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I. General Introduction 

 

Biology is a discipline rooted in comparisons. Comparative studies have assembled a 

detailed catalogue of the biological similarities and differences between species, revealing 

insights into how life has adapted to fill a wide range of environmental niches. In this regard 

such studies have provided the fundamental paradigms from which each discipline has grown. 

Genomics is the most recent branch of biology to employ comparison-based strategies. At the 

foundation of the evolutionary relationship of all vertebrates is conserved genetic information 

in the of DNA sequence, which is assumed to underlie homologous functional and anatomical 

similarities between species.  

 
Comparative genomics and ESTs 

Comparative phylogenomic analyses using Expressed Sequence Tags (ESTs) from 

taxa across the spectrum of animal diversity promise to yield reliable and robust results. ESTs 

also provide an economical approach to identify large numbers of genes that can be used in 

gene expression and phylogenomic studies (Gerhold and Caskey, 1996; Renn et al., 2004). 

Because of their usefulness, the rapid automated way of data collection, and the relatively low 

costs associated with this technology, many individual scientists as well as large genome 

sequencing centers have generated large numbers of ESTs that are publicly available and their 

number continuous to increase rapidly. The use of local similarity search algorithms (e.g. 

BLAST) against public databases is often the preferred method of choice for screening short 

ESTs. The need for automation of processing, similarity analyses, and annotation of ESTs is 

highlighted in cases when several BLAST results should be analyzed in a combined approach.  

EverEST is a WINDOWS program that automates database management and 

phylogenetic analyses of ESTs (Chapter II). It’s features representing the basis for several 

studies within this thesis. The program is processing simultaneous database searches using the 

BLAST algorithm against three databases to identify the best hits for any given EST 

sequence. In a further step EST sequences are associated with BLAST results and 

phylogenetic analyses in a relational database. 

 

Phylogenomics of fishes 

There are more than 25,000 species of teleost fishes amounting to nearly half of the 

extant vertebrate species and about 96% of all extant fishes are classified as teleosts (Nelson, 

1994). They show vast differences in their morphology and adaptations. Their sister group, 

the lobe-finned fishes, include the rest of the bony vertebrates, such as coelacanths, lungfishes 
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and tetrapods. The ray-finned fishes and the lobe-finned fishes have diverged 400-450 million 

years ago (Kumar and Hedges, 1998). Although this large evolutionary distance implies that 

only a fraction of the functional sequences in the genomes are shared, comparative studies 

have, for example, revealed that most human genes are also common in fish. 

Although some progress has been made in the elucidation of the phylogeny of the 

higher ray-finned fishes, the teleosts, relationships among the main lineages of the derived 

fishes (Euteleostei) remain poorly defined and are still under discussion. Chapter III 

represents a phylogenomic analysis of 42 sets of orthologous genes (ESTs and other genomic 

data) from ten fish model systems representing seven orders (Salmoniformes, Siluriformes, 

Cypriniformes, Tetraodontiformes, Cyprinodontiformes, Beloniformes and Perciformes) of 

euteleosts to estimate divergence times and to examine the evolutionary relationships among 

those lineages. All ten fish species serve as models for developmental, aquaculture, genomic 

and comparative genetic studies; however the molecular phylogenetic relationships among 

them had not been tested rigorously. The study revealed a molecular phylogeny of higher-

level relationships of derived teleosts, which indicates that the use of multiple genes produces 

robust phylogenies. The phylogenomic analyses confirmed that the euteleostean superorders 

Ostariophysi and Acanthopterygii are monophyletic and the Protacanthopterygii and 

Ostariophysi are sister clades. In addition and contrary to the traditional phylogenetic 

hypothesis, the analyses determined that killifish (Cyprinodontiformes), medaka 

(Beloniformes) and cichlids (Perciformes) appear to be more closely related to each other than 

either of them is to pufferfish (Tetraodontiformes). All ten lineages split before or during the 

fragmentation of the supercontinent Pangea in the Jurassic. 

 

The cichlid case 

East African cichlids exemplify the diversity of the perciform fishes, a vast group that 

dominates aquatic habitats and accounts for 25% of all vertebrate species. The more than 

3,000 species of cichlids are distributed from Central and South America, Africa and 

Madagascar to southern India. The distribution of the family suggests that it had its origins in 

Gondwana about 100 MY ago (Stiassny, 1991; Zardoya et al., 1996). Molecular phylogenies 

(Figure 1.1) show that the Indian and Malagasy species diverged first followed by a deep split 

between separate monophyletic groups of African and New World species (Farias et al., 2000; 

Farias et al., 2001). The hotspot of their biodiversity is East Africa, where they form adaptive 

radiations composed of hundreds of endemic species in several lakes of various sizes and 

ages. They have formed so-called “species flocks” with sometimes hundreds of endemic 
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species in each of these lakes. The species flocks of lakes Malawi and Victoria are estimated 

to contain more than 700 species each (Turner et al., 2001). These flocks arose from within an 

older radiation of more than 250 species in Lake Tanganyika (Salzburger et al., 2002). Each 

of these radiations was phylogenetically independent, and resulted in multiple instances of 

convergent evolution of morphology and behavior (Kocher et al., 1993). Diverse jaw 

morphologies have evolved to scrape algae, suck zooplankton, or crush snails. Cichlids have 

also evolved a range of mating and parental care strategies, where maternal mouth brooding is 

the most common strategy, and is often accompanied by the development of elaborate male 

coloration. 
 
Figure 1.1A: The distributional pattern of 
the cichlids, with the representatives from 
India, Sri Lanka, and Madagascar forming 
the most basal lineages and the reciprocally 
monophyletic African and American 
lineages as sister-groups, is consistent with 
an initially Gondwanaland distribution 
(Farias et al., 2000; Farias et al., 2001; 
Sparks, 2003; Streelman et al., 1998; 
Zardoya et al., 1996).  
Figure 1.1B: The supercontinent of 
Gondwanaland some 200 million years ago 
(MYA). 
(Figure from Salzburger and Meyer 2004 
with permission). 

 
Chapter IV shows the collection and annotation of more than 12,000 ESTs generated 

from two different cDNA libraries obtained from the East African cichlid species 

Astatotilapia burtoni (Günther 1894). This species has long been used as model system to 

study cichlid spawning behavior (Fryer and Iles, 1972; Wickler, 1962a; Wickler, 1962b), 

social interactions (Crapon de Caprona, 1980; Wickler, 1962a; Wickler, 1969), behavioral 

plasticity (Hofmann, 2003; Hofmann and Fernald, 2001), endocrinology (Robison et al., 

2001), the cichlids’ visual system (Kroger et al., 2001), as well as cichlid development and 

embryogenesis (Hagedorn et al., 1998). In addition, the phylogenetic position of A. burtoni 

makes this species an ideal model system for comparative genomic research (Figure 1.2). 

Astatotilapia burtoni, which belongs to the most species-rich lineage of cichlids, the 

haplochromines, was shown to be sister group to both the Lake Victoria region superflock (~ 

600 species) and the species flock of Lake Malawi (~ 1,000 species) (Meyer et al., 1990; 

Salzburger et al., 2005; Verheyen et al., 2003). With H. chilotes and H. sp. “redtailsheller” 

(Lake Victoria), and M. zebra (Lake Malawi) three highly specialized species from two 

species flocks have already been established as genomic models. The comparison of their 

genomes to that of A. burtoni, which has a more generalist’s life style and is likely to 
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resemble the ancestral lineage that seeded the cichlid adaptive radiations in these two lakes, 

promises important insights into cichlid (genome) evolution. 

 
Figure 1.2: Phylogeny of East African Cichlids based on 2000 bp of mitochondrial DNA. It shows clearly 
that the Haplochromini of Lake Victoria are genetically not distinguishable and Astatotilapia burtoni, has a 
basal position with respect to this clade (Figure from Salzburger et al. 2005 with permission). 

 
Gene/genome duplication 

Based on basic data such as genome sizes and allozymes, (Ohno, 1970) proposed that 

the increase in complexity also during the evolution of the vertebrate lineage was 
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accompanied by an increase in gene number due to duplication of genes and/or genomes. 

Recent data from genome sequencing projects showed that genome size is not tightly 

correlated with the numbers of genes an organism possesses, and for many genes, multiple 

copies can be found in vertebrates, while basal deuterostomes and invertebrates typically have 

only one orthologous copy. The “one-two-four” rule is the current model to explain the 

evolution of gene families and of vertebrate genomes more generally. 

Based on this model, two rounds of genome duplication occurred early in the 

deuterostome evolution (Figure 5.1). An ancestral genome was duplicated to two (1R), and 

then to four genomes after the second (2R) genome duplication (Sharman and Holland, 1996; 

Sidow, 1996). Recent data suggest that an additional whole genome duplication (3R) occurred 

in the fish lineage (Fish Specific Genome Duplication - FSGD), extending the “one-two-four” 

to a “one-two-eight” rule (Christoffels et al., 2004; Jaillon et al., 2004; Meyer and Schartl, 

1999; Taylor et al., 2003; Taylor et al., 2001a; Van de Peer et al., 2003; Vandepoele et al., 

2004). 

Most glycolytic enzymes for example follow the pattern of repeated duplications 

during the early evolution of vertebrates. The glycolytic pathway is particularly suitable for 

testing theories of enzyme evolution and the involvement of gene/genome duplications. 

Chapter V gives insights into the vertebrate specific evolution of the glycolytic enzymes. 

Many of the obtained gene trees generally reflect the history of two rounds of duplication 

within the vertebrate lineage plus additional duplication events within the lineage of ray-

finned fish. By and large, the glycolytic pathway appears to have arisen primarily by random 

association of enzymes converging on similar structures and has subsequently evolved by 

gene duplication and divergence of each constituent enzyme. 

 

Fish Specific Genome Duplication - FSGD 

It has been suggested that the large number of fish species and their tremendous 

morphological diversity might be due to a genome duplication event specific to the teleost 

lineage (Amores et al., 1998; Chen et al., 2004; Meyer and Van de Peer, 2005; Taylor et al., 

2003; Taylor et al., 2001a; Taylor et al., 2001b; Wittbrodt et al., 1998). The first indications 

for actinopterygian-specific genome duplication came from studies based on Hox genes and 

Hox clusters, in particular those of the zebrafish and fugu (Figure 1.3). Extra Hox gene 

clusters were discovered in the zebrafish (Danio rerio), medaka (Oryzias latipes), the African 

cichlid (Oreochromis niloticus), the pufferfish (Takifugu rubripes) and this suggested that all 

teleost fishes experienced an additional genome duplication in ray-finned fishes 
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(Actinopterygii) before the divergence of most teleost species (Hoegg and Meyer, 2005; 

Prohaska and Stadler, 2004; Van de Peer, 2004; Van de Peer et al., 2003; Volff, 2005). 

Figure 1.3: Hox-clusters in currently sequenced genomes and hypothetical evolutionary ancestral conditions. 
While shark, coelacanth, tetrapods and also bichir have four clusters, teleost fish have at least seven clusters 
resulting from a fish-specific genome duplication event. (Figure from Hoegg and Meyer 2005 with 
permission). 

 

Since gene and genome duplication events increase the amount of genetic material, it 

has been speculated that there is a relationship between gene copy number and morphological 

complexity and, by extension, also species diversity (Ohno, 1970). This implies that 

duplicated genes have diverged from the roles of their pre-duplication homologs. In Chapter 

VI this was demonstrated by an increase in evolutionary rate and/or by evidence for positive 

Darwinian selection. Duplicated genes may be redundant, which means that inactivation of 

one of the two duplicates might have little or no effect on the phenotype (Gibson and Spring, 

1998; Lynch and Conery, 2000; Nowak et al., 1997). Therefore, since one of the copies is free 

from functional constraint, mutations in this gene might be selectively neutral and have the 

potential to turn the gene into a non-functional pseudogene. Alternatively, one of the 

duplicates might adopt a new function (Ohno, 1973). Although post-duplication secondary 

gene loss is a frequent event, ~20%-50% of paralogous genes are retained for longer 

evolutionary time spans after a genome duplication event (Lynch and Force, 2000; 
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Postlethwait et al., 2000). Selection can prevent the loss of redundant genes (Gibson and 

Spring, 1999) if those genes encode for components of multidomain proteins because mutant 

alleles disrupt such proteins. A selective advantage due to a new unique function might be 

sufficient to retain this gene copy and to prevent degenerative substitutions and prevent this 

functional gene copy from becoming a pseudogene. Also, positive Darwinian selection can be 

responsible for functional divergence between the duplicates (e.g., Duda and Palumbi, 1999; 

Hughes et al., 2000; Zhang et al., 1998). When a gene with multiple functions is duplicated, 

the duplicates are redundant only for as long as each copy retains the ability to perform all 

ancestral roles (Force et al., 1999; Hughes, 1994). When one duplicate experiences a mutation 

that prevents it from carrying out one of its ancestral roles, the other duplicate is no longer 

redundant. According to the duplication-degeneration-complementation (DCC) model (Force 

et al., 1999), degenerative mutations preserve rather than destroy duplicated genes but also 

change their functions or at least restrict their original functions to become more specialized. 

 

Gene deserts 
 

The understanding of how genes are distributed and organized in genomes of different 

sizes remains a major challenge of genome biology (Gregory, 2005). Already 20 years ago, 

Susumu Ohno (Ohno, 1985) postulated the desertification of the euchromatic region of the 

higher vertebrates’ genome owing to continuous gene duplication events followed by 

degeneration of newly emerged gene copies in their evolutionary history. Only with the first 

release of the complete sequence of the human genome in 2001 was Ohno’s prediction of the 

existence of such deserts confirmed (Lander et al., 2001; Venter et al., 2001) – yet, their 

functional or evolutionary significance remains to be explained. Due to the lack of protein-

coding DNA, gene deserts seem to be devoid of any biological function. In spite of this, some 

gene deserts have been shown to contain regulatory regions for neighboring genes that 

function over large distances (Nobrega et al., 2003). Also, the observation of stable gene 

deserts with homologous flanking genes (often transcription factors), which are maintained 

over long evolutionary times (Ovcharenko et al., 2005), and the existence of numerous 

conserved non-genic sequences in mammalian genomes (Dermitzakis et al., 2005), suggest 

that gene deserts are not just genomic junkyards but, instead, might be of functional 

significance. By contrast, there are gene deserts that can be deleted without noticeable 

phenotypic effects (Nobrega et al., 2004). 

When plotting the number of genes per chromosome versus chromosome length for 15 

eukaryotic genomes, as shown in Chapter VII, a strong linear correlation in non-mammalian 
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genomes could be documented. Mammalian genomes, on the other hand, do not show 

constant ratios of gene number per chromosome over chromosome length. It appears that the 

uneven distribution of gene deserts on mammalian chromosomes accounts for the deviations 

from otherwise constant ratios. 
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EverEST – A phylogenomic EST database approach 
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“The next major explosion is going to be  
when genetics and computers come together.”  

 
Alvin Toffler 
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II. EverEST – A phylogenomic EST database approach 
 

2.1. Abstract 

The use of local similarity search algorithms (e.g. BLAST) against public databases is 

often the preferred method of choice for screening short expressed sequence tags (EST). The 

need for automation of processing, similarity analyses, and annotation of ESTs is highlighted 

in cases when several BLAST results should be analyzed in a combined approach. 

EverEST is a WINDOWS program that automates database management and 

phylogenetic analyses of ESTs. Together with its interactive visualization tools and a variety 

of built-in data, EverEST effectively integrates data mining, annotation, and phylogenetic 

evaluation into one application. EverEST is constructed to maximize evolutionary relevant 

information that is contained in large amounts of DNA data while attempting to minimize 

computation time. The database package will be freely available at: 

http://www.evolutionsbiologie.uni-konstanz.de. 

 

2.2. Introduction  

Large-scale sequencing of partial cDNA clones as expressed sequence tags (ESTs) and 

similarity searches of these against public DNA and protein sequence databases is becoming a 

more widely-used method for gaining information on gene content and genomic complexity 

for many phyla (Hedges and Kumar, 2002). The use of local similarity search algorithms 

against the public databases is often the method of choice for screening short EST sequences, 

because they determine scores for only those regions conserved between sequences (Altschul 

et al., 1990). Furthermore, local similarities of translated EST sequences to the public protein 

databases can often be detected even when similarities to the public DNA databases appear 

coincidental (Gish and States, 1993). Several EST projects (Fizames et al., 2004; Renn et al., 

2004; Whitfield et al., 2002) have used similarity searches for positive identification of known 

genes and the determination of putative functions of others. The most commonly used method 

for this is to run the BLAST similarity search programs for each EST. Hits from EST 

similarity searches are the basis for the inference of probable biological functions and also the 

evolutionary history, i.e., homology, whereas a lack of hits at least suggests the possibility of 

the discovery of a novel gene or convergence of genes.  

The need for automation of processing, similarity analysis, and annotation of ESTs is 

highlighted in cases when several BLAST results are analyzed in a combined approach.  
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Here, we describe a database software we term EverEST, for processing simultaneous 

database searches using the BLAST algorithm against three databases to identify the best hits 

for any given EST sequence. In a further step EST sequences are associated with BLAST 

results and phylogenetic analyses in a relational database using its own specific database 

management system. 

 

2.3. The program 

A flow-chart for our phylogenomic EST database is shown in Figure 1a. Most records 

in this flow-chart involve a ‘one-to-one relationship’ with the exception of the 

distance_matrix table, where a ‘one-to-many relationship’ exists. The distance_matrix table 

consists of all genetic distances between sequences in one entry of the alignment table and the 

used distance method. Figure 2.1A depicts that the blast_results are joined to the 

query_sequence tables through the alignment table. This table associates the distance_matrix 

table and through this the tree_file and triangle_coordinates tables.  

Figure 1A: Entity relationship diagram describing the association between the query sequence, the BLAST 
results and the phylogenetic analyses results. Primary keys are indicated with an asterisk.  
Figure 1B: Typical process for pre-processing and analyzing an EST sequence and for integrating the query 
and BLAST resources in the EverEST database. 

 

The tree_file table consists of the tree representation in the Newick tree format and the 

result of a branch length test (Takezaki et al., 1995). The branch length test is a test of rate 

difference for each sequence under the tree root from the average rate of all sequences. This 
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enables a linearized graphic representation of a group of ORF alignments in a ternary plot for 

which all related data are stored in the triangle_coordinates table. The primary key is the 

query sequence ID associating every single EST in the database with BLAST results, related 

alignments, distance matrices, NJ trees, ternary coordinates and Ka/Ks ratios. 

Figure 2.1B depicts the processes involved in populating the tables in Figure 2.1A. In 

case of newly generated EST data, pre-processing includes base calling, filtering of low-

quality sequences, identification of sequence features, and vector trimming. Automatic base 

calling and quality and vector trimming maybe performed with PHRED (Ewing et al., 1998). 

The input source for EverEST are pre-processed high quality ESTs of a length of more than 

200 bp that are screened by local BLAST searches with an expected value threshold of e.g. < 

1 x 10-15 against several databases. These should be chosen based on completeness and 

taxonomic relatedness to the source of the cDNA. The BLAST interface of EverEST is 

command line driven following the NCBI syntax for standalone BLAST and needs fastA 

input files (Pearson and Lipman, 1988). The results are parsed into the blast_results tables 

which contain GenBank Accession Numbers of the three best hits, the sequence of the best hit 

and its annotation as well as related e-Values and information concerning translation frames. 

The query sequence and all possible three best hits of every single search are translated into 

amino acid code, combined by a Visual Basic routine, and aligned using the T-Coffee 

algorithm (Notredame et al., 2000) which is a component of the EverEST package. T-Coffee 

is a progressive multiple alignment program which considers information from all of the 

sequences during each step, not just those being aligned at that particular stage. The alignment 

is stored into the alignment table in the fastA file format. Following the alignment, sequence 

divergences for every pair in the alignment is estimated as the observed proportion of amino 

acid sites at which the two sequences to be compared are different. All alignment positions 

with gaps were excluded previously (complete deletion). This option is generally desirable 

because different regions of DNA or amino acid sequences often evolve under different 

evolutionary forces. The user can choose between two methods for estimating evolutionary 

distances: Poisson-correction distance and Gamma distance (Dayhoff, 1978). 

The distances are used to construct a neighbor-joining tree and a ternary graphic 

representation as depicted in Figure 2.2. The ratio of the number of nonsynonymous 

substitutions per nonsynonymous site (Ka) to the number of synonymous substitutions per 

synonymous site (Ks) is calculated by a subroutine to evaluate the selective forces acting on 

the protein (McDonald and Kreitman, 1991).  
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Figure 2.2A: Example for 
a ternary diagram of p-
distances between query 
and BLAST results of 
three database searches re-
spectively.  
Figure 2.2B: Examples 
how the ternary diagram 
should be read.  Note the 
numbers 1 - 4 on the 
diagram. The composition 
for each of these points is:  
1 (60%/20%/20%), 
2 (25%/40%/35%),  
3 (10%/70%/20%), 
4 (0%/25%/75%). 
Please note that the ternary 
diagram is read counter 
clockwise. 
 

 

 

The EverEST database was recently implemented on WINDOWS XP and 2000.  It 

requires a preinstalled standalone BLAST version with at least the two components blastall 

and formatdb. The parse routine is written in C++ and has been successfully tested on several 

variants of the BLAST output files e.g. BLASTN, BLASTP or TBLASTX results. The other 

utilities supporting the database (e.g. divergence calculation, NJ-Tree construction and 

barycentric construction) were developed in Visual Basic. To visualize the results, several 

support features are available, e.g. output of trees in Newick format or the output of distance 

matrices in tab-delimited text format. The ternary graphic window allows choosing single 

ORF groups to obtain all related information in the database by a simple mouse click. 

Configurability was one of the main design issues in the development of EverEST. The usage 

is not limited to the query sequences and databases. 

This flow-chart presented here (Figure 2.1B) is constructed to maximize evolutionary 

relevant information that is contained in large amounts of DNA data while attempting to 

minimize computation time. This system is geared towards as much automation as possible, 

while maintaining, organizing and flagging all results for individual inspection. Moreover, 

increased automation reduces the number of error-prone steps. By reducing errors in the data 

processing and manipulation, the quality of data submitted to the public databases should be 

increased. The system we have described here is functional, and in use on a regular basis, 

however, it is evolving. The areas that we continue to address include the implementation of 

the data pre-processing, enhancements in putative function assignment, and the automatic 



19 

GenBank submission after successful annotation. For those ESTs that have insufficient hits, 

methods for automatically re-executing similarity searches periodically as the public 

databases get updated will be developed. 
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Novel relationships among ten model fish species 
supported by phylogenomics with ESTs 

 
 
 
 

Accepted for publication in Journal of Molecular Evolution (2006) 
 

 

 

 

 

“The biggest fish he ever caught were those that got away.”  
 

Eugene Field 
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III. Novel relationships among ten model fish species supported by phylogenomics with 

ESTs 

 

3.1 Abstract  

The power of comparative phylogenomic analyses also depends on the amount of data. We 

used Expressed Sequence Tags (ESTs) from model fish species as a proof of principle 

approach in order to test the reliability of using ESTs for phylogenetic inference. As expected, 

the accuracy increases with the amount of sequences. Although some progress has been made 

in the elucidation of the phylogeny of teleosts, relationships among the main lineages of the 

derived fishes (Euteleostei) remain poorly defined and are still debated. We performed a 

phylogenomic analysis of 42 sets of orthologous genes from ten available fish model systems 

representing seven orders (Salmoniformes, Siluriformes, Cypriniformes, Tetraodontiformes, 

Cypinodontiformes, Beloniformes and Perciformes) of euteleosts to estimate divergence times 

and to examine the evolutionary relationships among those lineages. All ten fish species serve 

as models for developmental, aquaculture, genomic and comparative genetic studies. The 

phylogenetic signal and the strength of the contribution of each of the 42 genes were 

estimated with randomly chosen data subsets. Our study revealed a molecular phylogeny of 

higher-level relationships of derived teleosts, which indicates that the use of multiple genes 

produces robust phylogenies. Our phylogenomic analyses confirm that the euteleostean 

superorders Ostariophysi and Acanthopterygii are monophyletic and the Protacanthopterygii 

and Ostariophysi are sister clades. In addition and contrary to the traditional phylogenetic 

hypothesis, our analyses determine that killifish (Cyprinodontiformes), medaka 

(Beloniformes) and cichlids (Perciformes) appear to be more closely related to each other than 

either of them is to pufferfish (Tetraodontiformes). All ten lineages split before or during the 

fragmentation of the supercontinent Pangea in the Jurassic. 

 

3.2 Introduction 

The relative importance of increasing the number of analyzed taxa and the number of 

characters for accuracy of phylogenetic inferences remains an issue of debate (Cummings and 

Meyer, 2005; Gadagkar et al., 2005; Hillis, 1998; Hillis et al., 2003; Rosenberg and Kumar, 

2003). Large-scale phylogenetic analyses inevitably involve a trade-off between taxon 

sampling and gene sampling. However, recent simulation and empirical studies suggest that 

increased gene sampling, in general, might have a greater beneficial effect on the rigor of the 
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estimation of phylogenetic topologies than more extensive taxon sampling (Mitchell et al., 

2000; Rokas and Carroll, 2005; Rosenberg and Kumar, 2001). The benefits of sampling 

several independent gene genealogies to infer an organismal phylogeny with confidence are 

widely recognized (Chen et al., 2004; Cummings et al., 1995; Takezaki et al., 2003) because a 

more complete representation of the whole genome is highly desirable and stochastic errors 

occurring in data with small sample size will decrease with increasing sample size.  

Comparative phylogenomic analyses using Expressed Sequence Tags (ESTs) from 

taxa across the spectrum of animal diversity promise to yield reliable and robust results. ESTs 

also provide an economical approach to identify large numbers of genes that can be used in 

gene expression and phylogenomic studies (Gerhold and Caskey, 1996; Renn et al., 2004). 

Because of their usefulness, the rapid automated way of data collection, and the relatively low 

costs associated with this technology, many individual scientists as well as large genome 

sequencing centers have generated large numbers of ESTs that are publicly available and their 

numbers continue to increase rapidly.  

However, the use of ESTs for phylogenetic analyses is limited to the rather small 

number of species, for which EST and genome projects have been conducted. In order to test 

to test the power of multi-locus approaches to reveal phylogenies it seems necessary to choose 

a group of species, for which many EST data are available, e.g., the teleost fish to conduct 

analyses based on different approaches such as Bayesian inference and maximum likelihood 

to overcome possible pitfalls of one particular method. A recent theoretical study (Mossel and 

Vigoda, 2005) revealed that Bayesian MCMC methods for phylogeny reconstruction could be 

misleading when the data are generated from a mixture of datasets. Thus, in cases of data set 

that contain potentially conflicting phylogenetic signals, phylogenetic reconstruction should 

be performed separately on each subset according to Mossel and Vigoda (2005).  

There are more than 25,000 species of teleost fishes amounting to nearly half of the 

extant vertebrate species and about 96% of all extant fishes are classified as teleosts (Nelson, 

1994). Since the pioneering work on the systematics of fishes by Greenwood et al. (1966), 

many studies have proposed novel hypotheses about the relationships among basal teleosts, 

but the relationships among the derived teleosts are still debated. One particular species-rich 

monophyletic group of derived teleosts is the Euteleostei currently ranked as one of the four 

subdivisions of the Teleostei, along with the more basal groups, Osteoglossomorpha, 

Elopomorpha, and Clupeomorpha (Arratia, 1999; De Pinna, 1996; Nelson, 1994).  

The Euteleostei are the most derived and species-rich group of teleost fishes, 

comprising approximately 16,000 species. These are placed in 32 orders and nine superorders. 
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Currently used fish model species for developmental, genomic and comparative genetic 

studies are assigned to three superorders of the Euteleostei, the Ostariophysi, the 

Protacanthopterygii and the Acanthopterygii (Table 3.1). Ostariophysi are basal euteleosts 

characterized by the presence of the Weberian apparatus. Protacanthopterygii is a superorder 

that was established by Greenwood et al. (1966) and originally included a wide array of basal 

euteleosts. Since then, (Rosen and Patterson, 1969), (Rosen and Greenwood, 1970) and 

(Rosen, 1973; Rosen, 1974) have repeatedly removed several of the orders that were 

originally included in the Protacanthopterygii by them. The resulting Protacanthopterygii 

(sensu Rosen, 1974) is the basis of subsequent discussions on monophyly, inter-, and 

intrarelationships (e.g., Fink and Fink, 1996; Ishiguro et al., 2003). Among the euteleosts the, 

by far, most diverse lineage are the Acanthopterygii (spiny rayed fish), comprising 

approximately 14,800 species, in which both the dorsal and pelvic fins have true fin spines as 

well as rays. The majority of Protacantopterygii has ctenoid scales, and the pelvic fins are 

thoracic, and the jaws are protrusible. To the Acanthopterygii (Johnson and Patterson, 1993) 

assigned five orders (Perciformes, Dactylopteriformes, Scorpaeniformes, Pleuronectiformes 

and Tetraodontiformes) to a single clade as putative sister group to the Smegmamorpha 

(which contains the lineages Synbranchiformes, Mugiloidei, Elassomatidae, 

Gasterosteiformes and the Atherinomorpha). 

