proteins, ribosomal proteins, 

and other proteins 

     In order to understand the evolutionary rates of the REFs, the evolutionary 

distances of orthologous pairs of proteins were estimated as relative evolutionary rates 

in fungi lineage (see section 2.2.6.). As shown in Figure 2-2, although not as much as 

the 64 ribosomal proteins, the 8 REFs evolved slowly (although the rate difference 

between the REFs and other proteins was weakly statistically significant, 

Mann-Whitney U test, P = 0.052, this might be due to the small number of REFs). 

Moreover, a few of the REFs (Nmd3p and Xpo1p) exhibited much slower rates than the 

average rate of the ribosomal proteins. Thus, as for the fungi lineage, it was shown that 

the REF proteins are under strong functional constraints like ribosomal proteins. My 

results suggest that the eukaryotic translation system is under strong functional 

constraints as a whole.  

     A more interesting point is that the evolutionary rates of REFs seem to be separated 

into two classes (Figure 2-2a). While some REFs evolve at around a half of the grand 

average of other proteins, the other REFs evolve in a different order of the rate (about 

10-1). If the REFs are divided into two subgroups with the mean evolutionary rate of 

REFs themselves as the threshold (0.0508, Figure 2-2), the rapid group consists of 

Noc1p, Noc2p, Noc3p, Noc4p, and Nop14p, while the slow group consists of Mtr2p, 

Nmd3p, and Xpo1p (Figure 2-2). The reason for this rate difference is not clear. Thus, I 

focused on this problem in following sections (see sections 2.3.2. and 2.3.3.).  
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2.3.2. Comparison of evolutionary rates between non-mREF proteins and mREF 

proteins 

     In order to understand the evolutionary rate difference of REFs, the two 

subgroups were employed in the REFs. As already discussed, the eukaryotic ribosome is 

to be transported from the nucleus to the cytoplasm. In terms of cell biology, the nucleus 

has an internal structure, the nucleolus, which is known as the venue of the initial 

ribosome assembly, and is not a membrane-bound structure (Raška et al., 2006) (Figure 

2-3). Hence, the ribosome is considered to be exported from inside to outside of the 

nucleus with two completely different steps, non-membranous transport (from the 

nucleolus to the nucleoplasm) and membranous transport (from the nucleoplasm to the 

cytoplasm) (Figure 2-3). The REFs were then subcategorized into the two subgroups 

according to these steps (see section 2.2.4.), and these two subgroups were named as 

non-membranous-REFs (non-mREFs) and membranous-REFs (mREFs), respectively 

(Figure 2-3). 

Surprisingly, this grouping completely coincides with the rate difference, namely, 

the rapidly evolving REFs are the non-mREFs, while the slowly evolving REFs are the 

mREFs (Figure 2-2). The rate difference between the non-mREFs and the mREFs was 

statistically significant (Mann-Whitney U test, P < 0.05). Thus, in fungi lineage, the 

mREFs, which are involved in the membranous transport, were shown to be under much 

stronger functional constraints than the non-mREFs, which are involved in the 

non-membranous transport. This suggests that the evolutionary appearance of mREFs 
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may be one of crucial factors for ensuring the transport from the nucleus to the 

cytoplasm when the nucleus was formed in the process of eukaryotic evolution. 

Because the grouping according to the eukaryotic nested structure of the nucleolus 

in the nucleus plausibly explains the evolutionary rate difference of the REFs, this 

suggests that at least two different factors are included in the functional constraints on 

the REFs. The non-mREFs conduct the intra-nuclear transport, whereas the mREFs 

stimulate the membrane-crossing transport. Therefore, one of the factors of the 

functional constraints might be “intra-nuclear transport” which has a weak affect on the 

non-mREFs, whereas the other might be “nuclear membrane crossing transport” which 

has a strong affect on the mREFs.  

Mtr2p exhibited an intermediate evolutionary rate (Figure 2-2); however, the reason 

for this ambiguity is not clear. There may be another factor of the functional constraints 

on Mtr2p. Alternatively, Mtr2p is known to be fungi specific in eukaryote lineages 

(Kadowaki et al., 1994), implying that Mtr2p is an additional factor after the divergence 

of fungi, and exhibits the ambiguity of the evolutionary rate. Moreover, because Xpo1p 

is known to be responsible for multiple kinds of cargo (Maurer et al., 2001), it is highly 

conserved because of causes asides from the eukaryotic translation system. 

 

2.3.3. Molecular phylogenetic trees of REFs 

     In the fungi lineage, i.e. between S. cerevisiae and S. paradoxus (the two neighboring 

species diverged in just ~5-20 million years), the REFs were clearly classified into two 

classes; the slowly evolving mREFs and the rapidly evolving non-mREFs (see section 
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2.3.2.). With the aim of testing whether the rate difference is just fungi specific, or in a 

broad range of species, the molecular phylogenetic tree of 112 REF proteins from 16 

eukaryotes (4 animals, 3 plants, and 9 fungi) were reconstructed. In a united tree, the 7 

REFs were independently clustered with each other (Figure 2-4), showing that the 

common ancestor of these 16 eukaryotes had already gained the entire set of these 7 

REFs. Therefore, the total branch length from the common ancestor (roots in each 

subtree, red points in Figure 2-4) to all the OTUs of each subtree could be considered as 

the index for evolutionary rate. As shown in Figure 2-4, in terms of total branch length 

the mREFs showed much shorter branches than the non-mREFs (Mann-Whitney U test, 

P < 0.05). Thus, I concluded that the evolutionary rate difference is not only fungi 

specific, but also in a broad range of eukaryotic species, suggesting that the functional 

constraints are universal in the long period of eukaryotic evolution, and supporting the 

coincidence between the grouping and the rate difference. This suggests that the mREFs 

have been one of crucial factors for maintaining the transport from the nucleus to the 

cytoplasm in the time scale of eukaryotic evolution. 