 
Table 3.1: List of species used in this study. The classification follows (Nelson, 1994). 

Class Actinopterygii (23,681 species, 42 Orders)
 Division Teleostei (23,637 species, 38 Orders)
  Subdivision Euteleostei (22,262 species, 32 Orders)
   Superorder Acanthopterygii (13,414 species, 13 Orders)
   Order Beloniformes (191 species, 5 families)
    Oryzias latipes
   Order Cyprinodontiformes (807 species, 8 families) 
    Fundulus heteroclitus
   Order Perciformes (9,293 species, 148 families)
    Haplochromis sp.
   Order Tetraodontiformes (339 species, 9 families) 
    Takifugu rubripes
    Tetraodon nigroviridis
   Superorder Ostariophysi (6,507 species, 5 Orders)
   Order Cypriniformes (2,662 species, 5 families)
    Cyprinus carpio
    Danio rerio
   Order Siluriformes (2,405 species, 34 families)
    Ictalurus punctatus
   Superorder Protacanthopterygii (312 species, 3 Orders)
   Order Salmoniformes (66 species, 1 family)
    Oncorhynchus mykiss
    Salmo salar
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Among the euteleosts the, by far, most diverse lineage is the Acanthopterygii (spiny 

rayed fish), comprising approximately 14,800 species, in which both the dorsal and pelvic fins 

have true fin spines as well as rays. The majority of Protacantopterygii has ctenoid scales, and 

the pelvic fins are thoracic, and the jaws are protrusible. To the Acanthopterygii (Johnson and 

Patterson, 1993) assigned five orders (Perciformes, Dactylopteriformes, Scorpaeniformes, 

Pleuronectiformes and Tetraodontiformes) to a single clade as putative sister group to the 

Smegmamorpha (which contains the lineages Synbranchiformes, Mugiloidei, Elassomatidae, 

Gasterosteiformes and the Atherinomorpha). 

Much controversy persists over the interrelationships among teleosts. The euteleost 

origin dates back to about 290 million years ago (Inoue et al., 2005; Kumazawa et al., 1999), 

and due to the extensive variation not only in morphology but also in behavior, ecology, and 

physiology (see Helfman et al., 1997), it is not surprising that comparative anatomical 

approaches have faced a number of difficulties (e.g., lack of applicable characters for 

phylogenetic analyses, and difficulties in the homology assessment among characters). The 

same is true for molecular studies (Miya and Nishida, 2000; Stepien and Kocher, 1997) that 

used shorter (mostly mitochondrial) DNA sequences (mostly < 1000 positions) based on 

limited taxonomic representation. However, it is highly desirable to establish the relationships 

among the fish model systems in order to be able to interpret comparative genomic and 

developmental processes within the correct phylogenetic framework. It appears that adequate 

resolution of higher-level relationships among distantly related lineages will require longer 

stretches of DNA (e.g., Miya et al., 2003), amino acid sequences (e.g. Hoegg et al., 2004)) or 

DNA data sets based on multiple loci (e.g., Chen et al., 2004; Simmons and Miya, 2004; 

Takezaki et al., 2004).   

In order to increase the size of the gene sample available for phylogenetic analysis we 

took advantage of two complete actinopterygian fish genomes and collections of ESTs 

available from public databases. In the present study 42 concatenated amino acid sequences 

retrieved by similarity searches against public DNA and protein sequence databases were 

used to address the question of the relationships of derived teleosts and to test the power of 

multi-locus approaches to reveal phylogenies. The phylogenetic signal and the strength of 

contribution of each of the 42 genes was estimated with randomly chosen data subsets. Our 

study revealed a molecular phylogeny of higher-level relationships of derived teleosts, which 

indicates that the use of multiple genes produces robust phylogenies. The phylogeny was used 

to estimate divergence times and to examine the evolutionary history of the component 

lineages within the teleostean fishes. 
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3.3 Materials and Methods 

 
Data collection 

Cichlid EST sequences generated by us (Chapter II) and in a previous study 

(Watanabe et al., 2004) were screened against GenBank EST data of Cyprinus carpio 

(Cypriniformes), Fundulus heteroclitus (Cyprinodontiformes), Ictalurus punctatus 

(Siluriformes), Oncorhynchus mykiss (Salmoniformes), Oryzias latipes (Beloniformes), 

Salmo salar (Salmoniformes), and Tetraodon nigroviridis (Tetraodontiformes). All of these 

species are important fish model species. We also used protein data of Danio rerio (Zebrafish 

Sequencing Group at the Sanger Institute), Takifugu rubripes (JGI Fugu v3.0), and genome 

data of Homo sapiens (GenBank). Homo sapiens was used as closest related outgroup with 

available data. We used EverEST (Steinke et al., 2004), a software for processing 

simultaneous database searches based on the BLAST algorithm against all abovementioned 

databases to identify the best hits for any given cichlid EST sequence. EverEST was also used 

to assign query sequences to matched BLAST results. Only those sequences were assigned to 

the query gene from cichlids that were recovered as “best hits” in a translated BLAST routine 

using the standard vertebrate code and an e-value <10-50. The sequences were aligned using 

the T-Coffee algorithm (Notredame et al., 2000). Forty-two genes were found to be present in 

all eleven databases for all taxa and conserved enough so that an unambiguous alignment was 

possible. The accession numbers of the analyzed sequences and the number of amino acids 

used for the phylogenetic analyses are listed in Appendix A1. Gene sequences were 

concatenated to form a super-gene alignment with a total length of 7726 amino acid positions. 

 

Phylogenetic Analyses 

Neighbor-Joining (NJ) and maximum parsimony (MP) analyses of the combined 

amino acid alignment were performed with PAUP* v. 4.10b (Swofford, 2002). Maximum 

likelihood (ML) analyses were performed using PHYML (Guindon and Gascuel, 2003). The 

best fitting models of sequence evolution for ML were obtained by ProtTest 1.2 (Abascal et 

al., 2005). 

Confidence in estimated relationships of NJ, MP and ML tree topologies was 

evaluated by a bootstrap analysis with 2,000 replicates (Felsenstein, 1985) and Bayesian 

methods of phylogeny inference (Larget et al., 2005). Bayesian analyses were initiated with 

random seed trees and were run for 200,000 generations. The Markov chains were sampled at 

intervals of 100 generations with a burn in of 1000. Bayesian phylogenetic analyses were 

conducted with MrBayes 3.0b4 (Huelsenbeck and Ronquist, 2001) using the Whelan and 
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Goldman model (2001). Alternative topologies were compared applying the approximately 

unbiased test (Shimodaira, 2002) as implemented in the CONSEL package (Shimodaira and 

Hasegawa, 2001), using the sidewise likelihood values estimated by PAML (Yang, 1997). 

In order to test the phylogenetic signal and the contribution of each of the 42 genes to 

the general topology we randomly selected 100 subsets each containing six EST groups and 

constructed maximum likelihood trees for every subset and every single gene using PHYML 

with the model settings estimated as described above. The subset size of six represents a 

trade-off between computational power and the likelihood to retrieve every possible pair of 

loci. The amount of locus pairs represented in correct subset gene trees is counted and used 

for a graphical matrix representation. Therefore the number of subset gene trees supporting 

the basal dichotomy was used to evaluate the contributing loci. We also calculated the number 

of single gene trees supporting a given partition of the general topology (see Gadagkar et al., 

2005). According to the extent of the amino acid substitution rate we also generated six 

subsets each containing seven loci. The loci were grouped according to their divergence rates. 

This analysis was performed to test relationships between divergence rates and topology by 

constructing maximum likelihood trees as described above.  

 

Molecular Clock 

To estimate a local molecular clock a method of estimation with an optimization via 

the truncated Newton method was employed, as implemented in r8s (Sanderson, 2003). The 

truncated Newton (TN) algorithm tolerates age constraints. Divergence time algorithms 

require at least one internal node to be fixed or constrained. We used three dates: 55 MYA 

marking the earliest known fossil evidence for the Tetraodontidae (Berg, 1958), 75 MYA for 

the earliest known fossil evidence of the Salmonidae (Resetnikov, 1988), and 50 MYA as the 

age of the last common ancestor of Danio and Cyprinus (Cavender, 1991; Kruiswijk et al., 

2002). The first two calibration nodes were only constrained by the max_age function in r8s, 

the latter one was fixed because the fossil represents the last common ancestor of both 

lineages. Based on these fossil calibrations, trees were constrained at the basal node at 290 

MYA, the date at which pufferfish and zebrafish, a representative of the most basal lineage in 

this study, shared a last common ancestor. This estimation is based on a previous calibration 

from molecular data (Inoue et al., 2005; Kumazawa et al., 1999) and the data should therefore 

be taken with caution. Confidence intervals were assessed by means of a bootstrap approach. 

We simulated 25 bootstrap matrices with Seqboot (PHYLIP 3.63 package, (Felsenstein, 1989) 

and, for each matrix, constructed a maximum likelihood tree. The resulting trees were then 
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analyzed with r8s as described above. The minimum and maximum values are represented by 

the minimum and maximum age estimates of the simulation matrices. Consistency between 

fossil and molecular age estimates for the three fossil calibration points was examined by 

using the fossil cross-validation method (Near et al., 2005; Near and Sanderson, 2004).  The 

calibration points are approximately equally accurate because the magnitude of the squared 

deviation is only decreasing by a small fraction as fossils are removed. 

 

3.4 Results 

The alignment of the dataset consisted of 42 orthologous groups of eukaryotic protein 

fragments of ten teleost species and one outgroup species. The total length of the combined 

dataset was 7726 amino acid positions. 

Maximum parsimony, maximum likelihood, neighbor joining and Bayesian inference 

analyses produced congruent tree topologies. The phylogenetic analyses of the complete 

dataset (Figure 3.1) strongly supported the monophyly of the teleost fishes used in this study. 

Our analyses recovered two major clades in the teleosts. The first clade includes members of 

the Salmoniformes, Siluriformes and Cypriniformes and is supported by high bootstrap and 

posterior probability values. Within this clade, the representatives of the Salmoniformes 

(Oncorhynchus mykiss and Salmo salar) appeared as sistergroup to a clade comprised by the 

Siluriformes (Ictalurus punctatus) and the Cypriniformes (Cyprinus carpio and Danio rerio). 

In the second clade, the representatives of the Tetraodontiformes (Tetraodon nigroviridis and 

Takifugu rubripes) were placed as sister group to a clade formed by the Cyprinodontiformes, 

Beloniformes and Perciformes. All nodes in this clade were strongly supported as well. The 

members of the Perciformes (Haplochromis sp.) and Beloniformes (Oryzias latipes) formed a 

monophyletic group, and the representative of the Cyprinodontiformes (Fundulus 

heteroclitus) branched basal to this clade. 
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Figure 3.1: Phylogeny based on a combined data set of 42 loci with a total of 7726 amino acid positions. 
Values above branches indicate posterior probabilities (MrBayes; upper value of quartet), bootstrap values 
from maximum likelihood (PHYML; second value of quartet). Numbers below branch represent bootstraps 
from neighbor joining (third value of quartet) and maximum parsimony (both PAUP*; lowest value of 
quartet). Numbers right to a node groups represent estimated ages in MYA calculated using the local 
molecular clock method of age estimation with an optimization via the truncated newton method with r8s 
(Sanderson, 2003). Confidence intervals were assessed by means of a bootstrap approach with 25 replicates. 
Calibration points are indicated with an asterisk. Numbers in a circle left to a node represent the percentage of 
single gene trees supporting a given node (see Gadagkar et al., 2005). 

 
Comparing different topologies within the euteleost fishes with the approximately 

unbiased test significantly ruled out possible alternative Superorder relationships 

((Protacanthopterygii (Ostariophysi + Acanthopterygii)) or (Ostariophysi  

(Protacanthopterygii + Acanthopterygii))). Thus a sister group relationship between the 

Ostariophysi and Acanthopterygii or between the Protacanthopterygii and Acanthopterygii 

were rejected (Table 3.2).  
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Table 3.2: Comparison of the likelihood values of different topologies among the different superorders within 
the euteleosts, applying the approximately unbiased test. Note the first topology is the maximum likelihood 
tree. Abbreviations: Acanthopterygii (acan), Ostariophysi (osta), Protacanthopterygii (prot), likelihood 
(loglk), difference of likelihood (∆loglk), P value (P). 

 

Topology loglk ∆loglk P approx. unbiased test 

(Acan (Prot +Osta)) -58999.377 0.000  
(Prot (Osta + Acan)) -59234.660 -235.283 0.002 
(Osta (Prot + Acan)) -59456.775 -457.398 0.001 

 

The relative ages of the main clades within the teleostean fishes as revealed from our 

molecular clock analyses were also estimated (Figure 3.1). The split between the 

Ostariophysi/Protacanthopterygii clade and the Acanthopterygii was dated to the early 

Triassic (approximately 217 + 4 MYA) whereas all other splits were estimated to have 

occurred in the Jurassic. Based on our calibrations, the split between the Cypriniformes and 

the Siluriformes was estimated to have occurred at 141 + 4 MYA. The time estimate for the 

split between the Tetraodontiformes and all other Acanthopterygian species was 195 MYA 

whereas the Cyprinodontiformes diverged 153 + 16 MYA from the latter group. The 

estimated divergence time between the cichlids and the Beloniformes was dated to 113 + 11 

MYA.  Based on our calibration points, these age estimates are relatively robust; the mean 

age estimated from 25 bootstrap trees for which we repeated the age-estimation procedure 

outlined above reveals a maximum of 16 MYA standard deviation and a fossil cross-

validation (Near et al., 2005; Near and Sanderson, 2004) showed no inconsistent molecular 

age estimates. Despite the fact that our results correspond well with recent studies all 

molecular clock estimations should be treated with caution, because we used a molecular 

calibration  (290 MYA for the last common ancestor of zebrafish and pufferfish) to constrain 

the basal node. 

The strength of the phylogenetic signal and the contribution of each subset of genes to 

the general topology in 100 random subsets each containing six EST loci are rather weak as 

depicted in Figure 3.2 with a matrix representation of the amount of occurrence of loci in 

‘correct’ topologies. Only a few loci (e.g., EST 11 or EST 42) showed enough resolution to 

reproduce the basal dichotomy or at least one of three subgroups (superorders), however the 

complete estimated topology as depicted in Figure 3.1 was not found with any of the 100 

subsets above. The proportion of single gene trees supporting a given partition of the general 

topology ranges from 10 to 71 % (Figure 3.1) with terminal nodes being more often correctly 

inferred than basal nodes.  Substitution rates of loci with high (e.g. EST 11 or EST 42) and 
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low (EST 7 or EST 12) phylogenetic signal were similar and ranged from 0.13 to 0.17.  The 

amino acid substitution rate among all loci ranged from 0.01 to 0.31 (Figure 3.3). 

Phylogenetic analyses of six subsets containing seven loci each according to the amino acid 

substitution rate supported the two major clades even with low substitution rates. However, 

relationships within the two clades varied with the substitution rate (Figure 3.3). The overall 

topology as depicted in Figure 3.1 was not recovered. However, the topologies were similar to 

that recovered from the analysis of the combined data set, whenever loci with lower amino 

acid substitution rates were used. Figure 3.4 shows that the length of the EST groups used 

does not correlate (R2 = 0.0081) with the amino acid substitution rates and therefore we 

conclude that the analyses of subsets are not biased due to length differences. 

Figure 3.2:  Matrix plot of EST pairs out of 100 simulated subsets containing six loci. The gray scale 
corresponds to the percentage of maximum likelihood topologies congruent with the topology depicted in 
Figure 3.1. The histogram below depicts the absolute number of appearances of single genes in congruent 
topologies. The trees on the right hand exemplify two maximum likelihood trees of pairs with high 
phylogenetic signal (EST 11 + 42) and low phylogenetic signal (EST 7 + 12). Numbers correspond to first 
column in Table 3.1.  
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Figure 3.3: Rates of amino acid substitution for the 42 ORF groups in ascending order.  The trees above show 
estimated maximum likelihood topologies for six subsets each containing seven loci. 

 
 

 
 

 
Figure 3.4: Plot of amino acid substitution rates against the number of amino acids used for each gene. 
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3.5 Discussion 

Implications for multi locus phylogenies 

The approach used in this study led to a well-supported hypothesis of the novel evolutionary 

relationship among the euteleostean fishes. The sampling of multiple genes with a 

comparatively large number of sequence positions is likely to improve phylogenetic 

robustness (Lake and Moore, 1998). The large amounts of ESTs being produced through 

automated sequencing technologies is therefore likely to provide scientists with sufficient data 

to calculate reliable multi locus phylogenies. The power of comparative phylogenomic 

analyses using ESTs from different taxa is a function of the number of data available. Here we 

were able to show that robustness increases with the amount of available sequences 

independent of their length and rate of amino acid substitution (Figure 3.4). Remarkably, all 

analyses produced congruent tree topologies with confidence values not lower than 82 (Figure 

3.1). Given the fact that subsets of EST groups containing six sequences simulated in this 

study were not able to recover the phylogeny of the concatenated dataset we conclude that 

comparably high numbers of loci are needed to infer robust phylogenies from EST based 

studies among distantly related taxa. The number of single gene trees supporting partitions of 

the general topology corroborates this observation (Figure 3.1). Only terminal nodes could be 

resolved with single gene trees. The discrepancy between high confidence values within the 

combined analysis and the low number of single gene trees supporting the general topology 

shows that multi locus analyses perform better in resolving higher-level relationships among 

distantly related lineages than single locus analyses as was suggested before repeatedly. 

However, the single gene trees are based on relatively short amino acid sequences due to the 

fact that we used EST data, which are usually not longer than ~600 bp. Therefore single loci 

datasets might not contain sufficient information to produce robust phylogenies. Although 

each of the loci included in the 42-gene set was carefully screened for orthology among the 

sequences derived from the different species, the possibility of unrecognized paralogy at a 

few of the loci cannot be fully excluded. The contribution of such paralogous sequences could 

not have been large enough to influence the phylogenetic reconstruction of the concatenated 

dataset, however, it might have been large enough to influence the reconstruction of some 

single gene trees. 

Part of the increase in accuracy afforded by concatenating multiple genes is due to the 

fact that many branches in individual gene trees may have experienced only a few 

substitutions. Adding genes to a dataset by concatenation increases the absolute number of 

evolutionary changes on such branches and makes it possible to infer them with greater 
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accuracy. Furthermore, an overall increase in sequence length leads to an overall smaller 

variance in evolutionary rates and other parameters in model based methods. Therefore, it 

may be better not to discard genes producing incongruent phylogenies, as they may provide 

additional information for resolving some short branches (Rokas et al., 2003; Shevchuk and 

Allard, 2001). On the other hand, if individual gene trees contain systematic errors that may 

result in similar (but erroneous) phylogenies, then the use of congruent phylogenies may 

actually result in an attenuation of this error. Despite the fact that we did not make an effort to 

account for large variations in evolutionary rates, sequence length, transition–transversion 

ratio, and base composition (G+C content) among the single sequences the concatenated 

dataset performed well. This indicates that the increase in phylogenetic signal or signal/noise-

ratio due to the concatenation is much higher than any bias introduced by using a single 

substitution pattern applied to the entire concatenated sequence. It is possible that the use of 

gene-specific evolutionary models in a partitioned approach may improve the accuracy of 

concatenated sequence analysis, but this is to date not possible with the available methods and 

software given the number of loci used in this study. 

 

Implications for the teleost phylogeny 

The results of phylogenomic analyses based on 42 orthologous groups of nuclear 

protein-coding genes confirmed the basal placement of Ostariophysi and Protacanthopterygii 

but revealed some unexpected relationships among acanthoptergyian species. Recent 

molecular studies have demonstrated that Ostariophysi and Protacanthopterygii are sister 

groups (Ishiguro et al., 2003; Saitoh et al., 2003) a finding that was confirmed in this study. 

According to the molecular clock analyses the basal divergence of the Ostariophysi and 

Protacanthopterygii took place no later than the middle Triassic (213-221 MYA). Pangean 

separation in the middle Jurassic may have been responsible for the present geographic 

patterns, in which cypriniform fishes show a largely Laurasian distribution whereas siluriform 

fishes are likely to have originated in Gondwanaland leading to their present South American 

distribution on one hand and African lineages that subsequently dispersed into the Eurasian 

continent following land connections or accretion on the other (Saitoh et al., 2003). All 

members of the Ostariophysi share four or five modified vertebrae, aiding in hearing, which 

connect the swim bladder to the inner ear and convey pressure changes and sound (Weberian 

apparatus). Basal lineages maintained an adipose fin posterior to the dorsal fin, which is 

considered to be the ancestral character state for euteleosts. This enigmatic fin is not found in 

all basal euteleosts, however, since, e.g., esociforms and alepocephaloids lack it (Johnson et 
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al., 1996), it is likely that these have been lost secondarily. In all other lineages of the 

Ostariophysi, especially in basal orders such as the Characiformes, an adipose fin is usually 

present. 

The molecular data support a close relationship between the Atherinomorpha 

(Beloniformes and Cyprinodontiformes) and a representative (Haplochromis) of the 

Percomorpha, a sister group of the Smegmamorpha (Johnson and Patterson 1993). The 

monophyly of the Smegmamorpha is not supported by the present study or any previous 

molecular phylogeny (Chen et al., 2003; Miya et al., 2003; Wiley et al., 2000). Ancestral 

features among the atherinomorphs like a protrusible upper jaw or flexible spines on dorsal 

and pelvic fins in abdominal or subabdominal position are shared with basal teleosts (Nelson, 

1994). These features could be the result of a secondary loss that occurred during the 

evolution of ray finned fish because Oryzias and Fundulus are nested among perchlike fish 

like Takifugu, Tetraodon and Haplochromis, just as recently hypothesized by Chen et al. 

(2004).  

The splits in the Acanthopterygii group correspond well with the beginning breakup of 

Laurasia and the enlarging Turgai Sea in the Jurassic except the split of the tetraodontiform 

lineage (max. 216 MYA). Most of the tetraodontiform families are found in warm and 

temperate marine waters worldwide, with a few families absent from the Atlantic and eastern 

Pacific. The earliest known fossil evidence for the Tetraodontidae (Berg, 1958; Santini and 

Tyler, 2003) dates back to the early Tertiary. The relatively long branches among the 

Tetraodontidae as depicted in Figure 3.1 might be the result of independent and unique 

evolution along this lineage leading to rather compact genomes (Aparicio et al., 2002; Jaillon 

et al., 2004). Extant species of killifish and cichlids show a Gondwanan distribution 

(Streelman et al., 1998; Zardoya et al., 1996) that is in concordance with our paleo-

phylogenetic reconstructions. The majority of the beloniform species are found in marine 

waters worldwide, the family Adrianichthyidae and members of the Belonidae are known to 

be secondary freshwater fishes with Gondwanan distribution (Collette, 2003).  

 

3.6 Conclusion 

We showed that multi gene EST phylogenies represent a powerful method to increase 

robustness of topologies. Our evaluations have demonstrated that inference of phylogeny 

accuracy increases with the number of loci and that these loci should be chosen according to 

their rate of amino acid substitution. This study revealed several more slowly evolving genes 

that are suitable for phylogenetic analyses in a concatenated frameset in fishes. The results of 
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the genome-wide phylogenetic analysis described here indicate that the available data support 

previous findings in mtDNA based molecular studies for the Ostariophysi/Protacanthopterygii 

relationship (e.g., Ishiguro et al., 2003) and concatenated nuclear loci among the 

Acanthopterygii (e.g., Chen et al., 2004). To reach a new level of confidence for phylogenetic 

purposes, representative samples of genome sequences or EST sequences from additional 

relevant taxa are required. The rapid progress of genomic resources for an increasing number 

of species also emphasized the importance of a reliable phylogenetic framework in which to 

interpret comparative results correctly. 
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Annotation of expressed sequence tags for the East African 
cichlid fish species Astatotilapia burtoni and evolutionary 

analyses of cichlid ORFs 
 
 
 
 
 
 

 

 

 

 

“Fish say, they have their Stream and Pond, but is there anything beyond?”  

Rupert Brooke
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IV. Annotation of expressed sequence tags for the East African cichlid fish species 

Astatotilapia burtoni and evolutionary analyses of cichlid ORFs 

 

4.1 Abstract 

To gain insights into the underlying genomic aspects of the astonishing diversity of the 

adaptive radiations of cichlid fish we conducted an expressed sequence tags (ESTs) study. 

Here we report the collection and annotation of more than 12,000 ESTs generated from two 

different cDNA libraries obtained from the East African cichlid species Astatotilapia burtoni. 

Putative transcripts were functionally annotated (using the Gene Ontology classification 

system) based on matching gene sequences in Homo sapiens. For evolutionary analyses, we 

combined our newly generated ESTs with all available sequence data for haplochromine 

cichlids, which resulted in a total of more than 45,000 ESTs. The ESTs represent a broad 

range of molecular functions and biological processes. We compared the haplochromine ESTs 

to sequence data from those available for other fish model systems such as pufferfish 

(Takifugu rubripes and Tetraodon nigroviridis), trout, and zebrafish. We characterized genes 

in haplochromine cichlids that show a faster or slower rate of base substitutions in cichlids 

compared to other fish species, as this is indicative of a relaxed or reinforced selection regime. 

About 18 % of the surveyed ESTs were found to have haplochromine specific rate differences 

suggesting that these genes might play a role in lineage specific features of cichlids. When 

characterizing these genes further, by means of calculating KA/KS ratios, we found four genes 

or 3,45 % of all more slowly evolving genes showed a signature of positive selection in the 

haplochromine lineage. These genes are candidate genes for further work on the genetic 

causes of cichlid fish diversity. 

 

4.2 Introduction 

The exceptionally diverse species flocks of cichlid fishes in the East African Great Lakes 

Tanganyika, Malawi and Victoria are prime examples for adaptive radiations and explosive 

speciation (Kocher et al., 2005; Kornfield and Smith, 2000; Salzburger and Meyer, 2004). 

More than 2,000 cichlid species have evolved in the last few thousands to a couple of million 

years in the rivers and lakes of East Africa (Kocher et al., 2005; Salzburger et al., 2005; 

Verheyen et al., 2003). Together with an additional ~1,000 species that are found in other 

parts of Africa, in South- and Central America, in Madagascar, and in India, the family 
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Cichlidae represents on of the most species-rich family of vertebrates. Besides for their 

unparalleled species-richness, cichlids are famous for their ecological, morphological and 

behavioral diversity (Fryer and Iles, 1972), for their propensity for rapid speciation (Verheyen 

et al., 2003), for their capacity for sympatric speciation (Schliewen et al., 1994; Wilson et al., 

2000), and for the formation of parallel or convergent characters in independently evolved 

species flocks (Kocher et al., 1993; Stiassny and Meyer, 1999). For these reasons, the cichlid 

fishes, which have been referred to as ‘natures grand experiment in evolution’ (Barlow, 

2000), appear as excellent model system to study basic dynamics of evolution, adaptation and 

speciation. However, while the phylogenetic relationships between the main cichlid lineages 

are largely established and some of the cichlids’ evolutionary novelties and particularities 

have been identified (see e.g., Kocher, 2004; Salzburger et al., 2005; Salzburger and Meyer, 

2004), little is known about the genomic bases of the evolutionary success of the cichlids. 

  This is in contrast to the many advantages that the cichlid model system, and in 

particular the cichlid species flocks in East Africa, provide for genomic research. For 

example, the myriads of closely related species in East Africa’s cichlid species flocks are 

comparable to a ‘mutagenic screen’ (Kocher et al., 2005; Meyer, 1993). Thus, because of the 

possibility to produce viable crosses between different cichlid species in the lab, the genetic 

bases for particular traits can be studied by means of classical genetic tools (see e.g. 

(Albertson et al., 2003; Streelman et al., 2003). Also, the many of the few differences that are 

expected in the genomes of such extremely closely related species are likely to be directly 

linked to different phenotypes. Because of the close relatedness of the different species, 

primer sets for the amplification of particular genomic DNA regions such as candidate gene 

loci, microsatellites or SNPs are applicable to a wide range of species (see e.g. Albertson et 

al., 2003; Carleton and Kocher, 2001; Sugie et al., 2004; Terai et al., 2002). The same holds 

for expression profiling with cDNA microarrays that, even if developed for one species, can 

be used for a variety of East African cichlid species (Renn et al., 2004). Genomic resources 

such as genomic maps, BAC and cDNA libraries, cDNA microarrays or expressed sequence 

tags (ESTs) that have been developed for one cichlid species are, thus, of general use to the 

cichlid community and are likely to facilitate genomic research in this exceptional model 

system. 

 A variety of genomic resources have already been established for East African cichlid 

species. Genetic maps are available for the Nile tilapia Oreochromis niloticus (Kocher et al., 

1998; Lee et al., 2005) and the Lake Malawi species Metriaclima zebra (Albertson et al., 

2003). BAC libraries are also available for O. niloticus (Katagiri et al., 2001) and M. zebra 



39 

(available at the Hubbard Center for Genome Studies; 

http://hcgs.unh.edu/BAC/Metriaclima.html), as well as for the Lake Victoria species 

Haplochromis chilotes (Watanabe et al., 2003) and Astatotilapia burtoni from Lake 

Tanganyika and surrounding rivers (Lang et al., 2006). A cDNA microarray is available for A. 

burtoni (Renn et al., 2004). Also, EST sequencing projects have been initiated (see e.g. 

(Watanabe et al., 2004). A detailed description of genome research tools developed for cichlid 

fishes is available at http://hcgs.unh.edu/cichlid/. Recently, the Cichlid Genome Consortium 

(CGC) has proposed the shot-gun sequencing of the whole genome of the Nile Tilapia (O. 

niloticus) (Kocher et al., 2005).  

 Expressed sequence tags (ESTs) derived from the partial sequencing of cDNA clones 

provide an economical approach to identify large numbers of genes that can be used for 

comparative genomic and gene expression studies as well as for the detection of splice 

variants (see e.g. Gerhold and Caskey, 1996; Gibson and Muse, 2002). Furthermore, ESTs 

facilitate genome annotation and are therefore often determined in addition to genome 

sequencing projects. Due to the large amount of data available on public databases (see e.g., 

http://www.ncbi.nlm.nih.gov/), ESTs emerge as important resources for comparative genome-

wide surveys both among closely and more distantly related taxa (Philippe et al. 2005; Steinke 

et al. 2005). A series of software applications have been developed to date to perform such 

EST-based analyses (see e.g., Nilsson et al., 2004; Steinke et al., 2004; Wasmuth and Blaxter, 

2004). Since ESTs reflect the coding portions of a genome, they can also be used to test for 

different evolutionary rates in particular genes when comparing different lineages, and to 

detect genes that underwent positive selection. One can assume that genes with a statistically 

significant increase in substitution rates have been subjected to relaxed functional constraints, 

while genes, which have not undergone accelerated substitution rates have been subjected to 

purifying selection and thus, were not free to accumulate substitutions at random. Positive 

Darwinian selection, on the other hand, is a phenomenon where selective pressure is favoring 

change.  It is usual to think of natural selection as a process of editing genetic change so that 

only a small number of mutational events are retained in a population.  With positive 

selection, the retention of mutations is much closer to the rate of mutation.  

 Here we report the collection and annotation of more than 12,000 ESTs generated 

from two different cDNA libraries obtained from the East African cichlid species 

Astatotilapia burtoni (Günther 1894). This species has long been used as model system to 

study cichlid spawning behavior (Fryer and Iles, 1972; Wickler, 1962a; Wickler, 1962b), 

social interactions (Crapon de Caprona, 1980; Wickler, 1962a; Wickler, 1969), behavioral 
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plasticity (Hofmann, 2003; Hofmann and Fernald, 2001), endocrinology (Robison et al., 

2001), the cichlids’ visual system (Kroger et al., 2001), as well as cichlid development and 

embryogenesis (Hagedorn et al., 1998). In addition, the phylogenetic position of A. burtoni 

makes this species an ideal model system for comparative genomic research. Astatotilapia 

burtoni, which belongs to the most species-rich lineage of cichlids, the haplochromines, was 

shown to be sister group to both the Lake Victoria region superflock (~ 600 species) and the 

species flock of Lake Malawi (~ 1,000 species) (Meyer et al., 1990; Salzburger et al., 2005; 

Verheyen et al., 2003). With H. chilotes and H. sp. “redtailsheller” (Lake Victoria), and M. 

zebra (Lake Malawi) three highly specialized species from two species flocks have already 

been established as genomic models. The comparison of their genomes to that of A. burtoni, 

which has a more generalist’s life style and is likely to resemble the ancestral lineage that 

seeded the cichlid adaptive radiations in these two lakes, promises important insights into 

cichlid (genome) evolution. 

For EST sequencing, we used a cDNA library from A. burtoni brain tissue (‘brain’) 

that was used for the construction of a cDNA microarray (Renn et al., 2004) and a newly 

generated normalized cDNA library constructed from different A. burtoni tissues at different 

developmental stages (‘pinky’). The EST set has been annotated using the structured 

vocabulary provided by the Gene Ontology Consortium (TGO, 2001), based on molecular 

studies of gene function in human. For evolutionary analyses, we combined our newly 

generated ESTs with all available sequence data for haplochromine cichlids (Watanabe et al., 

2004), which resulted in a total of more than 45,000 ESTs. We compared the haplochromine 

ESTs to sequence data from pufferfish (Takifugu rubripes and Tetraodon nigroviridis), trout, 

and zebrafish using the program EverEST (Steinke et al., 2004). 

 

4.3 Material and Methods 
 
Fishes 

Astatotilapia burtoni were kept in Stanford, and at the Tierforschungsanlage of the University 

of Konstanz under standard conditions (12 h light, 12 h dark; 26°C). For RNA isolation, 

fishes were sacrificed after anesthetization with MS 222 (Sigma). 

 

Pinky cDNA Library Construction 

For the preparation of the pinky cDNA library, total RNA was isolated from the following 

tissues of adult A. burtoni: brain, caudal fin, egg-spots (male), lips, muscle, ovaria (female), 

and skin. Additionally, we isolated total RNA from a juvenile individual (about 30 days after 



41 

fertilization). Total RNA was isolated by guanidin thiocyanate/phenol-chlorophorm-isoamyl 

alcohol extraction and lithium-chloride precipitation. The different RNA samples were pooled 

and cDNA was synthesized using the SMART PCR cDNA Synthesis Kit (Clonetech) 

following the manufacturers protocol. Amplified cDNA was purified using the QIAquick 

PCR Purification Kit (Qiagen) and concentrated by ethanol precipitation. The pellet was 

dissolved in 10 µl H2O. For normalization, three microliters of purified cDNA were mixed 

with 1 µl hybridization buffer (200 mM HEPES-HCl, pH 8.0; 2 M NaCl) and incubated at 

95°C for 5 minutes and at 70°C overnight. Then, 1 µl of DNAse buffer (500 mM Tris-HCl, 

pH 8.0; 50 mM MgCl2, 10 mM DTT) and 0.5 µl of DSN enzyme (duplex-specific nuclease; 

Evrogen, Russia) were added, and the mix was incubated at 65°C for 20 minutes. The 

normalization reaction was terminated by adding 1 µl 50 mM EDTA and incubation at 95°C 

for 7 minutes. Normalized cDNA was PCR amplified (20 cycles) and cloned into pAL 16 

vectors. 

 

Brain cDNA Library Construction 

A full-length, directional (EcoRI – XhoI) cDNA library was constructed in Lambda ZapII 

phage vector (Stratagene) with mRNA from A. burtoni brains (both sexes at all stages of 

development and social condition were included). The pBluescript phagemid, pBSIIsk, was 

excised from the Lambda ZAP vector, following protocol for transformation into XL1-Blue 

MRF' (Stratagene) E. coli strain for plating and picking. Plasmid inserts of 5,755 bacterial 

colonies were amplified in Microseal 96-well plates (MJ Research) on MJ Tetrads (MJ 

Research) using custom vector primers for pBSIIsk- (CSVP2: 

TTCCCAGTCACGACGTTGTAAAA; CSVP3: AAGCGCGCAATTAACCCTCACTA) for 

details see (Renn et al., 2004).  
 
DNA-sequencing and Sequence Analysis 

For sequencing of the normalized pinky cDNA library we used purified plasmid DNA from 1 

ml colonies that were grown overnight. Plasmids DNA was directly sequenced using T7 

primers and the BigDye Termination Reaction Kit v3.0 (Applied Biosystems) on ABI 3730 

and ABI 3100 automated capillary DNA sequencers (Applied Biosystems). Sequences of the 

brain cDNA library were determined on the same device after cycle sequencing reactions 

from purified PCR products that were available from the construction of a cDNA microarray 

(Renn et al., 2004) using the primer CSVP3 and the BigDye Termination Reaction Kit v3.0 

(Applied Biosystems). 
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 Base-calling and quality trimming were performed with phred 

(http://www.genome.washington.edu/UWGC/analysistools/Phred.cfm) using a quality score 

>20. Vectors were trimmed with Sequencher 4.2.2 (Genecodes). Those ESTs having a total 

length of >200 bp after quality and vector trimming were considered “high-quality ESTs”. 

Screens for possible contaminations were conducted by blastn searches against the E. coli 

genome, and the EST_human, EST_mouse and EST_others databases (downloaded in March 

2005).  

 

Annotation of A. burtoni ESTs 

High quality A. burtoni ESTs were screened by tblastx searches against protein data from 

Danio rerio (Zebrafish Sequencing Group at the Sanger Institute; downloaded in March 

2005), Homo sapiens (GenBank; downloaded in March 2005) and Takifugu rubripes (JGI 

Fugu v3.0) as well as ESTs from Oncorhynchus mykiss and Tetraodon nigroviridis 

(GenBank; downloaded in March 2005) using the standard vertebrate code for translation into 

amino acids. The expected value thresholds (E-values) were set to < 1 x 10-5, < 1 x 10-15, and 

< 1 x 10-50. The proper open reading frame for A. burtoni ESTs was determined with EverEST 

(Steinke et al., 2004), based on the results from these blast searches. For functional annotation 

of A. burtoni ESTs, we followed the vocabulary provided by the Gene Ontology Consortium 

using the GO database (http://www.geneontology.org). 

 

Evolutionary Analyses 

For evolutionary analyses of ESTs from haplochromine cichlids, we combined our newly 

generated high-quality ESTs from A. burtoni with previously published ESTs from 

Haplochromis chilotes and H. sp. “redtailsheller” (Watanabe et al., 2004) and with about 

1,000 ESTs obtained from a cDNA library made from Metriaclima zebra skin tissue 

(Meyerlab, unpublished). The combined dataset including more than 45,000 ESTs was blasted 

against protein data from Danio rerio, Homo sapiens and Takifugu rubripes as well as ESTs 

from Oncorhynchus mykiss and Tetraodon nigroviridis (see above for source of data and dates 

of download) using the translated blast routine and the standard vertebrate code. Blast 

searches were performed with an E-value of < 1 x 10-50 in order to achieve high levels of 

confidence in the similarity searches. The cichlid query sequences and the best hits from 

every single blast search against the different databases were imported into EverEST (Steinke 

et al., 2004). 1,936 open reading frames were found to be present in all 6 databases for all taxa 

and conserved enough to be recovered by blast searches with the E-value of < 1 x 10-50.  



43 

 In order to identify coding sequences showing a deviating rate of molecular evolution 

in haplochromine cichlids compared to other fish lineages we applied the triangle method 

implemented in EverEST (Steinke et al., 2004). In this approach, the query sequences are 

aligned to their best blast hits in two ingroup and one outgroup taxa using the T-Coffee 

algorithm (Notredame et al., 2000) as implemented in EverEST (Steinke et al., 2004). This 

reveals multiple sequence alignments consisting of four taxa. Then, uncorrected pairwise p-

distances are calculated for all taxon pairs in each alignment, which are used to construct 

neighbor-joining trees and, after rooting with the outgroup sequences, for a global ternary 

representation. 

For this, we used the human sequences as outgroup since land vertebrates are valid 

outgroups for teleost fish and the human genome is the most complete and best annotated 

genome among those. In addition to our haplochromine cichlid query sequences, we used 

different sets of ingroup taxa in order to minimize biasing effects due to sparse taxon 

sampling. We used the following combinations of taxa for our evolutionary rate analyses 

using 656 ORFs that have been found in all taxa: (human, (haplochromines, Danio rerio, 

Takifugu rubripes), (human, (haplochromines, Danio rerio, Tetraodon nigroviridis), (human, 

(haplochromines, Danio rerio, Oncorhynchus mykiss). As a control, we also analyzed a data 

set without the cichlid-query sequences for the same set of ORFs (human, (Danio rerio, 

Oncorhynchus mykiss, Takifugu rubripes)). 

For orthologous groups, where the p-distance between Homo sapiens and fish amino 

acid sequences was significantly higher or smaller than to other fish, the ratio of the number 

of nonsynonymous substitutions per nonsynonymous site (Ka) to the number of synonymous 

substitutions per synonymous site (Ks) was calculated based on a likelihood approach (Yang 

1998) to evaluate the selective forces acting on those proteins. The Ka/Ks ratio is an indicator 

of the form of sequence evolution, with Ka/Ks >>1 providing strong evidence that positive 

selection has acted to change the protein sequence (Hurst, 2002). 

 

4.4 Results 

The 13,056 initial sequences were trimmed of vector and low-quality sequences and filtered 

for minimum length (200 bp cut-off), identifying 12,070 high-quality ESTs (Table 4.1). A 

total of 9,375 assembled unique A. burtoni sequences have an open reading frame (ORF) of at 

least 400 bp. Of these, 1,219 (13%) had matches in the Fugu database and 8,156 (83%) had no 

matches when an expected value threshold of < 1 x 10-50 was used (Figure 4.1A). 2,902 (31%) 



44 

No Hit 

No Hit 

No Hit 

Hit 

Hit 

Hit 

had matches in the Fugu database with an expected value threshold of  < 1 x 10-15 (Figure 

4.1B) and 3,460 (37%) had matches with an expected value of  < 1 x 10-5 (Figure 4.1C).  
 

Table 4.1: Astatotilapia burtoni expressed sequence tag (EST) summary 

Total sequences 13,056 
High quality sequences 12,070 (between 200 and 1,564 bp) 

 Brain library 4,570 

 Skin library 959 

 Mixed tissue library 6,541 

 

 

 

 

 
 
 
Figure 4.1: The proportion of assembled sequences with 
and without BLAST matches in the Fugu database. 
Relative area of pie charts indicates number of sequences. 
(A) With an expected value threshold of < 1 x 10-50 used, 
(B) with an expected value threshold of < 1 x 10-15 used, 
and (C) with an expected value threshold of < 1 x 10-5 
used. 

 

 

 

 

 

 
 
 
 

 

Tables 4.2, 4.3 and 4.4 summarize assignments of A. burtoni sequences to major 

molecular functions, biological processes and cellular compartments, respectively. 1,219 

ESTs were assigned to genes listed in the molecular function category, 1,049 to genes listed in 

the biological function category, and 697 to genes listed in the cellular compartments 

category. 

A 

B 

C 
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Table 4.2: Gene ontology - Molecular function.  
The classification is hierarchical. Indented terms are children of parent terms listed above. Genes may be 
assigned to more than one term. Note that child terms may have more than one parent term. The number of A. 
burtoni assembled sequences that match Homo sapiens genes assigned to each term. Match means that the 
Homo sapiens gene was “best hit” for the A. burtoni sequence (and e-value <10-50). 

 
Gene ontology term A. burtoni genes

All molecular functions 1219
nucleic acid binding 139
 DNA binding 44
 transcription factor 25
 RNA binding 41
 translation factor 5
enzyme 365
 dehydrogenase 35
 ATPase 3
 GTPase 19
 hydrolase 58
 isomerase 14
 kinase 35
 ligase 28
 lyase 6
 oxidoreductase 35
 peptidase 6
 transferase 86
 nuclease 5
structural protein 50
ATP binding 59
GTP binding 25
transporter 22
ion binding 68
 calcium ion binding 24
 iron ion binding 11
 magnesium ion binding 6
 zinc ion binding 30

 
Table 4.3: Gene ontology – Biological process.   
The classification is hierarchical. Indented terms are children of parent terms listed above. Genes may be 
assigned to more than one term. Note that child terms may have more than one parent term. The number of A. 
burtoni assembled sequences that match Homo sapiens genes assigned to each term. Match means that the 
Homo sapiens gene was “best hit” for the A. burtoni sequence (and e-value <10-50). 

 
Gene ontology term A. burtoni genes

All biological functions 1049
 cell growth and maintenance 386
  metabolism 155
   protein metabolism and modification 88
   amino acid metabolism 18
  catabolism 16
  intracellular protein traffic 69
  cell organization and biogenesis  30
   cell cycle 14
  response to external stimulus 15
  regulation 81
 apoptosis 12
 cell communication 89
  cell adhesion 18
  signal transduction 69
 developmental processes 58
  embryogenesis and morphogenesis 46
   epidermis development 3
   heart development 2
   muscle development 14
   neurogenesis 11
   skeletal development 4
 energy pathways 39
  electron transport 24
  glycolysis 4
 biosynthesis                55
 perception external stimulus 11



46 

 
Table 4.4: Gene ontology – Cellular compartment.  
The classification is hierarchical. Indented terms are children of parent terms listed above. Genes may be 
assigned to more than one term. Note that child terms may have more than one parent term. The number of A. 
burtoni assembled sequences that match Homo sapiens genes assigned to each term. Match means that the Homo 
sapiens gene was “best hit” for the A. burtoni sequence (and e-value <10-50). 
 

Gene ontology term A. burtoni genes

All compartments 697
mitochondrion 68
 mitochondrial inner membrane 11
 mitochondrial outer membrane 1
 mitochondrial matrix 4
ribosome 37
nucleus 119
 nucleolus 6
 nucleoplasm 5
membrane 81
intracellular 78
endoplasmatic reticulum 21
extracellular 8
 extracellular matrix 3
 extracellular space 1
Golgi apparatus 22
lysosome 4
peroxisome 4
cytoskeleton 26
 actin cytoskeleton 3
 intermediate filament 9
 tubulin 4
 myosin 9

  
The ternary diagram of p-distances of cichlid, Takifugu rubripes, and Danio rerio 

amino acid sequences in respect to the Homo sapiens genes (Figure 4.2A) shows that most 

genes are clustered around the center of the triangle indicating similar p-distances relative to 

the human outgroup in all three fish species. In the cichlid EST set, 161 sequences showed a 

significantly faster or slower rate of base substitution compared to the other fish species as 

indicated by the dots situated 48 (faster) and 113 (slower). In Takifugu rubripes and 

Tetraodon nigroviridis, 75 sequences were evolving faster or slower compared to the 

remaining fish species, in Danio rerio 36, and in Oncorhynchus mykiss 32. Figure 4.2B 

depicts a similar diagram with Oncorhynchus mykiss amino acid sequence divergence instead 

of cichlid. 

Cichlid sequences that match Danio rerio, Takifugu rubripes, Tetraodon nigroviridis, 

and Oncorhynchus mykiss genes and have a significantly higher or lower p-distance compared 

to the other fish genes relative to the human outgroup are listed in Table 4.5 and Table 4.6, 

respectively. 48 cichlid genes were found to have a higher rate of amino-acid substitution 

compared to the other fish species included in this study, while 116 cichlid genes were found 

to have a slower rate. Ka/Ks ratios greater than one, which are indicative of positive selection 

in that gene, were found in four genes that evolve more slowly in cichlids compared to the 

other fish species. The highest Ka/Ks ratio (3.77) was found in the neuroendocrine convertase 
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A B 

subtilisin/kexin type 1 that is responsible for processing large precursor proteins into mature 

bioactive products (Jansen et al., 1995). In claudin 3, a member of the claudin family, which 

are involved in the formation of TJ strands in various tissues the Ka/Ks ratio was 1.55. A 

Ka/Ks ratio of 1.30 was observed in the catalyzing enzyme glutathione peroxidase 3, and a 

ratio of 1.19 was found in menage a trois 1 (MNAT1) that is a member of the CDK7-cyclin H 

complex that functions in cell cycle progression, basal transcription, and DNA repair. 

 

 

 
Figure 4.2: Ternary representation of distances of fish species to human orthologs in this study. (A) Cichlid, 
Danio rerio, Takifugu rubripes, (B) Danio rerio, Oncorhynchus mykiss, Takifugu rubripes. 

 

A histogram of the abundance of amino acid sequence divergences of all five fish species with 

respect to human genes is depicted in Figure 4.4. The p-distances appear normally distributed. 

With 0.211, cichlids show the lowest average divergence followed by Oncorhynchus mykiss 

(0.216), Danio rerio (0.239), Takifugu rubripes (0.242), and Tetraodon nigroviridis (0.258). 

The average divergence of all five fish species is 0.233. Thus, it appears that in 400-450 

million years of evolution since the divergence of ray-finned fish to land vertebrates (Kumar 

and Hedges, 1998) on average 0.27 amino acid mutations per million years occurred in these 

genes. 
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Table 4.5: ESTs with according Ka/Ks ratios where the p-distance between Homo sapiens and cichlid amino 
acid sequences is significantly higher than to other fish (Danio rerio, Takifugu rubripes, Tetraodon 
nigroviridis and Oncorhynchus mykiss). Annotation means that the Homo sapiens gene was “best hit” for the 
cichlid sequence (and e-value <10-50). 

 
ID of Cichlid sequence Annotation Homo sapiens Ka/Ks ratio p-distance 

BJ683745 Cleavage and polyadenylation specific factor 2 0.0267 0.250 

BJ685085 ELAV-like 1 0.0871 0.250 

KN-353-15_D11_T7 Nucleolar protein 5A 0.1251 0.250 

BJ673035 Adenylosuccinate lyase 0.0044 0.251 

KN-353-17D_F07_T7 Aminopeptidase-like 1 0.0836 0.254 

BJ673580 EBNA-2 co-activator 0.0561 0.255 

A30058AQ_P09_15 DDX19-like protein 0.0757 0.256 

CN469599 JAZF1 0.0438 0.257 

BJ674373 Retinal expressed gene C6orf37 0.2952 0.259 

CN470249 Ribosomal protein P0-like 0.0038 0.260 

BJ700931 Aspartate aminotransferase 1 0.0944 0.263 

KN-353-25_G03_T7 Hydroxyacyl dehydrogenase, subunit B 0.1026 0.269 

BJ671564 Retinol dehydrogenase 10 0.0035 0.270 

BJ672808 Coatomer protein complex, subunit gamma 2 0.0484 0.272 

BJ697326 PAR-6 beta 0.0044 0.272 

BJ692285 eIF5AI 0.1317 0.273 

BJ698817 TCP1, subunit 5ε 0.0619 0.275 

BJ680834 Neuroepithelial cell transforming gene 1 0.0772 0.280 

BJ690821 3-hydroxyisobutyrate dehydrogenase 0.0759 0.282 

BJ696087 L-plastin 2 0.0906 0.283 

BJ686655 Golgin subfamily a 7 0.1522 0.284 

BJ690838 Minichromosome maintenance deficient protein 5 0.1858 0.284 

BJ682470 Ca/calmodulin-dependent serine protein kinase (MAGUK family) 0.0639 0.286 

BJ690224 Coatomer protein complex, subunit alpha 0.1395 0.286 

BJ700024 DEAD (Asp-Glu-Ala-Asp) box polypeptide 18 0.0547 0.286 

BJ703098 PCTAIRE protein kinase 2 0.0868 0.286 

KN-353-12A_C03_T7 Solute carrier family 25 0.1174 0.297 

BJ703081 Taube nuss; TAF8 0.0664 0.298 

BJ698454 q polypeptide 0.0432 0.301 

BJ686392 eIF4E 0.0302   0.306 

BJ676351 DnaJ (Hsp40) homolog, subfamily C, member 7 0.0798 0.310 

CN468603 Cullin 1 0.0219 0.317 

BJ679618 Myosin, heavy polypeptide 13 0.0778 0.318 

A30058AR_B23_02 Ribosomal protein L24-like 0.1002 0.323 

KN-353-17C_H10_T7 Nicotinamide nucleotide transhydrogenase 0.0733 0.325 

CN468947 Poly(rC)-binding protein 2 isoform b 0.0699 0.327 

BJ701292 Topoisomerase  III beta 0.0736 0.328 

BJ687766 Potassium channel tetramerisation domain containing 9 0.0564 0.331 

KN-353-19C_E10_T7 Actin related protein 2/3 complex subunit 1A 0.1682 0.359 

KN-353-11B-T7_B09_T7 S-adenosylhomocysteine hydrolase-like 1 0.0610 0.374 

BJ701030 cytosolic 5' nucleotidase, type 1A 0.1501 0.379 

KN-353-17D_C04_T7 Troponin I, skeletal, slow 0.0044 0.385 

BJ685700 Calnexin 0.0574 0.400 

BJ701465 Chloride intracellular channel 4 0.1977 0.402 

BJ692414 p21-activated kinase 2 0.1037 0.405 

KN-353-25_C08_T7 Calumenin 0.0072 0.424 

KN-353-17_G02_T7 eIF3, subunit 8 0.0895 0.434 

BJ691629 Phosphatidylinositol-binding clathrin assembly protein 0.0295 0.469 
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Table 4.6: ESTs with according Ka/Ks ratios (values higher than 1 are bold) where the p-distance between 
Homo sapiens and cichlid amino acid sequences is significantly smaller than to other fish (Danio rerio, 
Takifugu rubripes, Tetraodon nigroviridis, and Oncorhynchus mykiss). Annotation means that the Homo 
sapiens gene was “best hit” for the cichlid sequence (and e-value <10-50). 