 

2.3.4. Conclusion 

     The ribosome, which consists of rRNAs and ribosomal proteins, has been one of the 

most crucial molecules in molecular evolutionary studies for years. Because it is highly 

conserved, the genetic information of the ribosome (especially that of the rRNAs) has 

been employed to construct the phylogenies of distantly related species.  However, in 

the present study, with the aim of unveiling the whole figure of the functional 
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constraints on the eukaryotic translation system, I put particular emphasis not only on 

the ribosome itself, but also on the REFs, the helpers for the kinetics of the ribosome. 

Moreover, the REFs should have appeared in the early stage of eukaryotic evolution, to 

let the ribosome pass through the nuclear structure. Therefore, I believe that the REFs 

are worth further study as the components in the eukaryotic translation system of 

proteins, and also as the key genes in the eukaryotic evolution for keeping the mobility 

of ribosomes. 

I first found that the REF proteins are slowly evolving, like the ribosomal proteins 

(Figure 2-2). However, more interestingly, the results suggested that there are two 

classes of REFs; slowly and rapidly evolving REFs. The two subgroups for the REFs 

were then employed according to the intranuclear structure (Figure 2-3), and the 

grouping coincided well with the rate difference, i.e. the rapidly evolving REFs are the 

non-mREFs, while the slowly evolving REFs are the mREFs. Further analysis with 112 

REF protein sequences from 16 eukaryotic species showed that the rate difference of 

REFs is not fungi specific, but in a broad range of eukaryotic species, supporting the 

coincidence between the grouping and the rate difference (Figure 2-4). 

My results suggest that the mREFs might have played an important role when 

eukaryotes acquired a nuclear structure. The mREFs might have been ensuring the 

translation system by establishing a transport pathway through the nuclear membrane 

between the nucleus and the cytoplasm. Although the epoch of the eukaryotic nuclear 

membrane is veiled yet (Martin, 2005; Embley and Martin, 2006), the mREFs might be 

the key factors to spatiotemporally separate the nucleus-specific biological reactions 
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from the cytoplasm’s ones (Martin and Koonin, 2006). It also suggests that the 

non-mREFs might have been playing a particular role for facilitating the transport 

pathway inside the nucleus. The lethality of every single null mutant of the REF genes 

(not only the mREF genes, but also the non-mREF genes) in S. cerevisiae (Giaever et al., 

2002) supports these suggestions. 

These data suggest that the REFs have been under strong functional constraints as a 

part of the eukaryotic translation system. Among them, rather the mREFs might have 

been crucial factors for maintaining the eukaryotic translation system in the process of 

eukaryotic evolution as kinetic facilitators of the ribosome. In other words, the mREFs 

might have been providing the lifeline beyond the boundary to keep the mobility of the 

ribosome in the presence of the nuclear membrane. 
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Figure 2-1. 

 GROUP SPECIES 
NUMBER OF 

PROTEINS 
DATA SOURCE URL REFERENCE 

Arabidopsis thaliana 26 ,719  MIPS Arabidopsis thaliana Database ftp://ftpmips.gsf.de/cress/arabiprot/arabi_all_proteins_v090704.gz  (Schoof et al., 2004) 

Oryza sativa ssp. japonica 28 ,540  Rice Annotation Project Database  http://rapdb.dna.affrc.go.jp/rapdownload/rap1/rap1_rep.tar. g z  
(Ohyanagi et al., 2006; 

Itoh et al., 2007) Plants 

Ostreococcus lucimarinus 7 , 6 5 1  DOE JGI 
ftp://ftp.jgi-psf.org/pub/JGI_data/Ostreococcus_lucimarinus/O.lucimarinus.FM.aa.f

asta .gz  

 

Caenorhabditis e legans  22 ,844  N C B I  ftp://ftp.ncbi.nih.gov/genomes/Caenorhabditis_elegans/CHR_*/*.faa (Wheeler et al., 2007) 

Drosophila melanogaster 20 ,058  N C B I  ftp://ftp.ncbi.nih.gov/genomes/Drosophila_melanogaster/CHR_*/*.faa (Wheeler et al., 2007) 

Homo sapiens 34 ,180  N C B I  ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/protein/protein.fa.gz (Wheeler et al., 2007) 
Animals 

Mus musculus 46 ,892  N C B I  ftp://ftp.ncbi.nih.gov/genomes/M_musculus/protein/protein.fa.gz (Wheeler et al., 2007) 

Candida glab r a t a  5 , 2 1 5  Génolevures online databa s e  http://cbi.labri.fr/Genolevures/raw/seq/annotation/Release2/Cagl-GL2r2.aa (Sherman et al., 2006) 

Debaryomyces hanseni i  6 , 3 1 9  Génolevures online databa s e  http://cbi.labri.fr/Genolevures/raw/seq/annotation/Release2/Deha-GL2r2.aa (Sherman et al., 2006) 

Eremothecium gossypii  4 , 7 2 0  Ashbya Genome Database  ftp://ftp.ebi.ac.uk/pub/databases/integr8/fasta/proteomes/982.A_gossypii.fasta.gz (Gattiker et al., 2 0 0 7 )  