 
ID of Cichlid sequence Annotation Homo sapiens Ka/Ks ratio p-distance 
1_KN353_23_E17_05 Xaa-Pro dipeptidase 0.0000 0.006 
1_A30058A3_D05_03 calcium channel, voltage-dependent, L type, alpha 1S subunit 0.0000 0.025 

BJ684881 Nuclear factor I/X (CCAAT-binding transcription factor) 0.0188 0.037 

1_KN353_22_O09_15 peropsin 0.6000 0.040 

CN469350 Protein-tyrosine kinase fyn isoform b 0.0121 0.044 

1_A30058A3_H15_08 kinesin family member C1 0.5000 0.051 

BJ693416 Eyes absent 1 isoform b 0.0349 0.058 

BJ684650 Ribosomal protein L24 0.0419 0.059 

BJ687855 Chromodomain helicase Mi-2b 0.0305 0.068 

CN469384  GULP, engulfment adaptor PTB 0.0219 0.073 

1_KN353_24_K22_11 peroxisomal membrane protein 2 0.4231 0.074 

BJ676918 Glutamyl-prolyl tRNA synthetase 0.0120 0.080 

BJ679359 Dihydrolipoamide S-succinyltransferase 0.0255 0.094 

BJ703324 Dynein 0.0073 0.099 

KN-353-15_H09_T7 Mitogen-activated protein kinase associated protein 1 0.0353 0.101 

CN469327 DiGeorge syndrome critical region gene 8 0.0364 0.104 

1_A30058A3_L21_11 glutathione peroxidase 3 1.3043 0.106 

CN468756 HIV-1 Rev binding protein; nucleoporin RIP 0.0241 0.107 

CN469453 NPF/calponin 0.0015 0.108 

BJ699169 CDC-like kinase 2 isoform 1 0.0544 0.109 

BJ668716 Signal-induced proliferation-associated 1 0.0063 0.110 

BJ701638 Ribosomal protein P0 0.0530 0.111 

1_KN353_05C_F07_11 claudin 3 1.5556 0.115 

1_KN353_23_E09_05 phospholipase A2, group VII 0.7794 0.121 

KN-353-11B-T7_E12_T7 Kinesin 0.0393 0.123 

CN469652 Amyloid beta A4  0.0200 0.127 

BJ693203 Ubiquitin specific protease 15 0.0480 0.128 

1_KN353_05C_D04_08 Shaw-related voltage-gated potassium channel protein 4 0.7808 0.130 

BJ685775 STE20-like kinase 0.0266 0.137 

CN470765 Synaptotagmin IX 0.0194 0.140 

BJ682982 Ribosomal protein L27a 0.0861 0.145 

BJ674753 Tropomyosin 4 0.0384 0.145 

BJ671483 Chromodomain helicase 0.0072 0.147 

CN469887 Convertase subtilisin/kexin type 1 3.7763 0.150 

BJ703212 Phospholipase A2 0.0631 0.150 

BJ689040 Cofactor of BRCA1 0.0374 0.153 

BJ692405 Angiogenic inducer, 61 0.0759 0.154 

CN471126  Dynactin 1 isoform 1 0.0874 0.155 

A30058AR_P18_15 Frizzled 8 0.0422 0.157 

BJ668630 Alpha 1 type XI collagen isoform C 0.0350 0.159 

BJ692171 Phenylalanine-tRNA synthetase 0.0757 0.162 

BJ688909 Mitochondrial glutamate carrier 1 0.0905 0.162 

BJ690723 Platelet-derived growth factor receptor alpha 0.0017 0.163 

BJ691014 Thimet oligopeptidase 1 0.0778 0.164 

BJ695358 Xylosylprotein beta 1,4-galactosyltransferase 7; 0.0745 0.165 

BJ701592 Fetal Alzheimer antigen isoform 1 0.0349 0.165 

BJ694547 Matrix metalloproteinase 2 0.0645 0.166 

BJ690747 Palladin 0.0521 0.166 

BJ674015 Myosin, heavy polypeptide 2 0.0441 0.167 

BJ673221 ClpX caseinolytic protease X homolog 0.0162 0.167 

CN469939 Dedicator of cytokinesis 9 0.0667 0.167 

BJ685697 Ubiquitin-conjugating enzyme E2 variant 1 0.1036 0.168 

BJ677148 Surfeit 4 0.0335 0.169 

BJ693255 N-acetylgalactosamine-6-sulfatase 0.0526 0.169 

BJ686112 Rho GTPase activating protein 5 0.0363 0.172 

BJ693077 PTPRF interacting protein binding protein 1 isoform 1 0.0186 0.172 

BJ684635 Gamma filamin C 0.0630 0.173 

KN-353-20C_H05_T7 DEAH (Asp-Glu-Ala-His) box polypeptide 9 isoform 1 0.0189 0.174 

BJ700149 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 0.0228 0.176 

CN470065 Dipeptidylpeptidase 9 0.0915 0.178 

BJ683618 Glutathione reductase 0.0457 0.178 

BJ696841 Myosin, heavy polypeptide 10 0.0186 0.179 

BJ691214 Glucosamine-phosphate N-acetyltransferase 1 0.0418 0.182 
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1_KN353_23_C06_03 M-phase phosphoprotein 10          0.7037 0.184 

BJ701510 Aminopeptidase P 1 0.0129 0.184 

BJ693415 APG4 autophagy 4 homolog B isoform a 0.0586 0.185 

CN468708 Mitogen-activated protein kinase 8 interacting protein 3 isoform 2 0.0950 0.185 

BJ697670 Arginyl-tRNA synthetase 0.0023 0.186 

KN-353-24_H11_T7 RED protein 0.0392 0.187 

CN468754  TAR DNA-binding protein-43 0.0486 0.188 

KN-353-19A_C10_T7 Lysophosphatidic acid 0.0536 0.188 

BJ674422 Death-associated protein kinase 3 0.0642 0.190 

BJ691037 Heat shock 70kD protein 4 0.0392 0.190 

BJ689488 Hexokinase 2 0.0042 0.191 

BJ699157 Cyclin J 0.0351 0.193 

BJ688578 Glucan (1,4-alpha-), branching enzyme 1 0.0542 0.195 

BJ684903 Plexin B2 0.0552 0.195 

BJ685307 Small inducible cytokine subfamily E 1 0.0541 0.195 

CN468818 Oxysterol-binding protein-like 1A 0.0156 0.197 

BJ694127 Ryanodine receptor 3 0.0848 0.198 

BJ670714 Alpha 1 type V collagen 0.1171 0.200 

BJ674752 Ubiquitin carrier protein E2-24 kD 0.0923 0.202 

KN-353-18_F08_T7 Proteasome beta 4 subunit 0.1461 0.203 

CN468907 Pentraxin I 0.0914 0.204 

CN469732 Palmitoylated 6; MAGUK protein p55T 0.0431 0.204 

BJ700354 Zinc transporter ZTL1 0.0023 0.205 

BJ701067 Aldehyde dehydrogenase 9A1 0.0726 0.207 

BJ695914 G-protein signalling modulator 2 0.0205 0.207 

A30058AQ_J22_09 TCDD-inducible poly (ADP-ribose) polymerase 0.0033 0.208 

BJ690319 Protein phosphatase 1, regulatory subunit 9B 0.0715 0.209 

KN-353-11B-01_C12_T7 Inositol hexaphosphate kinase 2 0.0558 0.213 

BJ690922 Angiopoietin-like 1 0.0204 0.213 

BJ670795 Cardiac calsequestrin 2 0.0642 0.217 

1_KN353_22_F06_05 menage a trois 1 1.1881 0.221 

BJ690842 Glyceraldehyde-3-phosphate dehydrogenase 0.1228 0.222 

BJ697939 SNF2 histone linker PHD RING helicase 0.0346 0.222 

BJ685456 Interferon regulatory factor 6 0.0388 0.223 

BJ672227 Oligophrenin 1 0.0640 0.224 

KN-353-17A_G02_T7 Seven transmembrane domain orphan receptor 0.0786 0.226 

KN-353-17D_A03_T7 UDP glycosyltransferase 2 family, polypeptide A1 0.0155 0.228 

BJ701417 Estrogen receptor binding site associated antigen 9 0.0706 0.232 

BJ703040 Sonic hedgehog 0.0777 0.233 

BJ687393 Sideroflexin 2 0.1028 0.233 

BJ703348 Phospholipase A2, group XIIA 0.0386 0.235 

BJ680852 Cadherin 2 0.0642 0.237 

1_KN353_24_N05_13 zinc finger, DHHC domain containing 6 0.3895 0.239 

BJ676310 Galactosylceramidase 0.0262 0.240 

BJ698470 Arachidonate 5-lipoxygenase 0.0846 0.242 

BJ697217 Polo-like kinase 2 0.0071 0.243 

BJ689989 Thrombospondin 2 0.0500 0.244 

CN468873 Paraspeckle protein 1 0.0041 0.244 

BJ670938 Calpain, small subunit 1 0.0626 0.245 

 
Figure 4.3: Histogram of the 
abundance of amino acid 
sequence divergences of all five 
fish species (Cichlid, Danio 
rerio, Takifugu rubripes, 
Tetraodon nigroviridis, and 
Oncorhynchus mykiss) in respect 
to human genes. 
 
 
 

 

 

 



51 

 

4.5 Discussion 

Expressed sequence tags are important genomic resources and their numbers in public 

databases such as GenBank are rapidly increasing. Full-length cDNA and EST sequencing 

projects typically accompany genome sequencing projects, as these data are essential for the 

recognition and annotation of genes, the characterization of the transcriptome, the 

identification of intron-exon boundaries and the detection of splice variants in eukaryotes, etc. 

(see e.g. Bailey et al., 1998; Banfi et al., 1996; Gerhold and Caskey, 1996; Gibson and Muse, 

2002; Gupta et al., 2004). In addition, the standardized procedure of cDNA library 

construction and normalization, and the comparably low costs of large-scale DNA sequencing 

facilitate EST projects in organisms for which the whole genome sequencing has not (yet) 

been initiated. Thus, EST sequencing projects outnumber genome-sequencing projects – 

particularly in groups with larger genome sizes such as plants and vertebrates – leading to a 

large body of sequence data available for comparative analyses. Also, the intentions for 

conducing EST analyses can be manifold, ranging from primary gene expression assays 

(Habermann et al., 2004; Schmitt et al., 1999) to the estimation of the total number of genes in 

an organism (Ewing and Green, 2000), or from cDNA microarray annotation (Whitfield et al., 

2002) to the construction of genetic linkage maps (Lorenzen et al., 2005; Scheetz et al., 2001; 

Smith et al., 2005). Expressed sequence tags can further be used for phylogenomics (Steinke 

et al. submitted), and for the identification of microRNAs (Zhang et al., 2005).  

Despite their many advantages, there are also some problems associated with ESTs. 

For example, EST sequences typically cover only parts of a gene, so that two sequences of the 

same gene might not necessarily overlap. That only fragments of a gene are available also 

leads to problems with homology-based analyses such as BLAST. Then, EST sequences often 

contain the untranscribed regions (UTRs) that are present in mRNAs but do not translate into 

amino acids. Finally, it is often difficult to figure out the proper reading frame, particularly in 

shorter ESTs, which impedes certain analyses.  

 We have initiated the sequencing, annotation and evolutionary analysis of cichlid 

ESTs for several reasons. First, we intended to sequence a large set of cichlid ORFs in order 

to provide a first insight into the genome of a representative of haplochromine cichlids, which 

are a main model system for adaptive evolution and explosive speciation (Kocher, 2004; 

Salzburger et al., 2005; Salzburger and Meyer, 2004). Second, we wanted to extend the 

existing genomic resources for Astatotilapia burtoni such as a genomic BAC library (Lang et 

al., 2006) by establishing cDNA libraries from different tissues. The cDNA libraries will also 
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provide the basis for an annotated cDNA microarray that can be used for expression analyses 

in a variety of cichlid species (Renn et al., 2004). Finally, we were interested in identifying 

genes with a different evolutionary rate in the rapidly radiating cichlid lineage compared to 

other fish species, as well as in genes that show the signature of adaptive evolution in cichlids. 

 Of the two A. burtoni cDNA libraries that were used for EST sequencing, the 

normalized mixed tissue library (‘pinky’) was of better quality. Not only were there much 

fewer redundant sequences as compared to the brain library, which was mainly due to the 

normalization step, but also the average insert size was larger and the average read length was 

longer (Table 4.1). Altogether, about 90% of the sequenced cDNA clones led to high-quality 

ESTs of a length of >200 bp (86% in pinky, and 85% in brain). In the BLAST searches 

against the spotted pufferfish, the green pufferfish, and zebrafish, between 13% (when 

compared to Fugu; e-value ≤ 10-50) and 40 % (when compared to zebrafish; e-value ≤ 10-5) of 

the A. burtoni ESTs led to hits (Fig. 3.1). This lies well in the range of other EST sequencing 

projects (see e.g., Habermann et al., 2004; Rise et al., 2004; Whitfield et al., 2002). About 

9,000 A. burtoni ORFs (or 75% of the high quality ESTs) were longer than 400 bp, and about 

3,000 sequences could unambiguously be annotated and classified following the vocabulary 

provided by the Gene Ontology Consortium (Tables 4.2, 4.3, 4.4). According to the Gene 

Ontology classification, it appears that a broad range of genes involved in functions, processes 

and compartments are represented in our EST set. 

 One of our main goals was to characterize genes in haplochromine cichlids that show 

a faster or slower rate of base substitutions in cichlids compared to other fish species, as this 

is indicative of a relaxed or reinforced selection regime, respectively. To this end, we 

combined our newly generated ESTs with previously published sequences for Lake Victoria 

haplochromine cichlids (Watanabe et al., 2004) and about 1,000 sequences obtained from a 

Metriaclima zebra skin cDNA library (unpublished data), which resulted in a total of 45,000 

ORFs. By means of homology searches against human, the two pufferfishes, trout, and 

zebrafish using local BLAST, we identified a set of 656 ORFs that are present in all species 

and that show a sufficient degree of homology (e-value ≤ 10-50) for further analyses with 

EverEST (Steinke et al., 2004). When compared against the spotted pufferfish and fugu 

(always with human as outgroup), 49 appeared to have a significantly faster rate in 

haplochromines, and 213 had a slower rate. In the comparison including zebrafish and fugu, 

52 genes were found to have evolved faster and 185 genes slower in cichlids. When trout and 

zebrafish were used, 69 genes were faster and 139 genes evolved slower. In a comparison 

including trout and fugu, 68 genes appeared to have a faster rate in haplochromines, and 132 
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had a slower rate. Thus, in total 69 genes were found to have evolved faster, and 213 genes 

appeared to have evolved with a significantly slower mutation rate in haplochromines 

compared to other fish species. 116 genes (48 “faster” and 113 “slower”) appeared in all 

comparisons. Altogether, about 18 % of the surveyed ESTs were found to have 

haplochromine specific rate differences suggesting that these genes might play a role in 

lineage specific features in cichlids.  

When characterizing these genes further, by means of calculating KA/KS ratios, we found four 

genes or 3.45 % of all deviating genes showed the signature of positive selection in the 

haplochromine lineage. The highest Ka/Ks ratio (3.77) was found in the neuroendocrine 

convertase subtilisin/kexin type 1, followed by claudin 3, (1.55), glutathione peroxidase 3 

(1.50), and menage a trois 1 (1.19). Genes with a Ka/Ks>1 are found among the more slowly 

evolving genes. These genes are candidate genes for further work on the genetic causes of 

cichlid fish diversity. For example the neuroendocrines like gonadotropin-releasing hormone 

(GnRH) are involved in regulation of reproduction. In the A. burtoni, reproduction is socially 

regulated through the hypothalamus-pituitary-gonadal axis, making the pituitary GnRH-

Receptor a likely site of action for this control (Robison et al., 2001). Further work on a 

greater diversity of evolutionary lineages will provide a basis addressing this issue. 
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V. Three rounds (1R/2R/3R) of genome duplications and the evolution of the glycolytic 

pathway in vertebrates 

 

5.1 Abstract 

 

The evolution of the deuterostome lineage was accompanied by an increase of 

systematic complexity especially with regards to highly specialized tissues and organs. Based 

on the observation of an increased rate of gene duplications, two entire genome duplications 

(2R) were proposed during the early evolution of vertebrates. Most glycolytic enzymes seem 

to follow this pattern of repeated duplications. Therefore, the glycolytic pathway is 

particularly suitable for testing theories of the involvement of gene/genome duplications in 

enzyme evolution. We assembled datasets from genomic databases of at least nine vertebrate 

species (Homo sapiens, Mus musculus, Rattus norvegicus, Gallus gallus, Xenopus laevis, 

Xenopus tropicalis, Danio rerio, Takifugu rubripes, and Tetraodon nigroviridis) and three 

outgroups (Ciona intestinalis, Drosophila melanogaster, and Caenorhabditis elegans), and 

used maximum likelihood and Bayesian methods to construct phylogenies of the ten enzymes 

of the glycolytic pathway. Through this approach we intended to gain insights into the 

vertebrate specific evolution of enzymes of the glycolytic pathway. Many of the obtained 

gene trees generally reflect the history of two rounds of duplication during vertebrate 

evolution and were in agreement with hypothesis of an additional duplication event within the 

lineage of teleost fish. By and large, the glycolytic pathway has subsequently evolved by gene 

duplication and divergence of each constituent enzyme with taxon-specific individual gene 

losses or lineage-specific duplications.   

 

5.2 Introduction 

Evolution in general is accompanied by an increase of genetic and phenotypic complexity. 

Yet the biochemical machinery necessary for the energy supply of an increasing diversity of 

cell- and tissue types had to work effectively, even if different tissues have specific conditions 

such as pH values, ion and substrate concentrations. Based on basic data such as genome sizes 

and allozymes, Ohno (1970) proposed that the increase in complexity also during the 

evolution of the vertebrate lineage was accompanied by an increase in gene number due to 

duplication of genes and/or genomes. Recent data from genome sequencing projects showed 

that genome size is not tightly correlated with the numbers of genes an organism possesses, 

and for many genes, multiple copies can be found in vertebrates, while basal deuterostomes 
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and invertebrates typically have only one orthologous copy. The “one-two-four” rule is the 

current model to explain the evolution of gene families and of vertebrate genomes more 

generally (Figure 5.1). Based on this model, two rounds of genome duplication occurred early 

in the deuterostome evolution. An ancestral genome was duplicated to two (1R), and then to 

four genomes after the second (2R) genome duplication (Sharman and Holland, 1996; Sidow, 

1996). While it is commonly accepted that 1R/2R occurred before the divergence of 

Chondrichthyes (Robinson-Rechavi et al., 2004), the position of lamprey and hagfish relative 

to the 1R still remains unclear, even though there is some evidence for a 1R-early (before 

divergence of cyclostomes) (Stadler et al., 2004). Recent data suggest that an additional whole 

genome duplication (3R) occurred in the fish lineage (Fish Specific Genome Duplication - 

FSGD), extending the “one-two-four” to a “one-two-eight” rule (Christoffels et al., 2004; 

Jaillon et al., 2004; Meyer and Schartl, 1999; Taylor et al., 2003; Taylor et al., 2001a; Van de 

Peer et al., 2003; Vandepoele et al., 2004).  

Figure 5.1: General overview of phylogenetic relationships among gnathostomes and the proposed 
phylogenetic timing of genome duplication events. Grey rectangles depict the possible position of the first 
genome duplication (1R), the black ones show the second genome duplication (2R), and fish specific genome 
duplication (FSGD or 3R). 

 

Duplicated genes may be redundant in their function, which means that inactivation of 

one of the two duplicates should have little or no effect on the phenotype (Lynch and Conery, 

2000). Therefore, since one of the copies is free from functional constraint, mutations in this 

gene might be selectively neutral and will eventually turn the gene into a non-functional 

pseudogene. Although gene loss is a frequent event, 20%-50% of paralogous genes are 

retained for longer evolutionary time spans after a genome duplication event (Lynch and 

Force, 2000; Postlethwait et al., 2000). On the other hand, a series of non-deleterious 
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mutations might change the function of the duplicate gene copy (Ohno, 1973). Natural 

selection can prevent the loss of redundant genes (Gibson and Spring, 1999) if those genes 

code for components of multidomain proteins because mutant alleles disrupt such proteins. A 

selective advantage due to a novel function might be sufficient to retain this gene copy and to 

select against replacement substitutions and prevent this functional gene copy from turning 

into a pseudogene. In this way, genes can pick up new functions (neofunctionalization) 

(Sidow, 1996) or divide the ancestral function between the paralogs (subfunctionalization) 

(Force et al., 1999). 

The glycolytic pathway is particularly suitable for testing theories of enzyme evolution 

and the involvement of gene/genome duplications. This central metabolic pathway is highly 

conserved and ancient, it is therefore possible to compare enzymes from phylogenetically 

distant organisms (Fothergill-Gilmore and Michels, 1993). The standard pathway includes ten 

reaction steps; glucose is processed to pyruvate with the net yield of two molecules of ATP 

and two reduced molecules of NADH per molecule glucose that was broken up (Figure 5.2).  

Figure 5.2: Generalized overview of the glycolytic pathway. Glycolytic enzymes are depicted in blue with 
common abbreviations in brackets.  

 
The classical glycolytic reactions are catalyzed by the following 10 enzymes: hexokinase 

(HK; EC 2.7.1.1), phosphoglucose isomerase (PGI; EC 5.3.1.9), phosphofructokinase (PFK; 

EC 2.7.1.11), fructose-bisphosphate aldolase (FBA; EC 4.1.2.13); triosephosphate isomerase 

(TPI; EC 5.3.1.1), glyceraldehydes-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12), 

 



58 

phosphoglycerate kinase (PGK; EC 2.7.2.3), phosphoglycerate mutase (PGM; EC 5.4.2.1), 

enolase (ENO; EC 5.4.2.1), and pyruvate kinase (PK; EC 2.7.1.40) (Erlandsen et al., 2000).  
 

The main goal of the present work was to contribute to the evolutionary pictures of 

glycolysis by phylogenetic analyses of the ten glycolytic enzymes originating from 

representatives of the vertebrate lineage. Based on the observation of increased size of gene 

families in vertebrates (Bowles et al., 2000; Camacho-Hubner et al., 2002; Escriva et al., 

2002; Meyer and Malaga-Trillo, 1999; Panopoulou et al., 2003; Stock et al., 1996) and their 

highly specialized tissues, we expected to find duplications of whole pathways in the 

vertebrate lineage. 

The tertiary structures of all ten of these enzymes show a superficial similarity; they 

are all variations on a common theme (Fothergill-Gilmore and Michels, 1993). All glycolytic 

enzymes belong to the class of α/β-barrel proteins. Since this pathway is of crucial 

importance for the energy delivery of any cell, these genes are thought to be highly conserved 

and therefore have often been used as phylogenetic markers for ‘deep’ phylogenies (Canback 

et al., 2002; Hausdorf, 2000; Kikugawa et al., 2004). In fact, glycolytic enzymes are probably 

among the most highly conserved proteins known. Many vertebrate genes occur in multiple 

copies in the genome, and are often expressed in a tissue-specific manner. This increased 

genetic complexity might be utilized for highly specific requirements in terms of substrate 

optimum, pH value and salt concentration in different types of tissues (Middleton, 1990). The 

glucokinase, one of the hexokinase isozymes, is expressed in the liver and the pancreas, and 

requires a high concentration of glucose to reach the best turnover rate. As a result of this, 

high glucose levels after food uptake are reduced by the production of glycogen in the liver 

(Youn et al., 1986). The other hexokinase isozymes work with much lower substrate 

concentrations.  

The main goal of the present work is to contribute to an evolutionary understanding of 

glycolysis by phylogenetic analyses of the ten glycolytic enzymes from representatives of the 

vertebrate lineage. Based on the observation of increased size of gene families in vertebrates 

(Bowles et al., 2000; Camacho-Hubner et al., 2002; Escriva et al., 2002; Meyer and Malaga-

Trillo, 1999; Meyer and Schartl, 1999; Panopoulou et al., 2003; Spring, 1997; Stock et al., 

1996; Wittbrodt et al., 1998) and their highly specialized tissues, we expected to find 

duplications of whole pathways in the vertebrate lineage. 
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5.3 Materials and Methods 

Sequencing 

ENO and FBA genes for bichir Polypterus ornatipinnis, sturgeon Acipenser baerii and 

caecilian Typhlonectes natans were sequenced using degenerated primers and the rapid 

amplification of cDNA end method (RACE) to obtain complete coding sequences. Total RNA 

was extracted from muscle tissue freshly frozen in liquid nitrogen and stored at -80°C. 

Extractions were performed with Trizol (Gibco, Germany). cDNA first strand syntheses were 

done using the First Strand synthesis kit following the manufacture’s manual (Gibco, 

Germany). A c-tailing step was added to allow 5’RACE. Fragments were amplified using 

degenerate primers based on the amino acid sequences of previously reported sequences. See 

Table 5.1 for sequences of degenerate primers. Amplification was performed in 50 µl 

reactions containing 0.5 units of RedTaq (Sigma, Germany), RedTaq reaction buffer (10 mM 

Tris-HCl, pH 8.3, 50 mM KCl, 1.1 mM MgCl2, 0.01% gelatin), 0.2 µM of each primer 

(MWG-Biotech AG, Germany, 0.4 mM dNTPs (Peqlab Biotechnology, Germany), 0.5 mM 

MgCl2. Cycle conditions included an initial denaturation step of 94°C, then 35 cycles of 94°C 

for 10 seconds, 42°C for 1 minute, 72°C for 2 minutes. Final extension was performed at 

72°C for 5 minutes. PCR products were purified either directly or, in case of multiple bands; 

by cutting bands from 1% agarose gels using the QIAGEN spin system. 3'RACEs were 

performed with nested approaches of two sequence specific primers and the Not-I short 

primer (AAC TGG AAG AAT TCG CGG CC). 5'RACE were preformed with nested 

sequence specific primers and the oligo-G primer binding the c-tail at the 5'end of the cDNA 

(CTA GTA CGG GII GGG IIG GG). Sequences were confirmed by amplification and 

sequencing of both strands of the complete coding sequences by specific primers located in 

the 5’ and 3’ non-coding regions. Cycle sequencing was performed using the ABI sequencing 

mix and 35 cycles of 94°C for 10 seconds, 42°C – 50°C for 10 seconds, 68°C 4 minutes. 

Sequences were run on an ABI3100 capillary sequencer. Sequences were proofread and 

assembled using Sequence Navigator (Parker, 1997). 

Table 5.1: Degenerated primers designed and used in this study. 

Eno.uni.FN1 GGN AAY CCI ACI GTN GAR GT ENO 
Eno.uni.FN2 ACI GGI ATH TAY GAR GC ENO 
Eno.uni.FM AAR TAY GGI AAR GAY GC ENO 
Eno.uni.RC1 GT RTC YTC IGT YTC NCC ENO 
Eno.uni.RC2 GC ICC IGT YTT DAT YTG ENO 
Eno.uni210.F ACC AAC GTT GGI GAY GAR GGI GG ENO 
Eno.uni320.R TTG GTC ACA GTI ARR TCT TCI CC ENO 
FBA.Super+ GGT AAR GGT ATC YTI GCI GCI GAY G FBA 
FBA.uni.125+ ACT ACT AYT CAG GGN YTN GAY GG FBA 
FBA.uni.240- GC ATG ACC AGS AGT NAC CAT RTT NGG FBA 
FBA.uni.315- CAG AGC AGW AGC CTG CAG NGC NCK NCC FBA 
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Database searches and sequence analyses 

Protein sequences of pufferfishes (Tetraodon nigroviridis, Takifugu rubripes) 

zebrafish (Danio rerio), human (Homo sapiens), mouse (Mus musculus), rat (Rattus 

norvegicus) chicken (Gallus gallus), claw frogs (Xenopus laevis, Xenopus tropicalis), 

sturgeon (Acipenser baerii), caecilian (Typhlonectes natans), bichir (Polypterus sp.), lamprey 

(Lethenteron sp, Eptatretus burgeri), shark (Cephaloscyllium umbratile), and ray 

(Potamotrygon motoro) were obtained from the ENSEMBL database (Hubbard et al., 2005) 

or by conducting BLAST (BLASTp and translated BLAST) searches (Altschul et al., 1990) 

against GenBank. All accession numbers are listed in Appendices A2-A5. Sequences were 

aligned with Clustal X (Thompson et al., 1997). For each alignment, a preliminary tree was 

drawn. This tree facilitated the identification of identical sequences, sequences that varied 

only in length, and multiple sequences within species that differed by only few amino acids, 

all of which were removed from the alignment. Draft trees were reconstructed from the 

remaining sequences using Poisson-corrected genetic distances and the neighbor-joining (NJ) 

algorithm (Saitou and Nei, 1987) in MEGA 3.0 (Kumar et al., 2004). If subsequent 

phylogenetic surveys provided an indication for fish-specific gene duplication, additional 

BLAST searches were conducted to find more putative actinopterygian copies. With a few 

exceptions, human `reference sequences’ (Maglott et al., 2000) were used as query sequences 

for the BLAST searches. Species were surveyed one at a time to improve the identification of 

a drop in sequence similarity, which was used as a `cut-off ’ criterion.  

As outgroup sequences, we used data from Caenorhabditis elegans, Drosophila 

melanogaster and Ciona intestinalis. In one case (GAPDH) we used data from Hydra vulgaris 

as outgroup sequences and protein sequences from Schistosoma mansoni and Crassostrea 

gigas. Amino acid data were analyzed using PHYML (Guindon and Gascuel, 2003), the 

Maximum Likelihood (ML) model and parameters were chosen based on ProtTest (Abascal et 

al., 2005) analyses. Confidence in estimated relationships of ML tree topologies was 

evaluated by a bootstrap analysis with 500 replicates (Felsenstein, 1985) and Bayesian 

methods of phylogeny inference. Bayesian analyses were initiated with random seed trees and 

were run for 200,000 generations. The Markov chains were sampled at intervals of 100 

generations with a burn in of 1000. Bayesian phylogenetic analyses were conducted with 

MrBayes 3.1.1 (Huelsenbeck and Ronquist, 2001). 
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5.4 Results 

For most glycolytic enzymes two or more copies can be found in vertebrates. The topologies 

for the inferred gene trees generally reflect the history of one or two rounds of duplications 

within the vertebrate lineage plus an additional duplication event within the teleost fish. The 

phylogenetic analyses confirm duplication events leading to the multiple copies within 

vertebrates, these duplications occurred almost invariantly clearly after the divergence of C. 

intestinalis (Figures 5.3B, 5.3C, 5.4A, 5.5A, 5.5B, 5.6A, 5.6C) 

 

Tetrameric Enzymes   

Glycolytic enzymes, which are active as tetramers, occur in one-to-four copies in vertebrate 

genomes likely as a result of ancient genome duplication events (1R and 2R). They display 

clearly different evolutionary patterns (Figure 5.3).  

Figure 5.3: Maximum likelihood tree of the tetrameric glycolytic enzymes phosphofructokinase (PFK), 
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase (PK) dataset comprising 44 
amino acid sequences for PFK (430 AA), 22 amino acid sequences for GAPDH (340 AA), and 23 amino acid 
sequences for PK (533 AA). Values at the branches are support values (ML bootstrapping/MB posterior 
probabilities). ‘FSGD’ depicts fish specific gene duplication events. 

 
The tree for PFK reflects a perfect 1R/2R topology with two additional 3R events in 

the liver specific isoform PFK1, the muscle specific PFK2, and the platelet isoform PFK4 

(Figure 5.3A). The first duplication led to PFK1/4 and PFK2/3 gene pairs (1R). The second 

duplication event segregates these precursors into the recent genes (2R). Except for PFK3, all 

PFK isoforms occur in more than one copy in ray-finned fishes (3R). However, for Danio 

rerio, even intense searches of genomic and EST data yielded no second PFK1, PFK2, and 

PFK4 paralog as in the pufferfishes, where there is strong support for 3R. Since the Danio 
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rerio genome is currently in a rather fragmented and incomplete state, the chances of missing 

data are quite high.  

The first duplication of GAPDH seems to have occurred before the evolution of the 

bilaterians (Figure 5.3B). The liver-specific GAPDH (in vertebrates) is presented in all 

bilaterians species included in this analysis, whereas the testis-specific form only occurs in 

vertebrates. The primate lineage possesses a third copy, which is mainly expressed in muscles 

(GAPDH muscle). The topology of the liver form reflects the general bilaterian phylogeny 

only in parts - most likely due to the sparse taxon sampling. Notably the monophyly of 

protostomes is not recovered, since the two lophotrochozoan species (Schistosoma and 

Crassostrea) were placed as a sister group to the deuterostomes, albeit without significant 

support. However, the monophyly of both Lophotrochozoa and of Ecdysozoa  (Drosophila 

and Caenorhabditis) is strongly supported. 

The phylogeny of PK shows only one duplication event within the vertebrate lineage 

with an additional clearly resolved fish-specific duplication event, which occurred in the 

blood-specific form PK1 (Figure 5.3C).  

 

Heterodimeric Enzymes   

The topologies for the obtained gene trees of PGM and ENO reflect the history of 1R/2R/3R 

(Figure 5.4). 

The topology for PGM reflects the well-supported history 2R/3R in the brain isoform 

PGM1 and one within the human lineage (Figure 5.4A). The first duplication led to 

erythrocyte-specific BGAM (Bisphophoglycerate mutase) and the precursor of PGM1 and 

PGM2, the latter is assumed to be a muscle-specific isoform. We obtained full-length ENO 

cDNA sequences for two genes each in Polypterus senegalis, Acipenser baerii and 

Typhlonectes natans. Database searches revealed three copies of ENO within the vertebrates 

(Figure 5.4B). The sequences of lampreys and hagfish cluster with the ENO χ paralogous 

group, implying that the first duplication (1R) took place before the split of cyclostomes from 

the gnathostome lineage, as it has also be indicated by a study on Hox genes (Stadler et al., 

2004). The positions of another lamprey sequence is basal to the multiple copies, possibly a 

long branch attraction artifact, pulling this fast evolving sequence towards the outgroup. For 

the liver-specific ENO α within the teleosts, a duplication preceding the split of Polypterus 

and Acipenser is proposed, although with weak support.  
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Figure 5.4: Maximum likelihood tree of the heterodimeric glycolytic enzymes phosphoglycerate mutase 
(PGM), and enolase (ENO) dataset comprising 32 amino acid sequences for PGM (256 AA), and 40 amino 
acid sequences for ENO (446 AA). Values at the branches are support values (ML bootstrapping/MB 
posterior probabilities). ‘FSGD’ depicts fish specific gene duplication events.  

 
Homodimeric Enzymes   

Within PGI and TPI the major phylogenetic relationships are in agreement with 

expectations with clearly resolved nodes in agreement with the widely accepted phylogeny of 

vertebrates (Figure 5.5). Based on the phylogenetic analyses, duplication events leading to 

multiple copies within vertebrates could not be shown. However, there were duplication 

events during the evolution of ray-finned fish, so there are two copies each in zebrafish, 

pufferfishes, medaka, striped mullet and trout for PGI (Figure 5.5A); and two copies in 

zebrafish, platy fish and one pufferfish (Tetraodon nigroviridis) for TPI (Figure 5.5B) 

respectively. No second TPI paralog in Takifugu rubripes could be found despite intense 

searches within genomic and EST data. 

Figure 5.5: Maximum likelihood tree of the homodimeric glycolytic enzymes phosphoglucose isomerase 
(PGI), and triosephosphate isomerase (TPI) dataset comprising 22 amino acid sequences for PGI (555 AA), 
and 16 amino acid sequences for TPI (250 AA). Values at the branches are support values (ML 
bootstrapping/MB posterior probabilities). ‘FSGD’ depicts fish specific gene duplication events. 
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Enzymes only present active as monomers 

Figure 5.6 shows the ML trees of monomeric enzymes obtained in the phylogenetic analyses 

on the amino acid level. Based on the phylogenetic analyses, duplication events leading to 

multiple copies during vertebrate evolution could be detected.  The topology for HK shows 

three rounds of duplication within the vertebrate lineage, which is not in agreement with our 

expectations. An additional duplication event happened within the lineage of ray-finned fish 

in the brain isoform HK1 (Figure 5.6A). The first duplication led to HK4 (glucokinase), a 50 

kDa enzyme, and the protoortholog of HK1, 2, 3 (all 100 kDa). The second duplication 

produced HK3, which shows a somewhat higher rate of evolution than the other isoforms, and 

a HK1/2 precursor, which gave rise to HK1 and HK2 in a subsequent gene duplication that 

most likely occurred in a gnathostome ancestor (2R). Zebrafish paralogs for HK1 and HK 3 

could not be found in the last version of the ENSEMBL database (WTSI Zv5). Thus, the 

timing of duplication event within the ray-finned fish in HK1 can not be determined and the 

duplication might be limited to pufferfish species.  

Figure 5.6: Maximum likelihood trees of the monomeric glycolytic enzymes hexokinase (HK), 
phosphoglycerate kinase (PGK) and fructose-bisphosphate aldolase (FBA) dataset comprising 44 amino acid 
sequences for HK (909 AA), 15 amino acid sequences for PGK (417 AA), and 47 amino acid sequences for 
FBA (366 AA). Values at the branches are support values (ML bootstrapping/MB posterior probabilities). 
‘FSGD’ depicts fish specific gene duplication events. 

 
The analyses revealed a mammalian specific duplication event for PGK (Figure 5.6B). 

The testis-specific isoform PGK2 was only found in human, mouse and rat, whereas the liver-

specific PGK1 isoform is represented in all vertebrates examined in this study. All nodes are 

well supported. However the basal position of PGK2 would imply that the gene has been lost 

in all other vertebrates. 
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Based on the phylogenetic analyses the FBA duplication events leading to the multiple 

copies within vertebrates occurred clearly after the divergence of the lampreys (Figure 5.6C), 

which suggests a timing of the 1R/2R after the cyclostome split (but see the ENO tree, Figure 

5.4B). The brain-specific isoform FBA C and the muscle-specific isoform FBA A show 

additional duplication events within the ray-finned fish lineage. For FBA C within the 

teleosts, a duplication preceding the split of Polypterus and Acipenser is proposed; this is not 

in agreement with the current hypothesis of the timing of the FSGD (Crow et al., 2005; de 

Souza et al., 2005; Hoegg et al., 2004). The unexpected topology is probably caused by a 

reconstruction artifact due to the very fast evolving sequences of one of the fish-specific 

copies. The remaining sequences do resemble the general expectations of vertebrate 

phylogenetic relationships (Meyer and Zardoya, 2003). We also obtained FBA sequences for 

Acipenser baerii and Polypterus senegalus sequences grouped in the paralog A group, which 

is considered to be the muscle-specific isoform. One additional copy of FBA in Danio rerio 

placed basal to the zebrafish/pufferfish split rejects the possibility of a zebrafish-specific 

duplication event. The Typhlonectes natans (caecilian) sequence (FBA A) forms a 

monophyletic group with the sequences from the Xenopus species as expected. The FBA B 

isoform places the basal ray-finned fish (Acipenser baerii, Polypterus ornatipinnis) basal to a 

cluster containing tetrapods and derived ray-finned fish (Danio rerio, Tetraodon nigroviridis). 

This might be due to the partial character of these sequences, which were used from a 

previous study (Kikugawa et al., 2004).  

 

5.5 Discussion 

The individual glycolytic enzymes, as e.g. histone genes are among the most slowly evolving 

genes (Fothergill-Gilmore, 1986). Yet the glycolytic pathway adapted to the varying 

metabolic requirements of different tissues and different organisms. Genome duplications 

appear to have been the principal mechanism that gives rise to multiple copies of isoenzymes. 

The topologies for many of the gene trees (Figures 5.3-5.6) generally reflect the 2R/3R 

genome duplication history during vertebrate evolution. 

For many single copy genes in tetrapods, two copies have been described for ray-

finned fish. The first observation of this pattern began with the discovery of more than four 

Hox-clusters in zebrafish (Danio rerio) (Amores et al., 1998) and medaka (Oryzias latipes) 

(Naruse et al., 2000). Recent data from pufferfish genomes confirmed the existence of at least 

seven hox clusters even in these very compact genomes (Amores et al., 2004; Hoegg and 

Meyer, 2005). With an increase of available sequences especially from genome and EST 
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projects, the number of genes, which show a duplication event in the fish-lineage, increased 

significantly (Deloukas et al., 2001; Meyer and Malaga-Trillo, 1999; Meyer and Schartl, 

1999; Meyer and Van de Peer, 2005; Ramsden et al., 2003; Taylor et al., 2003; Taylor et al., 

2001a; Vandepoele et al., 2004; Wittbrodt et al., 1998)}. Data from the genes analyzed in this 

study, including genomic sequences (Tetraodon nigroviridis, Takifugu rubripes) and EST 

data (Danio rerio), shows that enzyme isoforms were duplicated before the divergence of 

Ostariophysii (zebrafish) and Neoteleostei (medaka, pufferfishes). The determination of 

phylogenetic timing of the duplication event for glycolytic genes is difficult due to missing 

sequence data for basal actinopterygian species (bichir, sturgeon, gar and bowfin). Also, in 

many cases a strikingly increased evolutionary rate of at least one copy of the duplicated 

genes might result in a basal position of this paralogous cluster via LBA artifacts (“outgroup 

tree topology”) (Van de Peer et al., 2002) render the phylogenetic reconstruction of the 

ancient events (~400-350 MYA) difficult. Previous studies have shown that the most likely 

position of the 3R genome duplication event is after the divergence of gar/bowfin (Holostei) 

from the teleost lineage (Crow et al., 2005; de Souza et al., 2005; Hoegg et al., 2004). 

 

Hexokinase (HK) 

Glycolytic enzymes are often expressed in a tissue-specific manner. For example, the 

different types of vertebrate HK (Figure 5.6A), each with distinct kinetic properties, are 

expressed in different kinds of tissues. HK 1 is the predominant isoenzyme in the vertebrate 

brain; HK 2 predominates in muscle tissue, and HK 4 in hepatocytes and pancreatic islets. 

The kinetic properties of these three isoenzymes are well adapted to the roles of glucose 

phosphorylation in the different cell types (Cardenas et al., 1998). Both HK 1 and HK 2 are 

saturated at glucose concentrations in the normal physiological range for blood, and thus their 

kinetic activity is largely unaffected by variations. When the availability of glucose is 

pathologically low, it is more important to satisfy the glucose needs of the brain than those of 

other tissues and a low Km of HK 1 allows it to perform at low glucose concentrations. The 

kinetic behavior of HK 4, which requires high concentrations of glucose for maximal activity, 

is very different, but this is in agreement with functions in liver and pancreas cells as 

regulators of blood-glucose concentration (Niemeyer et al., 1975; Storer and Cornish-

Bowden, 1976). The function of HK 3 is inhibited by excess glucose (Ureta et al., 1979), the 

reason for this is still not fully understood.  

Based on the phylogeny reconstructed here (Figure 5.6A), HK 4 is the oldest member 

of this gene family. HK 4 consists of a 50-kDa fragment, whereas the other HKs have a size 
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of 100-kDa, which suggest that a fusion of 2R HK duplicates have formed the present 

isoenzymes. We were also able to document a fish-specific duplication of HK 1, however 

nothing is know about possible functional consequences due to their duplication in terms of 

sub- or neofunctionalisation. 

 

Phosphoglucose isomerase (PGI) 

Phosphoglucose isomerase (PGI) is a multifunctional protein, also known as neuroleukin 

(NLK), autocrine mobility factor (AMF), or differentiation and maturation mediator (DMM). 

Although it was proposed that the multiple functions of PGI were gained gradually by amino 

acid changes (Jeffery et al., 2000), an alternative hypothesis is that, PGI is recruited by other 

proteins for novel functions during evolution (Kao and Lee, 2002). Two lines of evidence 

support this hypothesis. First, the protein is highly constrained and second; Bacillus PGI is 

capable of acting as NLK and AMF mammalian PGI in mammalian cells (Sun et al., 1999) 

(Chou et al., 2000). The multiple functions were proposed to be innate characteristics of PGI 

at the origin of the protein (Kao and Lee, 2002). The novel functions of PGI might have 

evolved by cellular compartmentalization of the protein, dimerization, and evolution of its 

receptors. The enzyme is found to be active as a dimer in glycolysis. It is not clear whether it 

is active in its other functions as a monomer or as an oligomer. This multi-functionality and 

the possible function as an oligomer might explain the retention of two copies in the fish 

lineage. The topology (Figure 5.5A) suggests that the only gene duplication event of PGI 

occurred in bony fishes before the diversification of Acanthopterygii but after the split of 

bony fishes and tetrapods.  

 

Phosphofructokinase (PFK)  

The phosphofructokinase gene family is composed of four different genes (Figure 5.3A): 

They are expressed in liver (PFK1), muscle (PFK2), brain (PFK3) and platelet (PFK4). These 

genes differ both in size and physico-chemical properties, and are also expressed in different 

amounts in different tissues. PFK occurs in a variety of oligomeric forms from dimer to 

tetramer to octamer and even larger forms. The vertebrate enzyme, however, is active as a 

tetramer. Because the subtypes can associate randomly, each tissue contains not only 

homotetrameric enzymes, but also various types of heterotetramers. These different 

assemblies of subunits result in complex isoenzymic populations with a wide variety of 

kinetic properties (Dunaway, 1983). It seems likely that the copies resulting from 2R. The 

number of possibilities of PFK combinations in ray-finned fish is even higher because of 3R 
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(PFK1, PFK2, PFK4). The functional significance of the complicated quaternary structure of 

PFK is not entirely clear, but probably relates to the requirement for specific and responsive 

control properties for this enzyme. A wide range of effector molecules have been described 

(Aragon and Sols, 1991; Fernandez de Mattos et al., 2000; Sols, 1981), and some forms of the 

enzyme can be also regulated by phosphorylation (Huse et al., 1988; Kulkarni et al., 1987; 

Meurice et al., 2004). 

 

Fructose-bisphosphate aldolase (FBA) 

The three FBA isoenzymes A, B, C in vertebrates also have a tissue-specific distribution 

(Horecker, 1972). FBA A, which is the most efficient in glycolysis, is the major form present 

in muscle. FBA B seems to function in gluconeogenesis and is only expressed in liver and 

kidney, where it is the predominant form. FBA C, with intermediate catalytic properties, is 

found in the brain. In the FBA tree (Figure 5.6C), the lamprey sequences preceded the first 

duplication while the Agnatha clade in the ENO analyses (Figure 5.4B) clusters with one 

branch of the duplication. Statistical support for the nodes around 2R and the divergence of 

cyclostomes, however, is high. Multiple sequences from Chondrostei (sharks and rays) for 

FBA, which are clearly grouped with the three paralogous groups, suggest a timing of the 

duplications before their separation from the Osteichthyes lineage. Within the fish lineage, 

FBA A was duplicated before the divergence of Ostariophysii (zebrafish) and Neoteleostei 

(medaka, pufferfish). However, in the FBA C subtree, gar and bichir are grouped within one 

paralogous group. Either one paralogous copy for gar and bichir of this gene has not been 

found yet, or this reconstruction is due to a reconstruction artifact caused by the extremely 

fast evolving sequences of the teleost sequences (zebrafish and pufferfishes), which get drawn 

to the basis (LBA). The location of the genes encoding the FBA isoenzymes in human on 

chromosomes that may be homologous (FBA A on chromosome 16 and FBA C on 

chromosome 17, and FBA B on chromosome 9 and a putative pseudogene (Tolan et al., 1987) 

on chromosome 10), suggests that the isoenzymes evolved as a result of 2R, followed by the 

divergence of the gene copies (Larhammar et al., 2002). 

 

Triosephosphate isomerase (TPI) 

TPI is highly conserved in sequence, structure, and enzymatic properties (Straus and Gilbert, 

1985). The enzyme is functional as a homodimer. The topology (Figure 5.5B) suggests that 

the only gene duplication event of TPI occurred in bony fishes before the diversification of 

Acanthopterygii but after the split of bony fishes and tetrapods. If both copies are 
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coexpressed, TPI could act as heterodimer in fish with consequences in specificity or enzyme 

kinetics. 

 

Glyceraldehydes-3-phosphate dehydrogenase (GAPDH) 

GAPDH is the most highly conserved of all glycolytic enzymes. The rate of evolution of the 

catalytic domain, for example, is only 3% per 100 million years (Fothergill-Gilmore and 

Michels, 1993). Thus these domains in eukaryotic and eubacterial enzymes are >60% 

identical. Due to this constraint we had to include basal animal lineages (freshwater polyp, 

arthropods, flatworms, nematodes and mollusks) into the analysis to clearly identify the 

origins of three copies of GAPDH (Figure 5.3B).  The GAPDH acts as tetramer, however, it is 

not clear whether this is constituted out of two different isoenzymes in vertebrates similar to 

the PFK composition. There is evidence for an ancient duplication around the bilaterian origin 

(Figge et al., 1999); however, the testis-specific copy was found only in vertebrates, which 

makes this scenario rather unlikely. It has been hypothesized that vertebrates acquired a 

second copy, only expressed in the testis, by retroposition (Hanauer and Mandel, 1984; 

Piechaczyk et al., 1984). However, many more new gene copies were created, most of which, 

if not all, seem to be pseudogenes (Fort et al., 1985; Riad-el Sabrouty et al., 1989; Tso et al., 

1985). This might be also the case for the muscle-specific form, which only occurs in 

primates. Despite the possibility of requiring variability by composing heterotetramers with 

additional isoenzymes it is also possible that paralogs are retained because GAPDH is also 

involved in the maintenance of specific subcellular structures, e.g. the bundling of 

microtubules (Huitorel and Pantaloni, 1985). 

 

Phosphoglycerate kinase (PGK) 

The quaternary structure of most glycolytic enzymes has been well conserved during 

evolution. Monomeric forms are unusual, and one enzyme that is invariably a monomer is 

phosphoglycerate kinase. In mammals two different, but functional similar isoenzymes for 

phosphoglycerate kinase have been detected. One form occurs in all somatic cells 

predominantly in the liver. The other form is only found in sperm cells. The gene for the 

major isoenzyme (pgk1) is X-linked. Expression of this gene coincides with overall activity of 

the X-chromosome. Its transcription is thus constitutive, regardless of the cell type, when the 

chromosome is active. When spermatogenic cells enter meiosis the X-chromosome is 

inactivated and the second gene (pgk2), which is autosomal (chromosome 6 in humans), is 

expressed (McCarrey et al., 1996). It has been proposed that the pgk2 gene, which does not 
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contain any introns in contrast to pgk1, must have evolved from the pgk1 gene by 

retroposition (Boer et al., 1987; McCarrey and Thomas, 1987). Our phylogenetic analysis 

suggests that this must have happened early in vertebrate evolution (Figure 5.6B) together 

with a loss of the pgk2 gene in the actinopterygian lineage and in tetrapods except mammals. 

A mammal specific duplication can be excluded based on the basal position of the pgk2 genes 

in the phylogenetic tree. 

 

Phosphoglycerate mutase (PGM) 

In the cofactor-dependent PGM gene family three paralogs can be found in all vertebrates. 

These isoenzymes are expressed in a tissue-specific manner and have been classified as brain- 

(PGM1), muscle- (PGM2) and erythrocyte (BGM) types. In some tissues more than one gene 

is active, resulting in multiple isoenzymes composed of homo- and heterodimers (Pons et al., 

1985). The phylogenetic analyses (Figure 5.4A) shows that the three isoenzymes found in 

vertebrates have evolved from a common ancestor by two separate gene duplication events. A 

PGM3 form was proposed in humans and chimp (Betran et al., 2002), probably as a result of 

primate-specific gene duplication. Our findings suggest that a more recent duplication gave 

rise to the PGM1 and PGM2 copies. Blast searches against the chicken genome detected only 

the PGM1 form. This could be explained by gene loss of the PGM2 gene in the avian line. In 

our phylogeny, the origin of BGM predates the PGM1 and PGM2 divergence. This clarifies 

uncertainties of previous studies in unraveling the evolutionary history of PGM (Fothergill-

Gilmore and Michels, 1993; Fothergill-Gilmore and Watson, 1990). Vertebrate PGMs are 

rather versatile and can catalyze three different reactions (they act as mutase, synthase or 

phosphatase). Initially it was supposed that each of these reactions was catalyzed by a 

different enzyme and it was quite surprising when it was realized that the PGM could each 

catalyze all three of these reactions, albeit at substantially different rates (Rose, 1980). One 

can speculate that these differences in activity rates acted in favor of the maintenance of 

several copies during evolution.  

 

Enolase (ENO) 

Also for ENO three different isoenzymes occur in vertebrate tissues termed α, β, γ. The active 

enzyme is a homo- or heterodimer. The α form is present in many tissues especially in the 

liver, β predominates in muscle and γ is only found in brain cells. The topologies for the gene 

tree generally reflect the history of 2R/3R for ENO α (Figure 5.4B). However, the position of 

the Cyclostomata sequences is not consistent and therefore offers no information about the 
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relative timing of the duplication events. One lamprey sequence precedes the first duplication 

while the Agnatha clade in the ENO β analyses clusters with one branch of the duplication. 

This is not in agreement with the current hypothesis of the relative timing of 2R (Stadler et al., 

2004). Two functions have been attributed to ENO in addition to its normal catalytic activity. 

First, ENO plays a structural role in the eye lens. A major lens protein of lampreys, some 

fishes and birds is τ-cristallin. This protein and α-ENO appear to be identical (Piatigorsky, 

2003; Wistow, 1993; Wistow et al., 1988). The additional duplication within the fish lineage 

in ENO α might provide a bigger “toolbox” for this gene’s function while retaining its 

glycolytic pathway role simultaneously. The additional role that ENO may fulfil is the 

acquisition of thermal tolerance (McAlister and Holland, 1982).  

 

Pyruvate kinase (PK) 

It was originally expected that pyruvate kinase has four different isoforms encoded by four 

different genes. However, it is known now that there are only two different genes: one 

encoding the PK3 (m-form) isoforms and one for the PK1 (l- and r-forms) isoenzymes. 

Additional isoenzymes can arise from differential RNA splicing. Therefore, the phylogeny 

(Figure 5.3C) is only considering one gene product for each isoenzyme. The differences 

between the spliced isoforms are too small to include into a phylogenetic analysis. Both 

copies seem to be derived from a duplication event in early vertebrate history (1R or 2R) and 

are expressed in a tissue specific manner. The PK1 is the most abundant form in liver where 

gluconeogenesis plays an important role. PK3 is the major form in tissues where glycolysis 

predominates such as muscle, heart and brain. Both isoenzymes show different enzyme 

kinetics according to their occurrence. The PK is active as a tetramer, which is regulated by 

thyroid hormone and fructose 1,6-bisphosphate (Ashizawa et al., 1991; Parkison et al., 1991). 

Usually PK is active as homotetramer but in some cases it also acts as heterotetramer. This 

might be an explanation for why the copies of the fish-specific duplication in PK1 were 

retained during evolution. As shown before, the increase in possible combinations of 

heterotetramers leads to increased specificity in enzyme kinetics. 

 

5.6 Conclusions 

From our data, we could not detect a 1R/2R/3R trend consistent for all enzymes of the 

glycolytic pathway. Even though, most of them do show a repeated pattern of duplications, 

which are accompanied by tissue-specific expression, this is not the case for all of them. 

Considerations of tertiary protein structure also could not give further indications for why 
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some enzymes have four isozymes in tetrapods and others only one. Given the expectation 

that most genes get lost rather fast after a duplication event (Lynch and Conery, 2000; 

Postlethwait et al., 2000) the tissue specific expression might have led to an increased 

retention for some genes. This is albeit not true for all genes, we can conclude that the 

pathway is not evolving as a unit but each gene follows its own history. Why this might be is 

a problem of interest for understanding patterns of genetic pathway evolution that will require 

further study. Future genome projects on a greater diversity of evolutionary lineages will 

provide a basis for addressing this issue. 
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A high proportion of species-specific genes with asymmetric rates 

of molecular evolution found in four fish models 
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“Looking for fish? Don't climb a tree. “ 
 

Chinese proverb 
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VI. A high proportion of species-specific genes with asymmetric rates of molecular 

evolution found in four fish models 

 

6.1 Abstract  
 
Since gene and genome duplication events expand the amount of genetic material that may be 

necessary for increasing the genomic complexity of organisms it has been assumed that there 

may be a relationship between gene copy number and morphological complexity and/or 

species diversity. This hypothesis implies that duplicated genes have subdivided or evolved 

novel functions compared to their pre-duplication proto-orthologs. This functional divergence 

might be caused by an increase in evolutionary rates and/or, possibly, due to positive 

Darwinian selection. In this study, simultaneous sequence comparisons of four fish model 

species (Danio rerio, Takifugu rubripes, Tetraodon nigroviridis and Oryzias latipes) with 

human as outgroup were conducted in order to catalogue the evolutionary extent of sequence 

conservation, gene duplication, and rates of evolution. 2466 genes identified with this 

approach were studied to test whether evidence for positive Darwinian selection could be 

detected, how frequently duplicated genes are retained, and whether novel gene functions 

might have evolved. For the identification of genes under positive Darwinian selection we 

used a combination of BLAST searches non-parametric relative rate tests and tests that 

evaluate whether nonsynonymous mutations changed protein properties. 25% (610) of all 

tested genes show more significant differences in distance to their human ortholog than their 

orthologs in other fish according to relative rate tests, which implies that their function might 

be essential for the respective fish species. We identified 49 previously not detected 

paralogous pairs of duplicated genes in fish, in which one of the paralogs is under positive 

Darwinian selection and shows a significantly high rate of molecular evolution in one 

particular species whereas the other copy apparently did not undergo such adaptive changes. 

Among the genes under positive Darwinian selection, we found a surprisingly high number of 

ATP binding proteins and transcription factors. In almost all cases their evolutionary rate is 

lower compared to other fish species, showing that these genes are highly conserved in at 

least one of the studied fish species whereas the second copy increased in rate. We could 

demonstrate that the measurement of positive selection is a good method to identify 

divergence of duplicated genes and genes that would be obvious choices for comparative 

functional studies. 
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6.2 Introduction 

Biology is a discipline rooted in comparisons. Comparative studies have assembled a detailed 

catalogue of biological similarities and differences between species, yielding insights into 

how organisms and their genomes adapted to fill a wide range of environmental niches. 

Genomics is the most recent biological discipline to employ comparison-based approaches. At 

the base of the evolutionary reconstruction of all vertebrates is conserved genetic information 

at the level of the genome, which is assumed to underlie morphological homologies among 

species. During the last five years, genome sequences have become available for several 

vertebrates: e.g., human, mouse, rat, chicken, zebrafish, and two pufferfish (Takifugu rubripes 

and Tetraodon nigroviridis) (Aparicio et al., 2002; Gibbs et al., 2004; Hillier et al., 2004; 

Jaillon et al., 2004; Venter et al., 2001; Waterston et al., 2002). The increasing wealth of 

sequence data allows whole genome comparisons in order to study and contrast the evolution 

of vertebrate genomes (Liberles, 2005). Such comparative strategies have identified 

chromosomal blocks of DNA sequences conserved over significant evolutionary time spans, 

and such evolutionary conservation has been a powerful guide in sorting functional from non-

functional DNA (Gottgens et al., 2002; Hardison, 2000; Loots et al., 2000; Pennacchio and 

Rubin, 2001) and to assign putative gene function.  

Ray-finned fishes, which comprise ~25,000 extant species (Nelson, 1994), are the 

most diverse group of vertebrates. They show vast differences in their morphology and 

adaptations. Their sister group, the lobe-finned fishes, include the rest of the bony vertebrates, 

such as coelacanths, lungfishes and the tetrapods. The ray-finned fishes and the lobe-finned 

fishes have diverged 400-450 million years ago (Kumar and Hedges, 1998). Although this 

large evolutionary distance implies that only a fraction of the functional sequences in the 

genomes are shared, comparative studies have, for example, revealed that most human coding 

sequences (~91%) are homologous to those genes in the genomes of fish (Aparicio et al., 

2002). Natural selection leaves its footprints on protein-coding sequences by modulating their 

silent and replacement evolutionary rates. Positive Darwinian selection brings about change 

by selecting among mutations that change the phenotype.  Under positive selection, the 

number of retained mutations is closer to those that arose by mutation than under purifying 

selection where amino acid replacement mutations are selected against.  

It has been suggested that the large number of fish species and their tremendous 

morphological diversity might be due to a genome duplication event specific to the teleost 

lineage (Amores et al., 1998; Chen et al., 2004; Christoffels et al., 2004; Meyer and Van de 

Peer, 2005; Taylor et al., 2003; Taylor et al., 2001a; Taylor et al., 2001b; Wittbrodt et al., 
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1998). Since gene and genome duplication events increase the amount of genetic material, it 

has been speculated that there is a relationship between gene copy number and morphological 

complexity and, by extension, also species diversity (Dehal and Boore, 2005; Ohno, 1970). 