Kluyveromyces lac t i s  5 , 3 2 7  Génolevures online databa s e  http://cbi.labri.fr/Genolevures/raw/seq/annotation/Release2/Klla-GL2r2.aa (Sherman et al., 2006) 

Pichia stipitis 5 , 8 4 1  DOE JGI ftp://ftp.jgi-psf.org/pub/JGI_data/Pichia_stipitis/v2.0/FM1.aa.fasta.gz  

Saccharomyces cerevis iae  6 , 7 1 9  Saccharomyces Genome Datab a s e  
ftp://genome-ftp.stanford.edu/pub/yeast/data_download/sequence/genomic_sequen

ce/orf_protein/orf_trans_all.fasta.gz 

(Nash et al., 2007) 

Saccharomyces paradoxu s  8 , 9 5 5  Saccharomyces Genome Datab a s e  
ftp://genome-ftp.stanford.edu/pub/yeast/data_download/sequence/fungal_genomes/

S_paradoxus/MIT/orf_protein/orf_trans.fasta.gz 

(Nash et al., 2007) 

Schizosaccharomyces po m b e  5 , 0 0 4  Sanger Institute ftp://ftp.sanger.ac.uk/pub/yeast/pombe/Protein_data/pompe p   

Fungi 

Yarrowia lipolytica 6 , 4 3 6  Génolevures online databa s e  http://cbi.labri.fr/Genolevures/raw/seq/annotation/Release2/Yali-GL2r2.aa (Sherman et al., 2006) 
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Figure 2-1. List of eukaryotic proteomes employed in this study. For detail, see section 

2.2.1. 
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Figure 2-2. 

a 

Each REF protein 

              Ribosomal proteins (mean value)                  REF proteins (mean value)                

  Other proteins (mean value)                            REF proteins                

b 
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Figure 2-2. Estimated relative evolutionary rates of Ribosome Export Factors (REFs) in 

yeast lineage (a, between Saccharomyces cerevisiae and Saccharomyces paradoxus). 

The striped bars show the arithmetic mean value of the evolutionary rates of 64 

ribosomal proteins (see section 2.2.3.) and the arithmetic mean value of the 

evolutionary rates of 8 REF proteins (see section 2.2.4.). The open bar shows the 

arithmetic mean value of the evolutionary rates of other proteins (5,527 proteins, see 

section 2.2.5.). The solid bars show the evolutionary rates of each REF protein. The 

order of the REFs is alphabetical. The threshold for the subgroups is shown as the 

horizontal broken line (see section 2.3.1). The numerical values are listed (b). 
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Figure 2-3. 
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Figure 2-3. Eukaryotic ribosome is exported in binary steps. Eukaryotic ribosome 

(paired solid ovals) is initially assembled in nucleolus, then exported via the 

nucleoplasm (non-membranous transport, grey arrow) to the cytoplasm (membranous 

transport, solid arrow). Some REFs are known to stimulate each step (listed gene 

products in rectangles). The grey oval inside the nuclear membrane stands for nucleolus. 
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Figure 2-4. 
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Figure 2-4. Molecular phylogenetic tree of 112 REFs from 16 eukaryotes. The tree was 

generated by the neighbor-joining method (see section 2.2.7.). Every subtree basically 

resembles the known species tree (inset) (Hedges, 2002), although some obvious 

discrepancies were observed. The numbers aside the subtrees are the total branch 

lengths from the point of common ancestor (red point) to all the OTUs of each subtree. 

The number below the scale is the number of amino acid substitutions per site. 
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Chapter 3 
The early evolution of eukaryotes and  

the evolutionary origin of ribosome export factors  
 

3.1. Introduction 

Whereas prokaryotes possess only simple intracellular compartments or none at all, 

all eukaryotic cells contain compartments that are bounded by biological membranes. 

The crucial structure of eukaryotes is the nucleus, which encloses the genetic material in 

the cell. Although various hypotheses have been proposed (Lake, 1988; Searcy, 1992; 

Lake and Rivera, 1994; Martin and Muller, 1998; Moreira and Lopez-Garcia, 1998; 

Vellai et al., 1998; Lopez-Garcia and Moreira, 1999; Horiike et al., 2001; 

Cavalier-Smith, 2002; Horiike et al., 2002; Cavalier-Smith, 2004; Horiike et al., 2004; 

Mans et al., 2004; Martin, 2005; Embley and Martin, 2006; Martin and Koonin, 2006), 

any conclusive ideas have not been established yet. Thus, the origin of eukaryotic 

nucleus remains an open question.  

     Because the nuclear membrane must have been a newly acquired structure which 

appeared in the early stage of the eukaryote, being a beneficial wall for the separation of 

the molecules in the cells, the nuclear membrane would have also been an obstacle for 

intracellular kinetics of the molecules. Hence the kinetic mechanisms through the 

nuclear membrane such as the protein transport system should have been acquired at the 

same time or just around the time as the appearance of the nucleus. One of the 

molecules most seriously affected by the appearance of the nuclear membrane may have 

been the ribosome, because it is assembled in a very much complex process through the 
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nuclear membrane. After the ribosomal proteins are synthesized in the cytoplasm and 

brought back to the nucleus, the ribosome is to be assembled inside the nucleus, then 

exported to the cytoplasm again (Tschochner and Hurt, 2003). Moreover, it is a quite 

essential, abundant, and huge molecule in living cells (Warner, 1999). As already 

discussed in Chapter 2, to produce a mature ribosome which is a quite essential, 

abundant, and huge molecule in living cells (Warner, 1999), eukaryotic cells must 

assemble more than 70 ribosomal proteins along with four different rRNA species inside 

the nucleus, and export them to the cytoplasm (Tschochner and Hurt, 2003). This export 

process requires some factors that are not rRNAs, nor ribosomal proteins. In Chapter 2, 

I termed such factors Ribosome Export Factors (REFs) (Figure 2-3), and revealed their 

evolutionary account in the process of eukaryotic evolution.  