This implies that duplicated genes have diverged from the roles of their pre-duplication 

homologs. This divergence could be demonstrated by an increase in evolutionary rate and/or 

by evidence for positive Darwinian selection. Duplicated genes may be redundant, which 

means that inactivation of one of the two duplicates might have little or no effect on the 

phenotype (Gibson and Spring, 1998; Lynch and Conery, 2000; Nowak et al., 1997). 

Therefore, since one of the copies is free from functional constraint, mutations in this gene 

might be selectively neutral and have the potential to turn the gene into a non-functional 

pseudogene. Alternatively, one of the duplicates might adopt a new function (Ohno, 1973). 

Although post-duplication secondary gene loss is a frequent event, ~20%-50% of paralogous 

genes are retained for longer evolutionary time spans after a genome duplication event (Lynch 

and Force, 2000; Postlethwait et al., 2000). Selection can prevent the loss of redundant genes 

(Gibson and Spring, 1999) if those genes encode for components of multidomain proteins 

because mutant alleles disrupt such proteins. A selective advantage due to a new and possibly 

unique function might be sufficient to retain this gene copy and to prevent degenerative 

substitutions and prevent this functional gene copy from becoming a pseudogene. Also, 

positive Darwinian selection can be responsible for functional divergence between the 

duplicates (e.g., (Duda and Palumbi, 1999; Hughes et al., 2000; Zhang et al., 1998)). When a 

gene with multiple functions is duplicated, the duplicates are redundant only for as long as 

each copy retains the ability to perform all ancestral roles (Force et al., 1999; Hughes, 1994). 

When one duplicate experiences a mutation that prevents it from carrying out one of its 

ancestral roles, the other duplicate is no longer redundant. According to the duplication-

degeneration-complementation (DCC) model (Force et al., 1999), degenerative mutations 

preserve rather than destroy duplicated genes but also change their functions or at least restrict 

their original functions to become more specialized. 

In the current study, simultaneous sequence comparisons of four fish model species 

(Danio rerio, Takifugu rubripes, Tetraodon nigroviridis and Oryzias latipes) with human 

outgroup were conducted in order to catalogue the evolutionary extent of sequence 

conservation and divergence of duplicated fish genes. To facilitate gene identification and 

functional genomic studies, each data set has been annotated using the structured vocabulary 

provided by the Gene Ontology Consortium (2001), based on molecular studies of gene 

function in Homo sapiens. To detect lineage specific evolutionary processes, genes were 



77 

identified that are evolving with significantly slower or faster rates in a particular species, as 

revealed by a non-parametric relative rate test (Tajima and Nei, 1984). Duplicate genes 

identified with this approach were studied further to test whether evidence could be found for 

positive Darwinian selection and whether the hypothesis for retention of duplicated genes and 

the evolution of novel gene functions is supported.  

 

6.3 Material and Methods 

We used the database software EverEST (Steinke et al., 2004), which allows database 

searches using the BLAST algorithm and tests the association of results and phylogenetic 

analysis storing the results in a relational database. Data sets of protein data from Danio rerio 

(Zebrafish Sequencing Group at the Sanger Institute, Zv4.0), EST data from Oryzias latipes 

(GenBank), protein data from Takifugu rubripes (JGI Fugu v3.0) and protein data from 

Tetraodon nigroviridis (GenBank) were screened against genome data from Homo sapiens 

(GenBank) using a translated BLAST routine (standard vertebrate code) with an expected 

value threshold of < 1 x 10-50. The query sequence and all best hits of every single search 

were aligned using the T-Coffee algorithm (Notredame et al., 2000) implemented in EverEST.  

The automated analysis is depicted in Figure 6.1. Each sequence was tentatively assigned 

Gene Ontology (GO) classification based on annotation of the single ‘best hit’ match in 

BLASTX searches of Homo sapiens proteins (e< 10-50). Annotations described here are at the 

“inferred from electronic annotation” (IEA) level of evidence (The Gene Ontology 

Consortium 2001). Following the alignment, sequence divergence for every possible human-

fish pair was estimated. The distances were used to construct three-coordinate ternary 

representations for cross-species comparisons. For orthologous groups, where the p-distance 

between Homo sapiens and fish amino acid sequences was significantly higher or smaller 

compared to other fish, the ratio of the proportion of radical nonsynonymous difference (dR) 

per radical nonsynonymous site and the proportion of conservative nonsynonymous site (dC) 

was calculated using the program SCR3 (Hughes et al., 1990) to evaluate the selective forces 

acting on those proteins. Conservative substitutions will lead to an amino acid replacement 

that is conservative with respect to charge or polarity, while a substitution at a radical site will 

lead to an amino acid replacement that changes charge or polarity (Miyata et al., 1979). 
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Figure 6.1: Flowchart of the analysis routine used in this study. 

 

When BLAST identified one or more putative fish orthologs, protein sequences from 

all species were aligned using T-Coffee (Notredame et al., 2000). For each alignment, a 

preliminary tree was drawn. This tree facilitated the identification of identical sequences, 

sequences that varied only in length, and sequences within species that differed by few amino 

acids, all of which were removed from the alignment. Very similar sequences could be alleles 

at one locus or evidence of recent tandem duplications. In either case they were not likely to 

be important for our study of genome duplication. Phylogenies were reconstructed from the 

remaining sequences using Poisson-corrected genetic distances and the neighbor joining (NJ) 

algorithm (Saitou and Nei, 1987) in MEGA 3.0 (Kumar et al., 2004). From these trees we 

identified sets of orthologous genes (i.e. genes which occurred only in monophyletic groups 

that matched the expected organismal topology). Regions where the alignment was 

unambiguous were retained and reanalyzed using NJ and maximum likelihood (ML) methods. 

For these last phylogenetic analyses the most closely related human paralogs (identified from 
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the first NJ analyses) were used as outgroups. PHYML (Guindon and Gascuel, 2003) was 

used to reconstruct ML.  

To investigate whether one of the two fish paralogs evolved at a faster rate since their 

duplication, a relative rate test was applied to each of the genes. We applied the 

nonparametric rate test developed by (Tajima and Nei, 1984) and implemented in MEGA 3.0 

(Kumar et al., 2004), and compared the paralogs with their human and another fish ortholog. 

The dR/dC ratio was calculated between the paralogs using the program SCR3 (Hughes et al., 

1990) to evaluate the selective forces acting on those. 

 

6.4 Results 

 BLAST similarity searches of data sets of protein data in Tetraodon nigroviridis 

revealed 12422 significant hits when compared to the (outgroup) human genome, 12176 hits 

were found in such a way for Takifugu rubripes, 9619 hits for Danio rerio and 4681 hits for 

Oryzias latipes. For further comparative analyses, 2466 orthology groups consisting of genes 

found in all four fish species could be assigned. Figure 6.2 shows an example of a ternary 

diagram of p-distances of Tetraodon nigroviridis, Danio rerio and Oryzias latipes amino acid 

sequences with respect to the Homo sapiens genes. 
Figure 6.2:  Ternary representation of 
distances of fish species to human 
orthologs in this study (Danio rerio, 
Oryzias latipes, Tetraodon nigroviridis 
and Takifugu rubripes – the latter two 
are referred to as Pufferfishes). 

 

 

 

 

 

 

 

 

A total of 390 genes have a lower distance to the human ortholog than their orthologs 

in other fish according to relative rate tests, whereas 220 genes show higher distances for one 

of the tested fish species (Table 6.1). Table 6.1 also depict that a higher amount (8.43%) of 

genes in Oryzias latipes show a lower evolutionary distance to their human orthologs than in 

the other fish genomes. 
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Table 6.1: Abundance and proportion of protein genes of a given fish species with significantly lower or 
higher distance to the human ortholog than other species. The total number of comparisons was N = 2466. a 
denotes genes with significantly lower or higher distance for both pufferfish species.  

 
Tetraodon nigroviridis Takifugu rubripes Danio rerio Oryzias latipes Pufferfishesa 

lower higher lower higher lower higher lower higher lower higher 

25 35 58 81 80 64 208 26 19 14 

Σ = 60 Σ = 139 Σ = 144 Σ = 234 Σ = 33 
1.01% 1.42% 2.35% 3.28% 3.24% 2.60% 8.43% 1.05% 0.77% 0.57% 

Σ = 2.43% Σ = 5.64% Σ = 5.84% Σ = 9.49% Σ = 1.34% 
 

 

The number of genes with higher or lower distance for particular fish species is depicted in 

Figure 6.3. The majority of genes detected in Oryzias latipes and Danio rerio show lower 

distances, whereas a higher amount of deviating genes in both pufferfish species evolved 

faster. All genes under positive Darwinian selection according to (Hughes et al., 1990) with 

asymmetric sequence divergence to the human ortholog are given for Tetraodon nigroviridis 

(Table 6.2), Takifugu rubripes (Table 6.3), Danio rerio (Table 6.4) and Oryzias latipes (Table 

6.5). A complete list of the genes with divergent evolutionary rates from all fish species is 

provided in the Appendices A6-A15.  

Figure 6.3: Phylogeny of the studied fish species. The proportion of genes with significantly lower (red) or 
higher (blue) distance to the human ortholog than to other fish species, are mapped onto the phylogeny as 
proportional triangles. Numbers within the triangle represent the total abundance of those genes. The 
percentages represent the corresponding proportion of transcription factors. 
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Table 6.2: Tetraodon nigroviridis protein genes under positive Darwinian selection with significantly lower 
(a) or higher (b) distance to the human ortholog than other fish species. Duplicated genes are given with rate 
differences between the two copies according to the relative rate test of Tajima (1993) at the 5% level with 
one asterisk and at the 1% level with two asterisks. 

 
GenBank 

Acc# annotation according to human (UniGene) duplicate rate 
difference 

CAG12160.1 lysyl oxidase-like 1 a  0.247** 

CAF89330.1 nuclear LIM interactor-interacting factor 2 a 0.120** 

CAG00079.1 chloride intracellular channel 5 a 0.053* 

CAG07128.1 twisted gastrulation  a - 

CAF96302.1 TAFA2 a 0.014 

CAF96493.1 serine/threonine protein kinase 6; aurora-A; IPL1-related kinase  a  0.067** 

CAG00266.1 hypothetical protein DKFZp564D0478 a 0.147* 

CAF94681.1 eukaryotic translation elongation factor 1 gamma  a - 

CAF96262.1 TTK protein kinase a - 

CAF91195.1 zinc finger protein 207 a - 

CAF91040.1 exosome component 7 a - 

CAF87120.1 hypothetical protein FLJ10996 a - 

CAF92823.1 ubiquitin domain containing 1 a  0.128 

CAF91601.1 peroxisomal lon protease a - 

CAF95463.1 hypothetical protein FLJ21156 a - 

CAF91120.1 syntaxin binding protein 1 b 0.350** 

CAG08971.1 short-chain dehydrogenase/reductase b - 

CAG13862.1 exostosin 1 b  0.074 

 

All genes with divergent evolutionary rates are tentatively annotated according to the best-hit 

match in the Homo sapiens UniGene dataset. For these duplicates, the rate difference and the 

results of the relative rate tests between the two paralogs are given in each table. The 

annotation of the zebrafish best hits is also validated by comparisons to the ZFIN database 

(Table 6.4). Table 6.6 shows the number of fish specific paralogous pairs of protein genes 

discovered in this study with asymmetric sequence divergence to the human ortholog 

Furthermore, the number of pairs where at least one paralog under positive Darwinian 

selection occurred is listed. A total of 49 fish specific paralogous genes could be identified of 

which 24 show a statistically significant accelerated rate of evolution in one paralog and 14 

show positive Darwinian selection for one copy. 
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Table 6.3: Takifugu rubripes protein genes under positive Darwinian selection with significantly lower (a) or 
higher (b) distance to the human ortholog than other fish species. Duplicated genes are given with rate 
differences between the two copies according to the relative rate test of Tajima (1993) at the 5% level with 
one asterisk and at the 1% level with two asterisks. 

 
JGI Acc# annotation according to human (UniGene) duplicate rate 

difference 
FRUP00000147506 syntaxin 3A a 0.178** 

FRUP00000132184 lysyl oxidase-like 1 a 0.207** 

FRUP00000139282 chloride intracellular channel 5 a 0.074 

FRUP00000156028 twisted gastrulation a - 

FRUP00000136434 mitochondrial elongation factor G1 a 0.170* 

FRUP00000139600 TAFA2 a - 

FRUP00000129212 serine/threonine protein kinase 6 a - 

FRUP00000153498  exostosin 1 a 0.086 

FRUP00000133663 zinc finger protein 106 homolog b 0.201** 

FRUP00000162759 hydroxysteroid (17-beta) dehydrogenase 4 a - 

FRUP00000133083 dUTP pyrophosphatase a - 

FRUP00000133686 excision repair cross-complementing 1 isoform 2 a - 

FRUP00000132409 cytochrome c oxidase subunit Va a - 

FRUP00000129950 glycine cleavage system protein H a - 

FRUP00000140923 mitogen-activated protein kinase kinase kinase kinase 2 a - 

FRUP00000157532 tryptophan rich basic protein a - 

FRUP00000133839 stress-induced-phosphoprotein 1 a - 

FRUP00000136741 dual specificity phosphatase 14 a - 

FRUP00000148346 transitional epithelia response protein a - 

FRUP00000149078 drebrin-like a - 

FRUP00000151439 jumonji domain containing 2C a 0.319** 

FRUP00000134740 tumor necrosis factor type 1 receptor associated protein a 0.099** 

FRUP00000133087 leprecan-like 1 a 0.317** 

FRUP00000144902 calcium binding protein 5 a 0.012 

FRUP00000162608 neurogenic differentiation 4 a - 

FRUP00000130779 FLJ21963 protein a - 

FRUP00000143840 thioredoxin domain containing a - 

FRUP00000154905 terminal deoxynucleotidyltransferase interacting factor 1 a - 

FRUP00000128255 SMILE protein a - 
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Table 6.4: Danio rerio genes under positive Darwinian selection with significantly lower (a) or higher (b) 
distance to the human ortholog than other fish species. Duplicated genes are given with rate differences 
between the two copies according to the relative rate test of Tajima (1993) at the 5% level with one asterisk 
and at the 1% level with two asterisks. Known gene symbols according to ZFIN are also given. 

 

Ensembl Acc# annotation according to human (UniGene) 
duplicate 

rate 
difference 

ZFIN 

ENSDARP00000003385 ankyrin repeat domain 28 a 0.285** ankrd 

ENSDARP00000024204 vesicle-associated membrane protein A isoform 2a - vapa 

ENSDARP00000006783 cofilin 2 a 0.078* cfl2 

ENSDARP00000026380 KIAA0073 protein a - - 

ENSDARP00000039499 haloacid dehalogenase-like hydrolase domain   
containing 2 a - - 

ENSDARP00000005886 arsenate resistance protein ARS2 isoform b a - ars2 

ENSDARP00000049098 thyroid hormone receptor interactor 13 a - trip11 

ENSDARP00000010419 DnaJ subfamily A member 2 a 0.135 dnaja2 

ENSDARP00000048880 gamma-glutamyl Carboxylase a - ggcx 

ENSDARP00000025803 SEC14 (S. cerevisiae)-like 1 a 0.114 sec14l1 

ENSDARP00000001039 hypothetical protein MGC10882 a - - 

ENSDARP00000038616 glutaryl-Coenzyme A dehydrogenase isoform  
a precursor a 0.083 gcdh 

ENSDARP00000024124 activin A type II receptor precursor a 0.057** acvr2a 

ENSDARP00000025487 DKFZP434B168 a - dkfzp434
b168 

ENSDARP00000024082 5-aminoimidazole-4-carboxamide  
ribonucleotide formyltransferase/IMP a - atic 

ENSDARP00000038219 roundabout 1 isoform a a  0.276* robo1 

ENSDARP00000008117 HIRA interacting protein 5 a - - 

ENSDARP00000026984 beta catenin-like 1 a - - 

ENSDARP00000046992 carbohydrate (chondroitin) synthase 1 a - chys1 

ENSDARP00000016016 phosphatidylserine decarboxylase a - - 

ENSDARP00000023471 ADP-ribosylation factor-like 6 interacting  
protein a - arl6ip 

ENSDARP00000002978 aspartate aminotransferase 1 a  0.015** - 

ENSDARP00000016111 ADP-ribosylation factor 4-like a 0.032** arl4 

ENSDARP00000018086 androgen-induced 1 a - aig1 

ENSDARP00000015026 signal recognition particle 72kDa a - wu:fi03d
11 

ENSDARP00000038278 cytidine deaminase a - aicda 

ENSDARP00000006977 ankyrin repeat domain 10 b 0.211 ankrd10 

ENSDARP00000009789 chromobox homolog 3 HP1 gamma a 0.009** cbx 

ENSDARP00000016540 RAB25 a 0.170* rab 
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Table 6.5: Oryzias latipes genes under positive Darwinian selection with significantly lower distance to the 
human ortholog than other fish species. Duplicated genes are given with rate differences between the two 
copies according to the relative rate test of Tajima (1993) at the 5% level with one asterisk and at the 1% level 
with two asterisks. 

 
GenBank 

Acc# annotation according to human (UniGene) duplicate rate 
difference 

AJ457222 DNA topoisomerase I  - 
AU167343 CLIP-associating protein 1  - 
AU167618 Ras-related associated with diabetes  - 
AU167923 atrophin-1 interacting protein 1  - 
AU176665 TAF6-like RNA polymerase II  - 
AU177030 protein inhibitor of activated STAT X isoform beta  - 
AU177176 metastasis suppressor 1  - 
AU177627 Utrophin  - 
AU180234 SNF2 histone linker PHD RING helicase  - 
AV668786 AMPK-related protein kinase 5 - 
AV670534 hippocampus abundant transcript 1  0.080* 
BJ000375 ephrin receptor EphA2  0.149* 
BJ003764 mitogen-activated protein kinase kinase kinase kinase 3 - 
BJ004731 NICE-4 protein  - 
BJ005724 tsJ homolog 1 isoform a  - 
BJ007326 transcription factor T  - 
BJ007726 G protein-coupled receptor 155  - 
BJ008665 transducin-like enhancer protein 4  - 
BJ008817 protein kinase C and casein kinase substrate in neurons 2 - 
BJ021405 nucleoporin 62kDa  - 
BJ488812 fibulin 6 - 
BJ490986 TRAF2 and NCK interacting kinase - 
BJ493563 PDZ domain containing ring finger 1 - 
BJ495426 endothelin converting enzyme 1  0.084 
BJ501370 DIP2-like protein isoform a - 
BJ517858 microfibrillar-associated protein 1 - 
BJ519269 BCL2/adenovirus E1B 19kD interacting protein 2 - 
BJ524171 component of oligomeric golgi complex 4 - 
BJ527988 UDP-glucose ceramide glucosyltransferase-like 1 - 
BJ539899 nuclear phosphoprotein PWP1 - 
BJ543391 ribosomal protein L27a - 
BJ704447 pre-B-cell colony enhancing factor 1 isoform a - 
BJ704659 TCDD-inducible poly(ADP-ribose) polymerase - 
BJ706497 ubiquitin specific protease 34 - 
BJ713400 neuro-oncological ventral antigen 1 isoform 2 - 
BJ717464 thimet oligopeptidase 1 - 
BJ724303 dihydrolipoamide S-succinyltransferase - 
BJ728080 myeloid/lymphoid or mixed-lineage leukemia 3 - 
BJ728082 chromodomain helicase DNA binding protein 4 - 
BJ728281 engulfment and cell motility 1 isoform 1 - 
BJ728299 transcription factor AP-2 alpha - 
BJ728451 spermine synthase - 
BJ728665 Rb1-inducible coiled coil protein 1 - 
BJ729946 intersectin 1 isoform ITSN-l - 
BJ730543 B-cell lymphoma 6 protein; - 
BJ730756 RE1-silencing transcription factor - 
BJ731205 MLL septin-like fusion - 
BJ733043 T-cell lymphoma invasion and metastasis 1 - 
BJ733490 RAD21 homolog - 
BJ733549 SH3-domain binding protein 4 - 
BJ734934 serine/threonine kinase 2 - 
BJ735209 methylene tetrahydrofolate dehydrogenase 2 precursor - 
BJ735433 huntingtin - 
BJ736888 bromodomain containing protein 2 - 
BJ737071 fibrinogen C domain containing 1 0.061 
BJ742416 JM1 protein - 
BJ743130 moesin - 
BJ746379 microtubule associated serine/threonine kinase-like - 
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Table 6.6: All fish specific paralogous pairs of proteins discovered in this study with significantly lower or 
higher distance to the human ortholog than other fish species. “dR/dC>1” represents the number of pairs 
where at least one paralog is under positive Darwinian selection according to the method of Hughes et al. 
(1990). “rel. rate sign.” represents the number of pairs where at least one paralog shows a significantly higher 
rate of evolution according to the relative rate test of Tajima (1993).  

 
 dR/dC>1 rel. rate sign. total number of 

pairs 
lower distance 13 44.83% 16 55.17% 29 
higher distance 1 5.00% 8 40.00% 20 
      
Σ 14 28.57% 24 48.98% 49 

 

We compared the relative frequency of genes of different gene functions according to 

the Gene Ontology (GO) classification. Figure 6.4 shows the number of genes with different 

functions for the complete dataset as well as for those genes were one of the fish species 

shows higher or lower distances. Some functions are likely to be overrepresented due to small 

sample sizes, like copper ion binding proteins, where 60% of the total numbers of proteins of 

this gene function show higher or lower distances in one fish species. This applies also to 

peptidases (40%), sugar binding proteins (60%) and members of the Wnt signaling pathway 

(100%). On the other hand only one group (ubiquitin-protein ligases) shows a lower 

percentage (7.5%) than within the total number of proteins of this function in all comparisons. 

 

Overrepresentation of ATP-binding proteins and transcription factors 

The relative frequency of genes of a certain functions of all fish genes under positive 

Darwinian selection (Figure 6.5) shows that more ATP binding proteins and transcription 

factors were found than could be expected based on the number of ATP binding proteins and 

transcriptions factors in general. A χ2 test depicted in Figure 6.4 also showed that ATP 

binding proteins, hydrolases, oxidoreductases, transferases, and transcriptions factors occur 

significantly more often than expected by sample size. As depicted in Figure 6.3 the 

proportion of transcription factors detected in each species is similar on average (~10%).  

Overall, the majority of genes with divergent evolutionary rates among species are DNA, 

ATP and protein binding proteins and enzymes. A comparison of rates of these gene functions 

among the investigated fish genes is provided in Figure 6.6. Some Gene Ontology (GO) 

groups have genes with divergent evolutionary rates only in zebrafish and medaka 

(calmodulin binding proteins, iron binding proteins, kinases, structural components, sugar 

binding proteins and members of the Wnt signaling pathway). In other groups the frequency 

of genes with divergent evolutionary rates from both pufferfish species is higher than 50% 
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(e.g., calcium and copper ion binding proteins, methyltransferases, oxidoreductases and 

peptidases). 
 

Figure 6.4: Abundances of gene functions (according to GO) of all fish protein genes with significantly lower 
or higher distance to the human ortholog than to other fish species (blue) compared to total abundances of 
gene functions (violet). The shown percentages represent the rates of the chosen genes at the total number of 
proteins of a given gene function.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5: Abundances of gene functions (according to GO) of all fish protein genes under positive 
Darwinian selection with significantly lower or higher distance to the human ortholog than to other fish 
species. 



87 

 
Figure 6.6: Comparison of rates of gene functions (according to GO) of all fish protein genes with 
significantly lower distance to the human ortholog than other fish species.   

 

6.5 Discussion 

A total of 2466 orthologous groups could be assigned and were used for further analyses. This 

number was mainly limited due to the lower number (4681) of available Oryzias latipes 

sequences. To examine whether those genes evolved at faster or slower evolutionary rates 

within the respective fish species, relative rate tests were performed comparing each fish gene 

with the other fish orthologs. The human ortholog was used as outgroup. About two thirds of 

all 610 genes with significantly different evolutionary rates in one or more fish species in 

respect to the others when compared to human show a lower rate of evolution for only one 

fish species (especially in Oryzias latipes), which implies that these genes are conserved in 

the particular lineage most likely due to purifying selection (Figure 6.3). This high fraction of 

slower genes might be due to the fact that comparisons based on BLAST searches are biased 

to increased rates of evolution at the amino acid level.  

The split between Sarcopterygii and Actinopterygii occurred about 400-450 million 

years ago (Benton, 1990) and therefore it is possible that genes accumulated so many 

mutations so that these genes could not be identified applying very stringent BLAST 

conditions necessary for reliable annotations. However, we were able to identify 220 genes 

that show a statistically significant increased rate of evolution, which presumably have been 

subjected to relaxed functional constraints. While genes, which did not accumulate more 

mutations than the average have been subjected to purifying selection and thus, were not free 
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to evolve randomly, but rather were constrained by their function (Hughes, 1999; Zhang et al., 

2003).  

However, we found considerable numbers of genes under positive Darwinian selection 

with relaxed substitution rates at the amino acid level. It seems that in this case selection acted 

more strongly to conserve the amino acid sequence of a gene in a particular lineage, possibly 

to maintain their ancient function shared with tetrapods and already their common ancestors. 

Remarkably, 66% of the genes (Figure 6.5) under positive Darwinian selection turn out to be 

binding proteins, especially transcription factors and ATP binding proteins. Transcription 

factors represent on average ~10% of genes with significantly higher or lower evolutionary 

rates in each species, which is higher than the average proportion of transcription factors in 

vertebrate proteomes (~3% according to the EBI Eukaryotic Genome database). In almost all 

cases their evolutionary rate is lower compared to other fish species, showing that these genes 

are highly conserved in at least one of the studied fish species. Mutations in a binding domain, 

for example in a transcription factor, could negatively effect the expression of genes and 

therefore such mutations might be selected against. 

We identified 49 new duplicated genes in this study, which had not been identified as 

such before, which were the result of the fish-specific genome duplication (Christoffels et al., 

2004; Taylor et al., 2003; Taylor et al., 2001a; Vandepoele et al., 2004). Twenty of those 

show an increased rate in one of the fish paralogs in a particular fish lineage. In 14 cases the 

increase in rate may be the result of positive Darwinian selection (Table 6.6). Besides positive 

Darwinian selection, increases in the evolutionary rate in one copy could be explained by the 

classical Ohno model of gene evolution (Ohno, 1997), which predicts that one copy will 

evolve more rapidly at nonsynonymous sites compared to the other, as an effect of their 

redundancy. Nevertheless, it is difficult to demonstrate clear signs of positive Darwinian 

selection, when the duplication is ancient (Van de Peer et al., 2001). For genes that show a 

faster evolutionary rate and evidence for positive Darwinian selection one might expect 

concomitant divergence in function. On the other hand, for paralogs where positive Darwinian 

selection could not be demonstrated and where the evolutionary rates have not increased, one 

might assume that these genes have been under purifying selection or that these genes are 

about to lose their function according to the duplication-degeneration-complementation 

(DCC) model (Force et al., 1999) and, therefore, may have a similar function or even be 

completely redundant functionally. Although it might seem unlikely that two duplicates of 

one ancestral genes perform exactly the same function(s) after at least 300 million years of 

evolution (Hoegg et al., 2004; Vandepoele et al., 2004), redundancy has been shown to be 
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widespread in genomes of higher organisms (Dehal and Boore, 2005; Gibson and Spring, 

1998; Nowak et al., 1997). 

 

Tetraodon nigroviridis  

Of the 93 genes with divergent evolutionary rates identified for Tetraodon 

nigroviridis, 40 were duplicated. The GO function of protein modification is inferred from 

electronic annotation only. Unique increases in the rate of evolution for one copy of the 

duplicated genes, as a possible result of positive Darwinian selection, were most obvious in 

three cases (Table 6.3): The nuclear LIM interactor-interacting factor is an evolutionarily 

conserved transcriptional regulator that acts globally to silence neuronal genes (Yeo et al., 

2005). The syntaxin binding protein 1 is a neural-specific, syntaxin-binding protein that may 

participate in the regulation of synaptic vesicle docking and fusion (Weimer et al., 2003). The 

hypothetical protein DKFZp564D0478 is mainly expressed in the hippocampus of vertebrates, 

although nothing is known about the function of this protein. Another positively selected 

duplicated gene is the ubiquitin domain containing 1 (UBTD1). There is no significant 

increase in the rate of evolution and it is only known that this protein is mainly expressed also 

in the hippocampus (Ota et al., 2004). Other genes are single-copy genes mainly coding for 

enzymes. However, the eukaryotic translation elongation factor I gamma gene encodes for a 

subunit of the elongation factor-1 complex, which is responsible for the delivery of aminoacyl 

tRNAs to the ribosome.  

 

Takifugu rubripes 

A total of 172 genes could be identified, which show a faster or slower rate in 

Takifugu rubripes compared to other fish species, 74 of which are duplicated. This number is 

higher than in Tetraodon, which might be caused by differences in sequence completeness. 

Positive Darwinian selection could be detected for 10% of the duplicated genes, most of 

which showed increased substitution rates in one paralog (Table 6.4): Syntaxin 3a is 

potentially involved in docking of synaptic vesicles at presynaptic active zones. In mammals, 

this gene occurs in different isoforms and is highly expressed in the larynx, which is 

evolutionarily and developmentally derived from the branchial arches. The mitochondrial 

elongation factor G1 encodes one of the mitochondrial translation elongation factors 

(Hammarsund et al., 2001). The zinc finger protein 106 (ZFP106) is a conserved transcription 

factor of unknown function. However, its cDNA shares an extended region of identity with 

the scr homology domain 3 binding protein 3 (Sh3bp3) cDNA encoding a protein implicated 
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in the insulin-signaling pathway (Grasberger et al., 2005). In situ hybridization of mouse 

embryos confirmed predominant expression of ZFP106 in tissues with high developmental 

expression of either nuclear respiratory factor-1 (brown fat and developing brain) or 

myogenin (striated muscle). Jumonji domain containing 2C is also a transcription factor 

containing PHD finger motifs (Yang et al., 2000). PHD finger motifs are zinc finger-like 

sequences found in nuclear proteins that participate in chromatin-mediated transcriptional 

regulation and are present in a number of proto-oncogenes. The TNF receptor-associated 

protein 1 (TRAP1) is a chaperone belonging to the HSP90 family that expresses an ATPase 

activity (Simmons et al., 1999). Remarkably, TRAP1 interacts with the C-terminal ends of the 

proteins encoded by both exostosin 1 (EXT1) and exostosin 2 (EXT2). EXT1 is also 

positively selected and duplicated in both examined pufferfish species. Leprecan-like 1 is a 

cartilage-associated protein precursor found in articular chondrocytes and expressed in a 

variety of mammalian tissues (Jarnum et al., 2004). 

Again the detected single copy genes are generally coding for a variety of enzymes. 

One exception is the protein encoded by drebrin-like. It is a cytoplasmic actin-binding protein 

thought to play a role in the process of neuronal growth. It is a member of the drebrin family 

of proteins that are developmentally regulated in the brain. 

 

Pufferfishes 

In 33 cases both pufferfish species share genes, with accelerated rates of evolution for both 

species and in ten cases of these we were able to detect signals of positive Darwinian 

selection (Tables 6.3 and 6.4).  One paralog of three duplicated genes always shows 

significantly increased rates, respectively: The extracellular copper enzyme Lysyl-oxidase-

like-1 initiates the cross linking of collagens and elastin. In addition to cross-linking 

extracellular matrix proteins, the encoded protein may have a role in tumor suppression (Goy 

et al., 2000). Chloride intracellular channels are involved in chloride ion transport within 

various subcellular compartments. The chloride intracellular channel 5 gene (CLIC5) 

specifically associates with the cytoskeleton of placenta microvilli (Berryman and Bretscher, 

2000). As mentioned before, one copy of EXT1 shows an increased rate of substitution due to 

positive Darwinian selection. EXT1 is a transferase involved in the chain elongation step of 

heparan sulfate biosynthesis. It appears to be a tumor suppressor (McCormick et al., 1998). 

Examples of positive selected single copy genes in both pufferfish species were 

‘twisted gastrulation’ and TAFA2. ‘Twisted gastrulation’ encodes a secreted BMP-binding 

protein that is a BMP signaling agonist in the dorsal-ventral patterning pathway (Chang et al., 
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2001). The TAFA proteins are predominantly expressed in specific regions of the brain, and 

are postulated to function as brain-specific chemokines or neurokines, that act as a regulator 

of immune and nervous cells (Tom Tang et al., 2004). 

 

Danio rerio 

Of the 144 genes with divergent evolutionary rates identified for Danio rerio 38 were 

duplicated. Duplicated genes with significantly higher rates of one paralog in Danio rerio 

(Table 6.5) are Cofilin 2, activin A type II receptor, Roundabout 1, GOT1, ARF4L, CBX3 

and RAB25. Cofilin 2 controls reversibly actin polymerization and depolymerization in a ph-

sensitive manner. It has the ability to bind g- and f-actin in a 1:1 ratio of cofilin to actin. It is 

the major component of intranuclear and cytoplasmic actin rods (Gillett et al., 1996). Activins 

are dimeric growth and differentiation factors which belong to the transforming growth 

factor-beta (TGF-beta) superfamily of structurally related signaling proteins. Type II receptors 

are required for binding ligands and for expression of type I receptors (D'Abronzo et al., 

1999). Roundabout 1 (ROBO1) encodes an integral membrane protein that is both an axon 

guidance receptor and a cell adhesion receptor. This receptor is involved in the decision by 

axons to cross the central nervous system midline (Kidd et al., 1998). Glutamic-oxaloacetic 

transaminase (GOT) is a pyridoxal phosphate-dependent enzyme, which exists in cytoplasmic 

and mitochondrial forms, GOT1 and GOT2, respectively. GOT plays a role in amino acid 

metabolism and the urea and tricarboxylic acid cycles. The two enzymes are homodimeric 

and show close homology (Wang et al., 1999). The ADP-ribosylation factor 4-like is a 

member of the ADP-ribosylation factor family of GTP-binding proteins. ARF4L is closely 

similar to ARL4 and ARL7 and each has a nuclear localization signal and an unusually high 

guanine nucleotide exchange rate (Smith et al., 1995). The protein encoded by the chromobox 

homolog 3 (CBX3) binds DNA and is a component of heterochromatin. This protein also can 

bind lamin B receptor, an integral membrane protein found in the inner nuclear membrane. 

The dual binding functions of the encoded protein may explain the association of 

heterochromatin with the inner nuclear membrane (Obuse et al., 2004). The gene encoding 

RAB25 may selectively regulate the apical recycling and/or transcytotic pathways (Prekeris et 

al., 2001). There is only little known about the other genes detected in Danio rerio. Most of 

the single copy genes represent enzymes of different function. 
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Oryzias latipes 

A total of 234 genes could be identified; of genes with divergent evolutionary rates for 

Oryzias latipes compared to other fish species. Of those, only 14 were duplicated. Only four 

genes with positive selected paralogs could be detected in Oryzias latipes (Table 6.6). One of 

those with an accelerated rate of evolution in one of the paralogs is the ephrin receptor 

EphA2, which belongs to the ephrin receptor subfamily of the protein-tyrosine kinase family. 

EPH and EPH-related receptors have been implicated in mediating developmental events, 

particularly in the nervous system and limb development (Lindberg and Hunter, 1990). The 

ephrin receptors are divided into two groups based on the similarity of their extracellular 

domain sequences and their affinities for binding ephrin-A and ephrin-B ligands. This gene 

encodes a protein that binds ephrin-A ligands.  

For two genes both paralogs show similar rates of evolution. The Endothelin-

converting enzyme-1 is involved in the proteolytic processing of endothelin-1, -2, -3 to 

biologically active peptides (Shimada et al., 1995).  Ficolin 1 encoded by FCN1 is 

predominantly expressed in the peripheral blood leukocytes, and has been postulated to 

function as a plasma protein with elastin-binding activity (Harumiya et al., 1996). 

Other detected genes are single-copy genes mainly coding for enzymes with general 

functions. Remarkably, the number of positive selected genes in Oryzias latipes is very high 

and most of them have low substitution rates compared to other fish. Positive Darwinian 

selection might act as maintenance for those genes and their function.  

 

6.6 Conclusions 

We identified genes under positive Darwinian selection using a combination of BLAST 

searches and phylogenetic methods. With these methods we could demonstrate also that the 

measurement of positive selection is a good method to identify divergence of duplicated 

genes. All genes behave differently for particular species, which implies that their function is 

somehow essential for the investigated fish species. We identified a number of previously 

unknown duplicated genes where one of the paralogs is under positive Darwinian selection 

and shows a significantly high rate of molecular evolution whereas the other copy does not 

undergo such dramatic changes due to purifying selection. The fact that these duplicated 

genes show lineage specific evolution in the investigated fish species suggests that even after 

such a long time since the duplication event those genes might still contribute to lineage 

specific features. One might assume, that these genes therefore play a role in the 

diversification of lineages.  Models such as the DDC model (Force et al., 1999) might explain 
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retention and functional divergence of anciently duplicated genes. It is also possible that 

neofunctionalisation of one paralog occurred. However, when subfunctionalisation is 

responsible for the functional divergence of genes, this is probably limited to differences in 

timing and tissue specificity of expression. It has also been suggested that a proportion of 

duplicate genes undergo rapid subfunctionalisation, accompanied by prolonged and 

substantial neofunctionalisation (He and Zhang, 2005). So far, there is little evidence that 

paralogs described here have completely novel functions. In several cases we could detect a 

significant increase in evolutionary rates in one of the duplicates but this is probably not due 

to relaxed functional constraints of the whole gene, but rather because duplicated genes 

experience a brief period of relaxed selection after duplication (Lynch and Conery, 2000; Van 

de Peer et al., 2001). The duplicates that are being retained are more likely to experience 

strong purifying selection. 
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VII. Genome desiccation in mammals 
Gene deserts explain the uneven distribution of genes in mammalian genomes 

 

7.1 Introduction and Discussion 

Understanding of how genes are distributed and organized in genomes of different 

sizes remains a major challenge of genome biology (Gregory, 2005). Here we show that there 

is a tight correlation between gene number per chromosome and chromosome length in 

eukaryotic genomes. The surprising exceptions to this pattern are mammalian genomes, which 

deviate from this trend. We identify the number and uneven distribution of gene deserts as 

main contributing factor for the observed anomaly of mammalian genomes. 

 When plotting the number of genes per chromosome versus chromosome length 

(NG/LC) for 15 eukaryotic genomes, for which this information was available, we document a 

strong linear correlation in non-mammalian genomes (Figure 7.1A) with r2-values typically 

greater than 0.9. Mammalian genomes, on the other hand, do not show constant ratios of gene 

number per chromosome over chromosome length (Figure 7.1B) with r2-values around 0.45. 
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Figure 7.1: Correlation between number of genes per chromosome (NG) and chromosome length (LC) in 
eukaryotic genomes. (A) Non-mammalian genomes show a strong correlation between gene number per 
chromosome (NG) and chromosome length (LC), irrespective of genome size, chromosome number and 
taxonomy. Data for the three smallest genomes are shown in the box. In non-mammalian genomes, the slope 
of the trend-line can be interpreted as measurement for genome-compactness. The somewhat smaller r2-value 
observed in the nematode (r2=0.64) is due to the relatively even lengths of its chromosomes (Nelson et al., 
2004), which makes it difficult to test for a linear relationship between NG and LC. (B) In mammalian 
genomes the correlation between NG and LC is significantly weaker. In general, larger chromosomes also tend 
to have more genes in mammals, but there are many chromosomes that significantly deviate from a constant 
NG/LC ratio, rendering the genome-wide trend to be much weaker in mammalian genomes than in all other 
genomes. The highest r2-value in a mammal was found in rat (r2=0.65) whose genome contains the smallest 
relative fraction of gene deserts. (C) Maximum likelihood phylogeny of the studied eukaryotic organisms 
based on 20 genes (5,529 amino acid positions; numbers above the branches represent maximum likelihood 
bootstrap values). The proportion of the genome that is made up by gene deserts, and the total number of gene 
deserts, are mapped onto the phylogeny (note that no data were available for the two plant genomes). A 
randomization test for phylogenetic signal reveals that both the number of gene deserts and their relative 
proportion in a genome are significantly associated with the organisms’ phylogenetic position (p<0.01). 

 
We then tested whether particular genomic features such as density of transposable 

elements (TEs), sub-classes thereof (long interspersed nuclear elements, LINEs; short 

interspersed nuclear elements, SINEs), or long (>500 kb) stretches of non-coding DNA, so 

called gene deserts (Venter et al., 2001), might be responsible for the unexpected variation in 

gene content on different mammalian chromosomes. While the number of TEs, LINEs, and 

SINEs is strongly correlated with genome size itself (Kidwell, 2002; Lynch and Conery, 

2003) and, also, with chromosome length, none of these classes of nuclear elements 

contributes particularly strongly to the observed pattern (Figure 7.2).  

 
Figure 7.2: Linear correlation between transposable elements and chromosome length as exemplified for 
human. The total number of transposable elements (total), as well as the number of long interspersed nuclear 
elements (SINEs), long interspersed nuclear elements (LINEs), long terminal repeats (LTRs), and DNA 
transposons per chromosome were plotted against chromosome length. 
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Instead, it appears that the uneven distribution of gene deserts on mammalian 

chromosomes accounts for the deviations from otherwise constant ratios of NG/LC. 

Mammalian chromosomes that have fewer genes per chromosome compared to the average 

have more gene deserts and vice versa. In the gene-rich human chromosomes 17, 19, and 22, 

for example, the relative proportion of gene deserts is less than half compared to the gene-

poor chromosomes 4, 13, and 18 (Venter et al., 2001). Accordingly, the plot of the sum of the 

relative proportion of genes per chromosome plus the relative proportion of gene deserts per 

chromosome versus chromosome length reveals a strong correlation in mammals with r2-

values ranging from 0.84 (dog) to 0.87 (human) (Figure 7.3). Also, a partial regression 

analysis revealed that the number of gene deserts contributes by far most to the lack of fit 

between the number of genes and the length of the respective chromosomes in mammalian 

(Table 7.1). 

 

 

 
Figure 7.3: Gene deserts counterbalance the number of genes on mammalian chromosomes. The sum of the 
proportion of genes per chromosome plus the proportion of gene deserts per chromosome was plotted against 
chromosome length.  
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Table 7.1: Results from the partial regression analysis. The partial regression coefficients for the 
respective contribution to NG/LC is given for LINEs, SINEs, LTRs, DNA transposons, simple repeats, and 
gene deserts. The highest coefficient for each genome is shown in bold, and significant values (p > 0.01) are 
marked with an asterisk.  

 

 H. sapiens M. musculus R. norvegicus C. familiaris P. troglodytes 

LINEs 0.1573 0.7103* 0.8430* 0.3034 0.1371 

SINEs 0.4999 0.5692* 0.1045 0.5538* 0.6759* 

LTRs 0.4256 0.0952 0.1485 0.4306 0.3019 

DNA transp. 0.0533 0.2242 0.5221 0.3084 0.0375 

simple repeats 0.3743 0.3624 0.0140 0.1358 0.1682 

gene deserts 0.7646* 0.7757* 0.9056* 0.6594* 0.7068* 

 

Already 20 years ago, Susumu Ohno (Ohno, 1985) postulated the desertification of the 

euchromatic region of the higher vertebrates’ genome owing to continuous gene duplication 

events followed by degeneration of newly emerged gene copies in their evolutionary history. 

Only with the first release of the complete sequence of the human genome in 2001 was 

Ohno’s prediction of the existence of such deserts confirmed (Lander et al., 2001; Venter et 

al., 2001) – yet, their functional or evolutionary significance remains to be explained. Due to 

the lack of protein-coding DNA, gene deserts seem to be devoid of any biological function. In 

spite of this, some gene deserts have been shown to contain regulatory regions for 

neighboring genes that function over large distances (Nobrega et al., 2003). Also, the 

observation of stable gene deserts with homologous flanking genes (often transcription 

factors), which are maintained over long evolutionary times (Ovcharenko et al., 2005), and 

the existence of numerous conserved non-genic sequences in mammalian genomes 

(Dermitzakis et al., 2005), suggest that gene deserts are not just genomic junkyards but, 

instead, might be of functional significance. By contrast, there are gene deserts that can be 

deleted without noticeable phenotypic effects (Nobrega et al., 2004). Thus, it remains unclear 

whether the accumulation of gene deserts in mammalian genomes, which seems to be the 

strongest causal agent for the observed relative lack of a NG/LC relationship in mammalian 

genomes, is simply a by-product of their genome evolution and, possibly, the long-term 

reduction in population-size (Lynch and Conery, 2003), as would be suggested by the 

enrichment of gene deserts along the evolutionary lineage leading to mammals (Figure 7.1C). 

Alternatively, this particular architectural feature of mammalian genomes might well be 

linked to some of their morphological, physiological, neurological, and cognitive evolutionary 

innovations. 
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7.2 Materials and Methods 

 

Data mining 

We obtained chromosome length data from the EMBL European Bioinformatics 

Institute (EBI) website (www.ebi.ac.uk). Coding genes and their number by chromosome 

were obtained from the UCSC genome browser (Karolchik et al., 2003) for the following 

species: Arabidopsis thaliana, Caenorhabditis elegans, Canis familiaris, Danio rerio, 

Drosophila melanogaster, Gallus gallus, Homo sapiens, Mus musculus, Pan troglodytes, 

Rattus norvegicus, Saccharomyces cerevisiae and Tetraodon nigroviridis. We also used the 

Arabidopsis information resource (TAIR; www.arabidopsis.org) for data from Arabidopsis 

thaliana and the Maize Genetics and Genomics Database for estimations for Zea mays 

(www.maizegdb.org). Information on Plasmodium falciparum was obtained from the EBI 

website. All data were downloaded in March 2005. No information about the gene number by 

chromosome was available for Takifugu rubripes, since the assembly is not complete enough. 

Data for the number of transposable elements (TEs), long interspersed nuclear 

elements (LINEs), short interspersed nuclear elements (SINEs), and simple repeats were 

obtained from the UCSC genome browser (Karolchik et al., 2003) for Drosophila 

melanogaster, Gallus gallus, Homo sapiens, Mus musculus, Rattus norvegicus, and Tetraodon 

nigroviridis, and from the Arabidopsis information resource (TAIR) for Arabidopsis thaliana. 

All data were downloaded in March 2005. 

We used the information provided by the UCSC genome browser (Karolchik et al., 

2003) to identify distinct intergenic regions in Caenorhabditis elegans, Canis familiaris, 

Danio rerio, Drosophila melanogaster, Gallus gallus, Homo sapiens, Mus musculus, Pan 

troglodytes, Rattus norvegicus, Saccharomyces cerevisiae and Tetraodon nigroviridis. For the 

second sequenced pufferfish species, Takifugu rubripes, we used the available information 

provided by the JGI Fugu v3.0 browser (www.jgi.doe.gov) and synteny data with Tetraodon 

nigroviridis. Data for Plasmodium falciparum were obtained from the Plasmodium genome 

database (Kissinger et al., 2002). No information on the size of intergenic regions was 

available for Arabidopsis thaliana and Zea mays. However, it has already been shown that the 

larger genome of some plant species (e.g. Zea mays) is due to the expansion in number of 

transposable elements (Kidwell, 2002; Messing et al., 2004). According to (Venter et al., 

2001), we classified all intergenic regions greater than 500 kb as gene deserts. We note that 

other authors have applied a modified classification in mammals defining only the 3% longest 

intergenic intervals as gene deserts (Ovcharenko et al., 2005). This strategy was, however, not 
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suitable for our approach comparing a variety of organisms, as it would have led to the 

classification of very short intergenic regions as gene deserts in non-vertebrate genomes (e.g. 

12-70 kb in C. elegans, or 2.5-80 kb in S. cerevisiae). Also, this approach would require an a 

priori acceptance of gene deserts in any given genome. 

 

Analysis of genome data 

We first plotted the number of genes per chromosome (NG) versus chromosome length 

(LC) for the genomes mentioned above, to test the hypothesis that gene number and 

chromosome length are correlated. We note that there are some limitations in the inference of 

genome and chromosome sizes based on only sequence data (Gregory, 2005), which is in part 

due to the fact that genome sequences are rarely complete. However, these slight differences 

in completeness between the sequenced genomes do not affect our analyses, since only 

genomes, for which a continuous genome assembly in form of individual chromosomes was 

available, were used, so that a satisfactory coverage of these genomes can be assured. Also, 

no systematic a priori bias in genome completeness can be assumed. We used the square of 

the correlation coefficient (r2) to describe the goodness-of-fit of the data to the hypothesized 

linear correlation between NG and LC. Additionally, we performed a pairwise comparison by 

means of the Tukey-Kramer method for unplanned comparisons among a set of regression 

coefficients to identify those pairs of genomes that show significantly different correlations of 

NG/LC. 

 We then plotted the total number of TEs, the number of LINEs, SINEs, simple repeats 

and gene deserts against genome size for those organisms for which these data were available. 

The same procedure was followed with the numbers of TEs, LINEs, SINEs, simple repeats 

and gene deserts per chromosome. To further evaluate the contribution of gene deserts to the 

distribution of genes on chromosomes in mammalian genomes, we plotted the relative 

proportion of genes per chromosome (NG/TG) plus the relative proportion of gene deserts 

(ND/TD) versus chromosome length (LC), where NG is the number of genes per chromosome, 

TG is the total number of genes, ND is the number of gene deserts per chromosome, and TD is 

the total number of gene deserts in a genome. We also plotted, for mammals, the length-

corrected sum of the relative proportion of genes per chromosome plus the relative proportion 

of gene deserts ((NG/TG) + ND/TD)/ LC) for each chromosome. In addition, to test whether the 

number of LINEs, SINEs, LTRs, DNA transposons, simple repeats, or gene deserts 

compensates best for varying gene densities in mammalian chromosomes, we performed a 

partial regression analysis based on NG and LC (Table 7.1). 
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Phylogenetic analyses and regression equation mapping 

In order to obtain a multi-locus data matrix for our phylogenetic analysis, we used the 

human protein sequences obtained from the NCBI UniGene database and blasted them against 

data from GenBank (for Arabidopsis thaliana, Gallus gallus, Plasmodium falciparum, Rattus 

norvegicus, Saccharomyces cerevisiae, Tetraodon nigroviridis, and Zea mays), ENSEMBL 

(for Caenorhabditis elegans, Canis familiaris, Drosophila melanogaster, Mus musculus, Pan 

troglodytes; www.ensemble.org), the JGI Fugu v3.0 browser (for Takifugu rubripes), and the 

browser of the Zebrafish Sequencing Group at the Sanger Institute (for Danio rerio; 

www.sanger.ac.uk). For these BLAST searchers, we used an e-value ≤10-50 to acquire 

sequences with a large enough degree of sequence homology to be suitable for phylogeny 

reconstruction. We then used EverEST (Steinke et al., 2004), to assign the “best hit” 

sequences from every BLAST search to the human query sequences. Homologous protein 

sequences that were present in all organisms were then aligned with Clustal X (Thompson et 

al., 1997). We ended up with the sequences of twenty genes that were unambiguously present 

in all taxa and conserved enough to allow alignment. The GenBank accession numbers of the 

analyzed sequences and the number of amino acid positions used for the phylogenetic 

analyses are listed in Appendix A16. Gene sequences were concatenated to form a multi-gene 

alignment with a total length of 5,529 amino acid positions. We performed a maximum 

likelihood analysis and 100 maximum likelihood bootstrap replicates with PHYML (Guindon 

and Gascuel, 2003) using the WAG+I+Γ (Whelan and Goldman, 2001) model of sequence 

evolution according to a likelihood ratio test with ProtTest (Abascal et al., 2005).  

 We then mapped the number of gene deserts as well as their relative proportion in the 

respective genome onto the obtained phylogeny. To determine whether there is a correlation 

between phylogenetic position and number and relative proportion of gene deserts, we used 

an independent contrast analysis (Garland and Ives, 2000) as implemented in PDAP 

(Phenotypic Diversity Analysis Program) in the Mesquite package (Maddison and Maddison, 

2004). 

 

7.3 Results 

The plot of the number of genes per chromosome against chromosome length revealed 

very strong correlation in non-mammalian genomes (Figure 7.1A), whereas mammalian 

genomes deviate from the Eukaryote-wide trend (Figure 7.1B). This finding was further 

supported by the pairwise comparison of regression coefficients by means of the Tukey-

Kramer method for unplanned comparisons, which showed significant differences in most 
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comparisons between mammalian and non-mammalian genomes. The exceptions concerned 

all pairwise comparisons with Caenorhabditis elegans and some of the comparisons involving 

Zea mays and Rattus norvegicus. Chromosomes of the C. elegans genome are similar in size, 

which might explain the comparably low r2-value in the plot of NG/LC of 0.64. The genome of 

the rat (R. norvegicus), on the other hand, has relatively small, more evenly distributed gene 

deserts and, hence, shows the highest r2-value (0.65) among mammals. None of the pairwise 

comparisons between two non-mammalian or two mammalian genomes revealed significant 

differences in their regression coefficients pointing to a deviation from a linear relationship 

between NG and LC only in mammalian genomes. 

 The number of TEs, LINEs, and SINEs in a genome is strongly correlated with 

genome size but not with the number of genes in a given genome. The r2-values for the plots 

of TEs, LINEs, SINEs, and simple repeats against genome size were 0.94, 0.96, 0.90 and 

0.86, respectively. When plotted against the number of genes, the r2-values were all below 

0.05. The numbers of TEs, LINEs, and SINEs per chromosome also correlate with 

chromosome length. In human, for example, for which most data were available, the 

corresponding r2-values were 0.93 for TEs, 0.96 for LINEs, and 0.77 for SINEs (Figure 7.2). 

Also, the number of DNA transposons (r2 = 0.93) and long terminal repeats (LTRs; r2 = 0.95) 

per chromosome was correlated to chromosome size. Thus, none of these genomic features 

seems to account for the uneven distribution of gene numbers on mammalian chromosomes. 

While simple repeats were correlated with genome size (r2 = 0.86; see above), there was, in 

human, no linear relationship to chromosome size (r2 = 0.37) (Figure 7.2). Still, simple 

repeats do not contribute to the observed trend of different gene densities on human 

chromosomes, and the plot of the sum of the proportion of genes plus the proportion of simple 

repeats versus chromosome lengths did not support a correlation (r2 = 0.50). 

 The situation appears different when gene deserts are considered. Gene deserts are not 

evenly distributed in mammalian genomes, and gene-rich chromosomes in mammals are 

generally poor in gene deserts and vice versa (Venter et al., 2001). That gene deserts 

counterbalance the number of genes on mammalian chromosomes is best illustrated by 

plotting the sum of the proportion of genes per chromosome plus the proportion of gene 

deserts per chromosome against chromosome size (Figure 7.3), which is strongly correlate in 

mammalian genomes with r2-values between 0.84 (Canis familiaris) and 0.90 (Rattus 

norvegicus). This conclusion is further supported by the observation that the length-corrected 

sum of the relative proportion of genes per chromosome plus the relative proportion of gene 

deserts ((NG/TG) + ND/TD)/ LC) appears relatively constant for each chromosome, except for 
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the Y chromosome (data not shown). Most importantly, the partial regression analysis 

revealed that in all mammalian genomes gene deserts have the highest partial regression 

coefficients with highly significant p-values (<0.001) (Table 7.1), suggesting that of all 

genomic features analyzed gene deserts are the ones that best account for and contribute to the 

large variation in gene densities among mammalian chromosomes. In some genomes, also 

LINEs and SINEs showed p-values < 0.01. However, LINEs and SINEs are not completely 

independent from gene deserts, as gene deserts contain repetitive elements as well. Taken 

together, the most likely explanation for the deviation from constant NG/LC ratios in 

mammalian genomes is, thus, the high number and uneven distribution of gene deserts. 

 The mapping of the number of gene deserts as well as their relative proportion in the 

respective genome onto the maximum likelihood phylogeny revealed a substantial expansion 

of gene deserts in the lineage leading to the mammals (Figure 7.1C). The independent contrast 

analysis revealed that the observed trend is statistically significant (p>0.01).  
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VIII. Summary 

This thesis summarizes results of comparative genomic studies in order to gain insights into 

the evolution of vertebrates especially fishes. Of particular importance was the role of 

gene/genome duplications, selection and lineage specific evolution of genes and non-coding 

regions. The results of these investigations can be summarized as follows. 

The basis for most studies within this thesis is a software for comparative analyses of 

sequence data. EverEST is a WINDOWS program that automates database management and 

phylogenetic analyses of Expressed Sequence Tags (ESTs). The program is processing 

simultaneous database searches using the BLAST algorithm against three databases to 

identify the best hits for any given EST sequence. In a further step EST sequences are 

associated with BLAST results and phylogenetic analyses in a relational database. 