     One of the models for the origin of the nucleus suggests that as a result of the 

endosymbiosis of an archaeal cell into a host eubacterial cell, the archaeal cell became 

the eukaryotic nucleus. In other words, the nucleus is a descendant of the archaeal cell 

(Lake, 1988; Lake and Rivera, 1994; Moreira and Lopez-Garcia, 1998; Lopez-Garcia 

and Moreira, 1999; Horiike et al., 2001; Horiike et al., 2002; Horiike et al., 2004).  

However, the REFs, one of the components of the eukaryotic translation systems and 

one of the key family of genes in the eukaryotic evolution for maintaining the mobility 

of the ribosome, have not been taken into account in the models. 

     In order to understand the evolutionary origin of the nucleus, I compare the 

evolutionary histories of the non-mREFs (the REFs working only inside the nucleus) 

and the mREF (the REFs shuttling between the nucleus and the cytoplasm) (Figure 2-3). 
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If the nucleus is derived from archaea, the non-mREFs (the REFs working only inside 

the nucleus) are expected to be of archaeal origin. Alternatively, if the nucleus is derived 

from eubacteria, then a eubacterial origin of the non-mREFs is expected. I searched for 

the evolutionary origin of the eukaryotic non-mREFs and mREFs in archaeal and 

eubacterial lineages by the BLAST search.  

 

3.2. Materials and Methods 

 

3.2.1. Protein sequences 

     The protein set of Saccharomyces cerevisiae was downloaded from Saccharomyces 

Genome Database (Figure 2-1). The protein sets of all archaea and eubacteria were 

downloaded from Genome Information Broker in DDBJ (GIB, 

http://gib.genes.nig.ac.jp/) (Fumoto et al., 2002; Sugawara et al., 2007). The status of 

the GIB dataset was; 40 archaeal genomes and 469 eubacterial genomes (as of May 17, 

2007). The non-redundant protein sequences dataset (nr) was downloaded from the 

NCBI ftp server (ftp://ftp.ncbi.nih.gov/) (Wheeler et al., 2007). The status of the nr 

dataset was; 4,878,246 sequences and 1,686,729,293 total letters (as of April 21, 2007).  

 

3.2.2. Ribosome Export Factors (REFs) 

     Among the protein set of S. cerevisiae, three proteins (Mtr2p, Nmd3p, and Xpo1p) 

were taken as the mREF proteins, and five proteins (Noc1p, Noc2p, Noc3p, Noc4p, and 

Nop14p) were taken as the non-mREF proteins, as mentioned in section 2.2.4. 
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3.2.3. REF-ortholog detection by reciprocal BLAST best hit method 

     Each REF protein was subjected to the BLASTP search (Altschul et al., 1997) 

against the protein data set of the all archaea and eubacteria (see section 3.2.1.), and the 

reciprocal BLAST best hits was taken as a REF-ortholog.  

 

3.2.4. REF-ortholog detection by PSI-BLAST 

     The REFs were then subjected to the PSI-BLAST search (Altschul et al., 1997; 

Altschul and Koonin, 1998; Schäffer et al., 2001) against the protein sequences dataset 

of the all archaea, eubacteria, and nr datasets (see section 3.2.1.). The nr dataset was 

included in the subject dataset in order to optimize the Position-Specific Scoring Matrix 

(PSSM) for eukaryotic REFs. The threshold of PSI-BLAST E-value for inclusion in 

PSSM was set to 0.005 (default value). Then the hits with E-value < 10-4 were 

considered statistically significant, which were taken as REF-orthologs. The hits in the 

nr dataset were excluded from the final result. The iterations of PSI-BLAST were 

continued until the search gave at least one statistically significant hit in the archaea or 

eubacteria datasets, or the search converged.  

 

3.2.5. Spread of homologous genes of the REF-orthologs in archaeal and eubacterial 

lineages 

     In order to take the horizontal gene transfer events into account (see section 3.3.2.), I 

tested whether or not the REF-orthologs were horizontally transferred genes. The spread 

of homologous proteins of each REF-ortholog was estimated in archaeal and eubacterial 

lineages. The REF-orthologs were subjected to BLASTP search against the protein 
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dataset of the all archaea and eubacteria (see section 3.2.1.). The low-complexity 

subsequence filter for query sequence was turned off. The hits with E-value < 10-4 were 

considered statistically significant, which were taken as REF-homologs. The numbers of 

archaeal or eubacterial species which had statistically significant BLASTP hits in their 

genomes were taken as indices for the spread of homologous genes in both lineages. 

 

3.3. Results and Discussion 

 

3.3.1. REF-orthologs detection in archaeal and eubacterial lineages 

     In order to detect the quite sensitive homologies between the yeast REFs and the 

corresponding archaeal or eubacterial orthologs, I employed the double homology 

detection method by the reciprocal-BLASTP and the PSI-BLAST (see section 3.2.3., 

3.2.4.). First, the eight S. cerevisiae REF proteins (non-mREFs: Noc1p, Noc2p, Noc3p, 

Noc4p, and Nop14p; mREFs: Mtr2p, Nmd3p, and Xpo1p) were subjected to the 

reciprocal-BLASTP search against the protein dataset of all archaea and eubacteria (see 

section 3.2.3.). Only Nmd3p had a detectable archaeal ortholog at this first stage (data 

not shown). Second, the same eight REF proteins were subjected to the PSI-BLAST 

search against the entire dataset of archaea, eubacteria and nr datasets. The homologous 

proteins of Noc1p, Noc2p, Noc3p, Nop14p, and Xpo1p were detected with statistical 

significance in the eubacterial lineage, and the homologous proteins of Nmd3p were 

detected with statistical significance in the archaeal lineage, all of which were taken as 

REF-orthologs (Figure 3-1, second column). On the other hand, Noc4p and Mtr2p had 
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no detectable homolog in archaeal nor eubacterial lineages (Figure 3-1, second column). 

If the horizontal gene transfer events of prokaryotes did not take place (see section 

3.3.2.), my results show that the non-mREFs (Noc1p, Noc2p, Noc3p, and Nop14p) were 

exclusively originated from eubacterial proteins (Figure 3-1, the upper portion), while 

the mREFs (Nmd3p and Xpo1p) were from both an archaeal protein and a eubacterial 

protein (Figure 3-1, the lower portion). This strongly suggests that the origin of the 

nucleus is occurred in a cell that harbored a source of eubacterial genes. This is because 

the REFs working inside the nucleus (i.e. non-mREF) were only from eubacteria 

whereas the REFs shuttling between the nucleus and the cytoplasm (i.e. mREFs) were 

from both archaea and eubacteria. 

 

3.3.2. Exclusion of horizontally transferred genes and determination of REF origins 

     Although I identified the REF-orthologs (see section 3.3.1.), the species phylogeny 

of the REFs cannot be inferred only from the gene phylogeny of the REFs, because 

archaea and eubacteria may have horizontally exchanged genetic information 

(Nakamura et al., 2004). The REF-orthologs have the possibility to be horizontally 

transferred genes from the opposite domain. Taking the horizontal gene transfer events 

into account, I examined whether or not each REF-ortholog is the exclave of archaea / 

eubacteria. As for the non-mREFs (Figure 3-1, the upper portion), Noc1p was 

obviously of eubacterial origin, as the homolog spread was limited only to the 

eubacterial domain (Figure 3-1, fifth column). Noc2p and Noc3p are considered 

possibly of eubacterial origin, as the spread of homolog was mainly, but not exclusively, 
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in eubacteria (Figure 3-1, fifth column), which is supported by the fact that the original 

PSI-BLAST hits were in eubacterial lineage (Figure 3-1, third column). Nop14p is also 

considered of eubacterial origin, as the spread of homolog of NP_693412 was mainly in 

eubacteria (Figure 3-1, fifth column), and the original PSI-BLAST hit was in 

eubacterial lineage (Figure 3-1, third column). Another hit (YP_001208967) was an 

ultra-conservative gene, “translation initiation factor IF-2” (Figure 3-1, fourth column) 

among all the prokaryotic species (100% archaea and 100% eubacteria, Figure 3-1, fifth 

column), providing no information for the decision of horizontal gene transfer event, 

but the original PSI-BLAST hit was in eubacterial lineage. As for the mREFs (Figure 

3-1, the lower portion), Nmd3p was obviously of archaeal origin, as the homolog spread 

was limited only to the archaeal domain (Figure 3-1, fifth column). The 

reciprocal-BLASTP search also showed the archaeal origin of Nmd3p (data not shown). 

Xpo1p was obviously of eubacterial origin, as the homolog spread was limited only to 

the eubacterial domain (Figure 3-1, fifth column). Overall, none of the REF-orthologs 

have horizontally transferred between domains, hence the non-mREFs (Noc1p, Noc2p, 

Noc3 and Nop14p) were suggested to be exclusively from eubacterial proteins, while 

the mREFs were suggested to be from both an archaeal protein (for Nmd3p) and a 

eubacterial protein (for Xpo1p). 

 

3.3.3. Eubacterial origin of nucleus 

     From Figure 3-1, I concluded that the non-mREFs (Noc1p, Noc2p, Noc3, and 

Nop14p) originated exclusively from eubacterial proteins, while the mREFs (Nmd3p 
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and Xpo1p) were from both archaeal and eubacterial proteins. In other words, the REFs 

working inside the nucleus (i.e. non-mREFs) were only from eubacteria, whereas the 

REFs shuttling between the nucleus and the cytoplasm (i.e. mREFs) were from both 

archaea and eubacteria. If I assume that the early nucleus has parsimoniously employed 

intranuclear proteins as the intranuclear transporters (i.e. non-mREFs), my results imply 

that the nucleus arose de novo around chimeric chromosomes containing eubacterial 

genes. If I assume that those chromosomes stem from an archaeal host cell, as 

informational genes would suggest, then these findings could be taken as support for 

theories that do not explain the origin of eukaryotic nucleus through an archaebacterial 

endosymbiont, but posit a eubacterial endosymbiont in an archaeal host instead (Searcy, 

1992; Martin and Muller, 1998; Vellai et al., 1998). From the standpoint of the hydrogen 

hypothesis, each REF could stem from archaeal and eubacterial proteomes in a random 

manner. If the mitochondrial endosymbiont repeatedly donated genes to its archaeal 

host, as some models suggest (Martin and Koonin, 2006), then the predominance of 

eubacterial genes in REFs would not be surprising. While no strong argument in favor 

of any particular theory can currently be drawn from the present data, it is clear that the 

data are not compatible with the predictions of theories suggesting the origin of nucleus 

from an archaeal endosymbiont (Lake, 1988; Lake and Rivera, 1994; Moreira and 

Lopez-Garcia, 1998; Lopez-Garcia and Moreira, 1999; Horiike et al., 2001; Horiike et 

al., 2002; Horiike et al., 2004). 
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3.3.4. Conclusion 

     In searching for the evolutionary origin of the nucleus, I put particular emphasis on 

the REFs. I found a surprisingly strong signal linking the evolutionary origin of the 

nucleus to the existence of eubacteral genes in the eukaryotic lineage. I also know the 

particular eukaryotic cellular features that have not explained in my hypothesis yet; the 

existence of mitochondria, the single-bounded nuclear membrane, the nuclear pore 

complex, the linear chromosomes, the RNA-world relics, the splicing processes, and so 

on. However my hypothesis looks sound enough from the viewpoint of intracellular 

transport, while I also know that it is simply based on the intracellular kinetics of the 

ribosome. In conclusion, my results showed that the non-mREFs originated exclusively 

from eubacterial proteins, whereas the mREFs were from both archaeal and eubacterial 

proteins. These data suggest that the nucleus might be more readily understood as a 

descendant of eubacterial genes than as a descendant of an archaeal cell. Further precise 

annotations of comprehensive proteins, especially of the intracellular transporter 

proteins, on the available eukaryotic genome, will help the study of the early evolution 

of eukaryotes. 
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Figure 3-1 
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Figure 3-1. Ortholog detection analysis. Five non-mREFs and three mREFs were 

subjected to the double homology detection method by the reciprocal BLASTP and the 

PSI-BLAST (see section 3.2.3., 3.2.4.). The result of reciprocal BLASTP search is not 

shown. All results are by the PSI-BLAST search. Blue cells are of eubacterial origin, 

and red cells of archaeal origin.  
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Chapter 4 
Conclusion 

 

     Because the nucleus is the cellular structure essentially differentiating eukaryotes 

from prokaryotes, the formation of the nuclear membrane should have been a key event 

in eukaryotic evolution.  Although an evolutionary cause of formation of the nucleus 

such as symbiosis has been speculated but still not clarified, evolutionary establishment 

of the transport system across the nuclear membrane must have been prerequisite for 

survival of the then-emerging eukaryotes.  In particular, export of ribosomes, one of the 

largest complexes in a eukaryotic cell, from the nucleus to the cytoplasm must have 

been crucial for retaining the translation system of proteins.  As discovered in recent 

years, kinetic steps in this nucleocytoplasmic transport pathway are stimulated by 

proteins called Ribosome Export Factors (REFs).  Hence, evolution of REFs is of 

particular interest, and description of the evolutionary features of REFs is of immediate 

value.  However, even the evolutionary rates of REFs are still poorly understood 

compared with those of ribosomal components.  With the aim of understanding the 

evolutionary features of REFs, I estimated the rates of amino acid substitutions of REFs 

for two related species of yeast, Saccharomyces cerevisiae and Saccharomyces 

paradoxus, and compared them with those of ribosomal components.  I found that the 

average rate of amino acid substitutions for REFs was somewhat higher than that of 

ribosomal components, although the former was much lower than the grand average of 

other 5,527 proteins.  Moreover, I also found that the REFs were clearly classified into 
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two classes; the slowly evolving REFs and the rapidly evolving REFs.  Interestingly, I 

found that the slowly and rapidly evolving REFs correspond to the membranous-REFs 

(mREFs) and the non-membranous REFs (non-mREFs), respectively. Further analyses 

with 112 REFs from 16 eukaryotic species also showed clear differences in the 

evolutionary rates between these two classes. Because the non-mREFs are involved in 

non-membranous transport from the nucleolus to nucleoplasm and the mREFs are 

committed to membranous transport from the nucleoplasm to the cytoplasm, the mREFs 

appear to have much stronger functional constraints than the non-mREFs.  Thus, I 

conclude that the evolutionary appearance of mREFs may be one of the crucial factors 

for ensuring the transport from the nucleus to the cytoplasm when the nucleus was 

formed in the process of eukaryotic evolution (Ohyanagi et al., 2008a). 

     Various hypotheses have been proposed on the evolutionary origin of eukaryotic 

nucleus. One of the strongest suggests that as a result of the endosymbiosis of an 

archaeal cell into a host eubacterial cell, the archaeal cell became the eukaryotic nucleus, 

suggesting that the nucleus is a descendant of the archaeal cell. Because one of the 

major cargoes in the nucleocytoplasmic export in the eukaryotic cell is the ribosome, its 

stimulating proteins, REFs, might have an evolutionary history of inscribing the origin 

of eukaryotic nucleus. With the aim of understanding the evolutionary origin of the 

nucleus, I employed the yeast REFs and searched for their evolutionary origin in more 

than 500 genomes of archaea and eubacteria by the PSI-BLAST search. My results 

showed that the non-mREFs originated exclusively from eubacterial proteins, whereas 

the mREFs are from both archaeal and eubacterial proteins. Since the non-mREFs just 
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work inside the nucleus while the mREFs shuttle between the nucleus and the 

cytoplasm, these results suggest that the extant REFs working inside the nucleus have 

derived exclusively from eubacterial proteins, implying that the nucleus arose in a cell 

that contained chromosomes possessing a substantial fraction of eubacterial genes, in 

line with the predictions of several models entailing endosymbiosis at eukaryote origins. 

In other words, the structure of nucleus might be rather a descendant of eubacterial cell 

(Ohyanagi et al., 2008b).  
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Appendix 
The Molecular Database of Hydra Cells,  

The Rice Annotation Project Database (RAP-DB),  
and The H-Invitational Database (H-InvDB):  

Examples of biological databases for model eukaryotes 
 

     In Chapter 2 and Chapter 3, with an eventual goal toward elucidation of the 

evolutionary origin and process of early eukaryotes, I revealed the rate of amino acid 

substitution for the REFs and the prokaryotic origin of the REFs. These results provide 

interesting clues to the evolution of eukaryotic cells, but further analyses with 

comprehensive information of a greater number of eukaryotic species will stimulate the 

studies on eukaryotic evolution. In this post-genome sequencing era, it is of immediate 

value to produce large annotations on the genomes, and to construct biological 

databases for the genomes and annotations. 

     With the aim of facilitating the studies on eukaryotic evolution, I took part in the 

annotation projects and database projects. In this Appendix, I summarize my activities 

on these projects. 
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Appendix 1.  

Molecular Database of Hydra Cells 

     Cell lineages of cnidarians including Hydra represent the fundamental cell types 

of metazoans and provide important insights into the evolution of cell diversification 

in the animal kingdom. Hydra contains a multipotent interstitial cell (I-cell) that gives 

rise to nematocytes, nerve cells, gland cells and germ cells. This I-cell lineage is not 

essential for survival, since animals lacking the I-cell lineage can be maintained 

indefinitely in culture. Such I-cell free hydra are referred to as epithelial hydra. In the 

present study, a 6.6 thousand cDNA microarray was constructed, and competitive 

hybridization by using probes from epithelial Hydra and normal Hydra was 

performed to compare gene expression in epithelial hydra with normal hydra, and 

thus, to identify genes specific for the I-cell lineage. 151 genes were identified, which 

were differentially expressed in normal hydra and not in I-cell free animals. In situ 

hybridization showed that 86 of these genes were expressed in specific cell types of 

the I-cell lineage. An additional 29 genes were expressed in epithelial cells and were 

down-regulated in epithelial animals lacking I-cells. Based on the above information, 

I have constructed a database (http://hydra.lab.nig.ac.jp/hydra/) which describes the 

expression patterns of cell type specific genes in hydra (Hwang et al., 2007). 

Currently this database contains more than 100 cell type specific genes and their 

sequences, UniGENE identities, homologue information, gene ontology, and whole 

mount in situ hybridization images (Appendix Figure 1). All of the resources can be 

accessed through http://hydra.lab.nig.ac.jp/hydra/. 
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Appendix 2. 

RAP (Rice Annotation Project) and RAP-DB (Rice Annotation project Database) 

     Rice is considered a model cereal plant because of its small genome size and 

high degree of chromosomal co-linearity with other major cereal crops such as maize, 

wheat, barley, and sorghum (Moore et al., 1995; Sasaki and Burr, 2000).  The 

International Rice Genome Sequencing Project (IRGSP), a consortium of 

publicly-funded laboratories from 10 countries, initiated the sequencing of Oryza 

sativa ssp. japonica cultivar Nipponbare in 1998 using the clone-by-clone sequencing 

strategy (Sasaki and Burr, 2000). In 2004, the finished-quality sequence of the entire 

genome was completed and is now available in the public domain (Matsumoto, 

2005). 

     The annotation of the sequence is indispensable in understanding the overall 

structure and function of the rice genome. However, most of the annotations of the 

rice genome sequences were obtained by automated methods. Although this provides 

an overview of the composition of the genes that comprise the genome, limitations in 

prediction programs often result in probable errors and artifacts among predicted 

genes. Therefore, in concordance with the completion of the  rice genome sequence, 

the Rice Annotation Project (RAP) was organized in 2004 (Itoh et al., 2007) with the 

aim of providing standardized and highly accurate annotations of the rice genome. 

     To facilitate efficient management of the results of annotation and to establish a 

platform for integrating the data with other rice resources, I developed an annotation 

database called the Rice Annotation Project Database (RAP-DB) as first version 
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(Ohyanagi et al., 2006; Tanaka et al., 2008). The RAP-DB integrates the IRGSP 

genome sequence and the RAP annotations with other data on rice researches. The 

latest version of the RAP-DB contains a variety of annotation data as follows: clone 

positions, structures, and functions of 31,439 genes validated by cDNAs, RNA genes 

detected by massive parallel signature sequencing (MPSS) technology and sequence 

similarity, flanking sequences of mutant lines, transposable element, etc. The 

RAP-DB is available at http://rapdb.lab.nig.ac.jp/ (Appendix Figure 2).  
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Appendix 3.  

The H-Invitational Database (H-InvDB) 

     Human transcripts represent very useful resources for examining the structure of 

human genes and alternative splicing isoforms. In particular, cloning and sequencing 

of full-length cDNAs (FLcDNAs) that cover all exons but no introns can facilitate the 

precise determination of human gene structure (Ota et al., 1997). Studies on human 

transcripts have thus been systematically and extensively carried out to draw the 

outline of the human transcriptome (Hu, 2000; Wiemann et al., 2001; Yudate, 2001; 

Kikuno et al., 2002; Strausberg et al., 2002). The human transcriptome consists of 

protein-coding mRNAs and non-coding functional RNAs. Analysis of those 

sequences will provide insights into how genomic information is transformed into 

higher-order biological phenomena. By comparative analysis of the transcriptome 

with the human genome, I will be able to determine the transcribed regions of the 

genome and to know the regulatory machinery of transcription. It is therefore of great 

significance to collect information about human transcripts as well as their 

annotations. Thus, the first international workshop entitled "Human Full-length 

cDNA Annotation Invitational" (abbreviated as H-Invitational or H-Inv) was held in 

Tokyo, Japan from August 25th to September 3rd, 2002, and constructed a novel, 

integrative database of the human transcriptome, called H-InvDB (Imanishi et al., 

2004; Yamasaki et al., 2005; Yamasaki et al., 2008). This database consists of the 

annotation of 42,421 human FLcDNAs, collected from six high-throughput producers 

of human FLcDNAs in the world human gene collections.   
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     To cover the increased number of human FLcDNAs since the initial release of 

H-InvDB, the second international annotation meeting entitled “H-Invitational 2 

Functional Annotation Jamboree” (abbreviated as H-Invitational 2 or H-Inv2) was 

held in Tokyo, Japan from November 15th to 20th, 2003. The second major release of 

H-InvDB was released as release 2.0 based on the annotation at the H-Inv2 

annotation jamboree. This consists of the annotation of 56,419 human FLcDNAs, 

collected from the same six high-throughput producers of human FLcDNAs as in the 

H-Inv1. After H-Inv2, the Genome Information Integration Project (GIIP) was started 

for further development and held the third and forth annotation meeting in Oct., 2005 

and Oct., 2006. I participated in the meeting as an annotator to contribute the further 

development of human genome annotation. The products of those two annotation 

meetings comprise release 3.0 and 4.0 of H-InvDB. The increase in the entries of 

H-InvDB are summarized in Appendix Table 1. The release H-InvDB_4.3, provides 

annotation for 175,537 human transcripts and 120,558 human mRNAs extracted from 

the public DNA databank, in addition to 54,978 human FLcDNA. The H-InvDB is 

available at http://www.h-invitational.jp/ (Appendix Figure 3). 
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Appendix 4.  

Discussion and Future Direction 

     The three eukaryotic database projects in which I have been involved provide 

comprehensive information for the model eukaryotes. The molecular Database of 

Hydra cell is not a large-scale database, but serves as a unique opportunity for the cell 

type-specific gene expression. In conjunction with the comparative genomic methods, 

it will facilitate the evolutionary study of the nervous system. The RAP-DB is now 

one of the most major databases in plant biology, updating the database contents 

frequently (Tanaka, T., personal communication). It will stimulate the evolutionary 

studies of plants, as a reference dataset for cereal crops. The H-InvDB is now a quite 

integrated database, and one of the most important biological databases for human 

genome-related resource, accelerating the evolutionary studies of humans and 

mammals.  

     Each database provides a nice implementation for each biological resource. 

However, one of the problems of the current biological database issue is a lack of 

coordination and integration among published databases. They were not developed in 

shared framework. Each of them has original data structure. Hence they are 

potentially isolated resources. It would be of immediate value to take the database 

connection systems (for example, Distributed Annotation System, DAS) into 

consideration for future development of the biological resources (Dowell et al., 

2001).  
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Appendix Figure 1. 
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Appendix Figure 1.  Screenshots of the Molecular Database of Hydra Cells. The main 

window shows gene name and their sequences, UniGENE identities, homologue 

information, gene ontologies, and whole mount in situ hybridization images. The 

magnified images of in situ images are also available (sub window).  
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Appendix Figure 2. 
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Appendix Figure 2.  Flowchart of RAP-DB browsing. Users can search the rice 

genome annotations by chromosomal positions, IDs or keywords. Sequence similarity 

search by RAP-BLAST or RAP-BLAT is also available. (A) A graphical view of the 

RAP annotated loci and sequences, Tos17-flanking positions, and other tracks illustrated 

by GBrowse. (B) An annotation table corresponding to the sequence. Several items are 

hyperlinked to other databases. (C) Browsing a precise genomic view by G-integra. 
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Appendix Table 1. 

 

 

H-InvDB 
release 

Date of 
release 

Number of 
transcripts 

(HIT) 

Number of 
gene 

clusters 
(HIX) 

Number of 
proteins 
(HIP) 

Human 
genome 

Date of 
sequence 
data-fix 

1.0  2003/4/20 41,118  21,037  - NCBI build 
34.1 2002/7/15 

2.0  2005/8/31 56,419  25,585  - NCBI build 
34.1 2003/9/1 

3.0  2006/3/31 167,992  35,005  - NCBI build 
35.1 2005/3/1 

4.0  2007/3/30 175,542  34,701  116,228  NCBI build 
36.1 2006/6/15 

4.3  2007/6/27 175,536  34,699  116,142  NCBI build 
36.1 2006/6/15 
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Appendix Table 1.  Increase in H-InvDB entries 

 

 



 - 62 - 

Appendix Figure 3. 
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Appendix Figure 3. The official web site of H-InvDB 

(http://www.h-invitational.jp/). 
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