ESTs from ten model fish species were used as a proof of principle approach in order 

to test the reliability of using ESTs for phylogenetic inference. It could be shown that multi 

gene EST phylogenies represent a powerful method to increase robustness of topologies. The 

evaluations have demonstrated that inference of phylogeny accuracy increases with the 

number of loci and that these loci should be chosen according to their rate of amino acid 

substitution. This part of the studies revealed several more slowly evolving genes that are 

suitable for phylogenetic analyses in a concatenated frameset in fishes. The results of the 

genome-wide phylogenetic analysis described here indicate that the available data support 

previous findings in mtDNA based molecular studies for the Ostariophysi/Protacanthopterygii 

relationship and concatenated nuclear loci among the Acanthopterygii. To reach a new level 

of confidence for phylogenetic purposes, representative samples of genome sequences or EST 

sequences from additional relevant taxa are required. The rapid progress of genomic resources 

for an increasing number of species also emphasized the importance of a reliable phylogenetic 

framework in which to interpret comparative results correctly. 

Newly generated ESTs of the cichlid species Astatotilapia burtoni were combined 

with all available sequence data for haplochromine cichlids, which resulted in a total of more 

than 45,000 ESTs. The ESTs represent a broad range of molecular functions and biological 

processes. Haplochromine ESTs were compared to sequence data from those available for 

other fish model systems such as pufferfish (Takifugu rubripes and Tetraodon nigroviridis), 

trout, and zebrafish. It was possible to characterize genes in haplochromine cichlids that show 

a faster or slower rate of base substitutions in cichlids compared to other fish species, as this 

is indicative of a relaxed or reinforced selection regime. About 18 % of the surveyed ESTs 

were found to have haplochromine specific rate differences suggesting that these genes might 
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play a role in lineage specific features of cichlids. When characterizing these genes further, by 

means of calculating KA/KS ratios, four genes or 3,45 % of all more slowly evolving genes 

could be detected that showed a signature of positive selection in the haplochromine lineage. 

These genes are candidate genes for further work on the genetic causes of cichlid fish 

diversity. 

The evolution of the deuterostome lineage was accompanied by an increase of 

systematic complexity especially with regards to highly specialized tissues and organs. Based 

on the observation of an increased rate of gene duplications, two entire genome duplications 

were proposed during the early evolution of vertebrates. From sequence data of nine 

vertebrate species, it was not possible to detect such a gene duplication trend consistent for all 

enzymes of the glycolytic pathway. Even though, most of them do show a repeated pattern of 

duplications, which are accompanied by tissue-specific expression, this is not the case for all 

of them. Considerations of tertiary protein structure also could not give further indications for 

why some enzymes have four isozymes in tetrapods and others only one. Given the 

expectation that most genes get lost rather fast after duplication the tissue specific expression 

might have led to an increased retention for some genes. This is albeit not true for all genes, it 

can be concluded that the pathway is not evolving as a unit but each gene follows its own 

history. Why this might be is a problem of interest for understanding patterns of genetic 

pathway evolution that will require further study. Future genome projects on a greater 

diversity of evolutionary lineages will provide a basis for addressing this issue. 

By using a combination of BLAST searches and phylogenetic methods genes under 

positive Darwinian selection in four fish model species could also be identified. With these 

methods it was possible to demonstrate that the measurement of positive selection is a good 

method to identify divergence of duplicated genes. All genes behave differently for particular 

species, which implies that their function is somehow essential for the investigated fish 

species. This study shows a number of previously unknown duplicated genes where one of the 

paralogs is under positive Darwinian selection and shows a significantly high rate of 

molecular evolution whereas the other copy does not undergo such dramatic changes due to 

purifying selection. The fact that these duplicated genes show lineage specific evolution in the 

investigated fish species suggests that even after such a long time since the duplication event 

those genes might still contribute to lineage specific features. One might assume, that these 

genes therefore play a role in the diversification of lineages.   

Understanding of how genes are distributed and organized in genomes of different 

sizes remains a major challenge of genome biology. There is a tight correlation between gene 



106 

number per chromosome and chromosome length in eukaryotic genomes. When plotting the 

number of genes per chromosome versus chromosome length for 15 eukaryotic genomes, for 

which this information was available, a strong linear correlation in non-mammalian genomes 

was documented. Mammalian genomes, on the other hand, do not show constant ratios of 

gene number per chromosome over chromosome length. It remains unclear whether the 

accumulation of gene deserts in mammalian genomes, which seems to be the strongest causal 

agent for the observed relative lack of a genes per chromosome versus chromosome length 

relationship in mammalian genomes, is simply a by-product of their genome evolution and, 

possibly, the long-term reduction in population-size, as would be suggested by the enrichment 

of gene deserts along the evolutionary lineage leading to mammals. Alternatively, this 

particular architectural feature of mammalian genomes might well be linked to some of their 

morphological, physiological, neurological, and cognitive evolutionary innovations. 

 

IX. Zusammenfassung 

Diese Dissertation faßt die Ergebnisse vergleichender genomischer Studien zusammen, deren 

Ziel war, weitere Einblicke in die Evolution von Vertebraten, im speziellen der Fische, zu 

erhalten. Von besonderem Interesse waren dabei der Einfluß von Gen/Genom-Duplikationen, 

Selektion und linien-spezifischer Evolution von Genen, sowie nicht-codierender Bereiche. 

Die Ergebnisse dieser Untersuchungen können wie folgt zusammen gefaßt werden: 

Grundlage der meisten Studien innerhalb dieser Arbeit ist ein Programm zur 

vergleichenden Analyse von Sequenz-Daten. EverEST ist ein WINDOWS-Programm das 

Datenbankorganisation und phylogenetische Analyse von „Expressed Sequence Tags“ (ESTs) 

automatisiert. Dabei führt das Programm simultan Datenbanksuchen mittels des BLAST-

Algorithmus durch, um die jeweils besten Treffer jeder EST-Sequenz zu ermitteln. In einem 

weiteren Schritt werden die EST-Sequenzen mit den zugehörigen Suchergebnissen und 

phylogenetischen Analysen in einer relationalen Datenbank kombiniert. 

Um die Eignung von ESTs für phylogenetische Analysen zu prüfen, wurden ESTs von 

zehn Fischmodellen einem realen Test unterzogen. Es konnte gezeigt werden, dass Multi-

Gen-Phylogenien eine gute Methode darstellen, um Topologien zu verbessern. Die 

phylogenetische Genauigkeit steigt mit der Anzahl der verwendeten Loci und diese sollten 

unter Berücksichtigung ihrer Rate der Aminosäure-Substitutionen gewählt werden. Dieser 

Teil der Arbeit ergab einige eher langsam evolvierende Gene, die für phylogenetische 

Untersuchungen bei Fischen geeignet sind. Die Ergebnisse dieser phylogenetischen 

Untersuchungen steht im Einklang mit vorherigen Untersuchungen auf der Basis 
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mitochondrialer Daten zur Beziehung der Ostariophysi und Protacanthopterygii, sowie 

kombinierter Analysen nuklearer Loci bei den Acanthopterygii. Um diese Ergebnisse auf eine 

noch sicherere Basis zu stellen, sind allerdings weitere genomische oder EST Sequenzen 

zusätzlicher Taxa notwendig. Der schnelle Zuwachs genetischer Daten für immer mehr Arten 

macht darüber hinaus verläßliche Informationen über phylogenetische Beziehungen 

notwendig, um vergleichende Studien korrekt interpretieren zu können. 

Neu erzeugte ESTs der Buntbarsch-Art Astatotilapia burtoni wurden mit allen 

verfügbaren Sequenzen anderer Arten der Haplochromiden kombiniert. Der Gesamtdatensatz 

beinhaltete mehr als 45.000 ESTs. Diese repräsentieren ein breites Spektrum von molekularer 

Funktionen und biologischer Prozesse. Diese Sequenzen wurden verglichen mit denen anderer 

Fischarten, darunter zwei Kugelfische (Takifugu rubripes und Tetraodon nigroviridis), Forelle 

und Zebrafisch. Dabei konnten Gene in Haplochromiden identifiziert werden, die höhere oder 

niedrigere Substitutions-Raten im Vergleich zu anderen Fischarten aufweisen. Dies stellt 

einen Hinweis auf ausgleichende oder verstärkende Selektion dar. Etwa 18% der untersuchten 

ESTs zeigen Haplochromiden-spezifische Abweichungen der Rate, was darauf hindeutet, dass 

diese Gene eine Rolle bei der Ausbildung linien-spezifischer Eigenschaften spielen. Die 

weitere Untersuchung dieser Gene mittels Errechnen des Verhältnisses Ka/Ks konnten vier 

langsam evolvierende Gene (3,45%) identifiziert werden, die positiver Selektion bei 

Haplochromiden unterliegen. Diese Gene stellen Kandidaten für zukünftige Untersuchungen 

der genetischen Ursachen für die Diversität der Cichliden dar. 

Die Evolution der Deuterostomier wurde begleitet von einer Zunahme systematischer 

Komplexität, besonders bei spezialisierten Geweben und Organen. Die zunehmende Zahl 

beobachteter Genduplikationen führte zu der Annahme, dass es zwei vollständige 

Genomduplikationen während der Evolution der Vertebraten gab. Auf der Grundlage von 

Sequenz-Daten von neun Taxa der Vertebrata konnte für die Enzyme der Glykolyse kein 

allgemein gültiger Trend bei Genduplikationen festgestellt werden. Die meisten Enzyme 

zeigen jedoch sich wiederholende Duplikationen, die bis hin zu gewebe-spezifischer 

Expression der Kopien reichen, aber dies ist nicht bei allen der Fall. Auch die 

Berücksichtigung der Tertiärstruktur der Proteine gibt keinen Hinweis darauf, warum 

beispielsweise einige Enzyme in vier Isoformen bei Tetrapoden auftreten, andere hingegen 

nur in einer Form. Ausgehend von der Erwartung, dass die meisten Gene nach einer 

Duplikation eher schnell verloren gehen, kann dagegen angenommen werden, dass die 

gewebe-spezifische Expression eine Gene erhalten hat. Dies gilt sicherlich nicht für alle Gene 

und somit kann angenommen werden, dass die Enzyme der Glykolyse nicht als Einheit 
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evolviert sind, sondern dass jedes Gen eine eigene Geschichte besitzt. Weitere Studien sind 

notwendig, um die Evolution von biochemischen Signalwegen verstehen zu können. 

Zukünftige Genomprojekte, welche die zugrundeliegende Diversität an Arten erweitern, 

stellen die Basis für diese Fragestellung dar. 

Unter Zuhilfenahme einer Kombination von BLAST-Suchen und phylogenetischer 

Methoden war es möglich Gene, die positiver Selektion unterliegen bei vier Fischmodell-

Arten zu identifizieren. Darüber hinaus konnte demonstriert werden, dass die Messung 

positiver Selektion gut geeignet ist, Divergenz zwischen duplizierten Genen zu ermitteln. Alle 

Gene verhalten sich unterschiedlich in den verschiedenen Arten. Dies erlaubt den Schluß, 

dass sie irgendeiner Weise funktionell wichtig für die jeweilige Art sind. Innerhalb dieses 

Teils der Arbeit werden einige zuvor nicht identifizierte, duplizierte Gene vorgestellt, bei 

denen ein Paralog positiver Selektion unterliegt und eine signifikant höhere molekulare 

Evolutionsrate ausweist. Die andere Kopie weist solche Veränderungen aufgrund 

stabilisierender Selektion nicht auf. Die Tatsache, dass diese Gene linien-spezifische 

Evolution bei den untersuchten Fischarten aufweisen, läßt vermuten, dass selbst nach langer 

Zeit seit der Duplikation, diese Gene an art-spezifischen Vorgängen bzw. Funktionen beteiligt 

sind. Man könnte demnach annehmen, dass diese Gene eine Rolle bei der Diversifizierung 

von Arten spielen. 

Das Verständnis wie Gene in Genomen unterschiedlicher Größe verteilt und 

organisiert sind, stellt immer noch eine große Herausforderung der Genombiologie dar. 

Zwischen der Anzahl der Gene je Chromosom und der Länge des Chromosoms besteht eine 

starke Korrelation. Die Anzahl der Gene je Chromosom gegen die Chromosomenlänge für 15 

eukaryotische Genome zeigt eine starke Korrelation für alle Nicht-Säuger. Säuger-Genome 

hingegen zeigen keine konstanten linear korrelierten Verhältnisse. Es ist nicht bekannt, ob die 

Ansammlung von sogenannten „gene deserts“ in Säuger-Genomen, die für die fehlende 

Beziehung von Genanzahl und Chromsomenlänge verantwortlich sind, nur ein Nebenprodukt 

der Evolution des Genoms und der langfristigen Reduzierung der Populationsgrößen sind. 

Dies läßt sich schließen aus der Ansammlung von „gene deserts“ in der Evolution der 

Säugetiere. Dies kann auch im Zusammenhang mit einigen morphologischen, 

physiologischen, neurologischen und kognitiven Innovationen dieser Tiere gesehen werden. 
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Appendix A1: GenBank, JGI, ENSEMBL accession numbers of the sequences and numbers of amino acids used for the phylogenetic analyses in Chapter III. 
 

  EST# Annotation 
Amino acid 

used in 
analyses 

Cichlid ESTs Cyprinus 
 carpio 

Danio 
 rerio 

Fundulus 
heteroclitus 

Ictalurus 
punctatus 

Oncorhynchus 
mykiss 

Oryzias 
latipes 

Salmo  
salar 

Takifugu  
rubripes 

Tetraodon 
nigroviridis 

Homo  
sapiens 

1 Adenylate kinase 2 189 BJ678728 CF662232 ENSDARP00000010686 CN983450 CK404937 BX084154 AU167296 CB516091 FRUP00000147185 CAG02308 NP_037543.1 
2 60S ribosomal protein L23a 130 BJ679384 AU240353 ENSDARP00000006624 CN979291 CK421413 CA387238 BJ011898 CA052855 FRUP00000128020 CAG00513 NP_000975.2 
3 60S ribosomal protein L27a 131 BJ682982 CA965998 ENSDARP00000024203 CN983839 CK405718 CA373609 BJ512943 CB509769 FRUP00000158498 CAG05610 NP_000981.1 
4 Triosephosphate isomerase 1 176 BJ683057 CF662476 ENSDARP00000008240 CV816996 CB940919 CA375258 BJ713765 CK892449 FRUP00000156180 CAF90849 NP_000356.1 
5 snRNP core protein 134 BJ683377 CA970312 ENSDARP00000011550 CV819764 CB940512 BX081447 BJ526519 CB510840 FRUP00000141225 CAF93753 NP_004166.1 
6 Acetoacetyl Coenzyme A 187 BJ685403 CA968898 ENSDARP00000018064 CN970611 CK407109 BX861495 BJ518743 BG935894 FRUP00000152839 CAG03628 NP_005882.1 
7 Eukaryotic translation initiation factor 4E 180 BJ686392 CA965942 ENSDARP00000031553 CN980908 CK411802 CA343234 BJ711331 BG934363 FRUP00000149241 CAF94272 NP_001959.1 
8 Myosin regulatory light chain MRCL2 179 BJ686415 CA965179 ENSDARP00000020536 CN983930 CK425292 BX077116 AU178865 CB503229 FRUP00000164111 CAG10218 NP_291024.1 
9 Aldose reductase-like 1 217 BJ688419 CF661491 ENSDARP00000019242 CN985037 CK418638 BX077801 BJ002188 BM413709 FRUP00000162086 CAG12115 NP_064695.2 
10 Eukaryotic translation initiation factor 3G 194 BJ690590 CA965572 ENSDARP00000044633 CN970731 CK412877 BX074310 BJ729066 CK874251 FRUP00000136092 CAG12908 NP_003747.1 
11 F-actin capping protein alpha-1 subunit 209 BJ692160 CF662014 ENSDARP00000041236 CN983627 CK410486 628259 BJ735067 BG935543 FRUP00000134542 AAR16326 NP_006126.1 
12 Eukaryotic translation initiation factor 5A 158 BJ692285 CF662459 ENSDARP00000027654 CN971618 CK406655 BX081045 BJ512185 CK893994 FRUP00000158888 CAF89591 NP_001961.1 
13 Chromosome 5 open reading frame 18 169 BJ697855 CA964372 ENSDARP00000028937 CN983778 CF972147 649856 BJ494393 AJ425642 FRUP00000149017 CAG10310 NP_005660.3 
14 Myosin light chain 2 171 BJ699515 CA964394 ENSDARP00000023063 CV824448 CK410726 BX306316 BJ705801 CK881065 FRUP00000162164 AAS90116 NP_037424.2 
15 Tyrosine-protein kinase SRC 158 BJ699827 AU081450 ENSDARP00000023656 CN969148 CF972278 6273112 BJ717913 AF321110 FRUP00000134963 CAG11788 NP_005408.1 
16 60S ribosomal protein L11 178 BJ702068 AU301062 ENSDARP00000003203 CN978772 CK426309 655997 BJ713881 CD511092 FRUP00000164953 CAF89662 NP_000966.2 
17 40S ribosomal protein S3a 214 BJ702199 AU183418 ENSDARP00000017987 CN985474 CK421043 BX077891 BJ014568 CB503624 FRUP00000129833 CAF90706 NP_000997.1 
18 Signal sequence receptor, delta 176 BJ702489 CA966252 ENSDARP00000047174 CN961958 CB939743 627862 BJ497957 CB514131 FRUP00000161878 CAG07447 NP_006271.1 
19 ras-related nuclear protein 144 A30058AR_P17_15 CF663033 ENSDARP00000017573 CN983151 CK418786 640152 BJ002859 CK888966 FRUP00000147526 CAG04789 NP_006316.1 
20 Trypsinogen 2 244 KN-353_16D_C10_T7 CA965313 ENSDARP00000022239 CN990611 CK421385 BX074190 BJ709131 CA044506 FRUP00000148709 CAG00063 NP_002761.1 
21 Tumor suppressor candidate 3 157 KN-353-11A_E12_T7 CA968933 ENSDARP00000014499 CN953901 CK409871 BX297096 BJ729148 CA060835 FRUP00000136175 CAG11530 NP_839952.1 
22 L-3-hydroxyacyl-CoA dehydrogenase 235 KN-353-11B_F05_T7 CF662461 ENSDARP00000050602 CN985279 CK425291 629060 BJ710935 CB513348 FRUP00000163423 CAG11476 NP_005318.1 
23 Cyclophilin B; 219 KN-353-12A_F07_T7 CA966741 ENSDARP00000027189 CN984535 BM027882 625265 BJ714574 CB513750 FRUP00000138892 CAF98384 NP_000933.1 
24 Elastase 1 234 KN-353-12A_G03_T7 CA967194 ENSDARP00000015328 CN974780 CK407314 BX076804 BJ714998 CB504468 FRUP00000138033 CAG06304 NP_001962.2 
25 Glutathione S-transferase M3 100 KN-353-12A_G08_T7 CA967612 ENSDARP00000046181 CN983366 CK418636 633117 AU170509 CK891233 FRUP00000148010 CAG07510 NP_000840.2 
26 Arp2/3 protein complex 173 KN-353-12B_B10_T7 CF661114 ENSDARP00000025212 CN982288 CB938384 BX312030 BJ530477 CK873409 FRUP00000157357 CAG06784 NP_005709.1 
27 Ribosomal protein S15a 135 KN-353-17B_A02_T7 CF661791 ENSDARP00000007879 CN984559 CK424864 638935 BJ492753 CD510685 FRUP00000151157 CAG03318 NP_001010.2 
28 Proteasome alpha 6 subunit 185 KN-353-17C_A05_T7 CA970206 ENSDARP00000006320 CN983790 CK409903 BX075861 BJ721449 CK875988 FRUP00000165441 CAG00121 NP_002782.1 
29 Tubulin alpha 6 238 KN-353-17D_B12_T7 CA969352 ENSDARP00000042337 CN974950 CB938586 S15341287 AU167720 CB503051 FRUP00000140263 CAG03831 NP_116093.1 
30 High-mobility group box 1 175 KN-353-17D_F02_T7 CA968420 ENSDARP00000048925 CV822354 CK417131 623331 BJ728213 CK890173 FRUP00000152052 CAG09003 NP_002119.1 
31 Superoxide dismutase 1 141 KN-353-18_A02_T7 CA964628 ENSDARP00000049253 CO436130 BE469461 653657 BJ735553 CB513051 FRUP00000140559 CAG00454 NP_000445.1 
32 TGF beta-inducible nuclear protein 1 226 KN-353-18A_H01_T7 CA966357 ENSDARP00000003036 CV817035 CK402128 653564 BJ727573 CB516512 FRUP00000155317 CAG05206 NP_055701.1 
33 Carboxypeptidase A 197 KN-353-19A_G07_T7 CF660940 ENSDARP00000024981 CV819967 CK423133 BX076871 BJ717301 CB510467 FRUP00000132419 AAR16320 NP_001859.1 
34 ATP synthase, mitochondrial F1, delta 145 KN-353-19C_A03_T7 CA966367 ENSDARP00000022528 CN985063 CK419832 BX076940 BJ729540 CA052975 FRUP00000163451 CAF92415 NP_001678.1 
35 Chymotrypsinogen B1 258 KN-353-19D_D06_T7 CF662498 ENSDARP00000004441 CN981598 CK402317 BX074786 BJ714978 CB503195 FRUP00000153300 CAG00821 NP_001897.1 
36 Malate dehydrogenase 216 KN-353-20_D05_T7 CF660983 ENSDARP00000048494 CV819596 CK411748 629835 AJ457305 CK883250 FRUP00000136061 CAG12894 NP_005909.2 
37 Retinol dehydrogenase 4 220 KN-353-20C_B10_T7 CF662451 ENSDARP00000027139 CN981573 CK402358 627431 BJ707018 CB514033 FRUP00000159324 CAF92451 NP_003699.2 
38 Cathepsin L preproprotein 251 KN-353-20C_G07_T7 AB128161 ENSDARP00000042856 CN983318 BM438275 S15340856 BJ714814 CB516435 FRUP00000136907 CAF88807 NP_001903.1 
39 Heme oxygenase 245 KN-353-20D_D03_T7 CA964185 ENSDARP00000038993 CN964309 CK408643 BX317345 AB163431 BG936101 FRUP00000152368 CAF95107 NP_002124.1 
40 Cytochrome c oxidase subunit Va 130 KN-353-22_B02_T7 CA965958 ENSDARP00000025342 CV821701 CB940074 002027 BJ750384 CA041562 FRUP00000132409 CAG08740 NP_004246.1 
41 LYST-interacting protein LIP2 166 KN-353-25_F09_T7 AU301657 ENSDARP00000020761 CN984213 CF262675 BX296907 BJ020755 CB504725 FRUP00000148712 CAF98040 NP_071344.1 
42 Amylase, alpha 1A 143 KN-353-25_G04_T7 CA965259 ENSDARP00000021453 CN976675 CK423338 BX075205 BJ516256 CA043016 FRUP00000161922 CAD20312 NP_004029.2 
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Appendix A2: GenBank, JGI, ENSEMBL accession numbers of the amino acid sequences used for the phylogenetic analyses in Chapter V. 
 

Hexokinase (HK)  Phosphoglucose isomerase (PGI)  Phosphofructokinase (PFK) 

Homo sapiens P19367, P52789, P52790,  Homo sapiens AAH04982  Homo sapiens P16118, O60825, 
 P35557  Mus musculus AAH88995   Q16877, Q01813 
Mus musculus P17710, O08528,  Gallus gallus NP_00100612  Mus musculus AAH57594, Q7TS91, 
 XP_127381, P52792  Rattus norvegicus AAH62005   P70265, XP_284750 
Gallus gallus NP_989432, NP_989543,  Xenopus laevis AAH73315  Gallus gallus Q91348, XP_414257, 
 AAM83106  Xenopus tropicalis AAH90090   XP_417979, XP_416472 
Rattus norvegicus P05708, P27881, P27926,  Danio rerio CAC83782, AAH44450  Rattus norvegicus P47858, Q9JJH5, P47860,  

 P17712  Mugil cephalus CAC83778, CAC83779   P30835 
Xenopus laevis AAH72832, BQ734748,  Oncorhynchus mykiss BX083050, BX075627   Xenopus laevis AAH70579, AAH84893, 
 2210326  Oryzias latipes sca751, sca4041   AAH70776,  
Xenopus tropicalis ENSXETP00000018649,  Takifugu rubripes SINFRUP00000145974,  Xenopus tropicalis ENSXETP00000037288, 
 ENSXETP00000019458,   SINFRUP00000159975   ENSXETP00000039305, 
 ENSXETP00000041217,  Tetraodon nigroviridis CAG01218, CAG14252   ENSXETP00000020639, 
 ENSXETP00000042536  C. elegans NP_493380.1   ENSXETP00000047683 
Danio rerio ENSDARP00000049485,  D .melanogaster CG8251  Danio rerio ENSDARP00000020245, 
 ENSDARP00000024665      ENSDARP00000036459, 
Takifugu rubripes SINFRUP00000130243,      ENSDARP00000065761, 
 SINFRUP00000175342,      ENSDARP00000020946 
 SINFRUP00000171538,     Takifugu rubripes SINFRUP00000143959, 
 SINFRUP00000132593,      SINFRUP00000154096, 
 SINFRUP00000154946      SINFRUP00000159206, 
Tetraodon nigroviridis GSTENP00031116001,      SINFRUP00000162973, 
 GSTENP00029591001,      SINFRUP00000157362, 
 GSTENP00025793001,      SINFRUP00000166112, 
 GSTENP00004899001,      SINFRUP00000145680 
 GSTENP00025792001     Tetraodon nigroviridis GSTENP00006196001, 
C. elegans F14B4.2a.1      GSTENP00013641001, 
D. melanogaster CG3001      GSTENP00027279001, 
       GSTENP00023398001, 
       GSTENP00013249001 
       GSTENP00023654001 

      C. elegans Q27483 
      D.melanogaster P52034 
      Ciona instestinalis ENSCINP00000010042 
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Appendix A3: GenBank, JGI, ENSEMBL accession numbers of the amino acid sequences used for the phylogenetic analyses in Chapter V. Note tbs means ‘to be submitted’. 

Fructose-bisphosphate aldolase (FBA)  Triosephosphate isomerase (TPI)  Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) 

Homo sapiens AF054987, M11560,   Homo sapiens NM_000365  Homo sapiens P04406, O14556 
 X02747  Mus musculus NM_009415   P00354 
Mus musculus BC008184, Y00516,  Gallus gallus NM_205451  Mus musculus NP_032111, P16858 
 BC036132  Rattus norvegicus NM_022922  Gallus gallus NP_989636 
Gallus gallus BX929868, M10946  Xenopus laevis BC046864  Rattus norvegicus NP_076454, NP_058704 
Rattus norvegicus M63656, M14420,   Xenopus tropicalis ENSXETP00000043527  Danio rerio ENSDARP00000049709, 

 M10149  Danio rerio AF387820, AF387819   ENSDARP00000009462 
Xenopus laevis AAB31152, BAA19524,  Oryzias latipes AB183488, AB111387  Takifugu rubripes SINFRUP00000156120, 
 AAH44676  Takifugu rubripes AL834781   SINFRUP00000142721 
Xenopus tropicalis AAH67946, AAH74643,  Tetraodon nigroviridis CAA1007830,   Tetraodon nigroviridis GSTENP00035345001, 
 AAH61442   GSTENP00005289001   GSTENP00015338001 
Acipenser baerii AB111405, AB111404,  Xiphophorus maculatus AAK85205, AAK85204  Crassostrea gigasgi CAD67717 
 AB111403  C. elegans NM_064162  Hydra vulgaris AAG29828 
Cephaloscyllium umbrat. BAD17931, BAD17932,  D .melanogaster NM_176589  Schistosoma mansoni P20287 
 BAD17933  Ciona intestinalis ENSCINP00000013486  C. elegans K10B3.7.1, T09F3.3.1 
Danio rerio BC053192, AY394966,     D. melanogaster CG8893, P07486 
 AY394965, XP_707430,     Ciona intestinalis ENSCINP00000005672 
 XP_690284       
Lethen. camtschaticum D38620, D38619       
Polypterus ornatipinnis BAD17924, BAD17925,       
 BAD17926       
Potamotrygon motoro BAD17938, BAD17939,       
 BAD17940       
Takifugu rubripes SINFRUP00000154393,       
 SINFRUP00000144527,       
 SINFRUP00000136751       
Tetraodon nigroviridis CAG0049, CAG0759,       
 CAG0627, CAG0895       
Typhlonectes natans tbs       
C. elegans NP_741281       
D. melanogaster AAS65220       
Ciona intestinalis Scf235       
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Appendix A4: GenBank, JGI, ENSEMBL accession numbers of the amino acid sequences used for the phylogenetic analyses in Chapter V. Note tbs means ‘to be submitted’. 
 

Phosphoglycerate kinase (PGK)  Phosphoglycerate mutase (PGM)  Enolase (ENO) 

Homo sapiens ENSP00000305995,  Homo sapiens NP_002620, NP_000281,  Homo sapiens P06733, P09104, 
 ENSP00000218265   AAA51840   P13929 
Mus musculus ENSMUSP00000033585,  Mus musculus NP_075907, NP_061358  Mus musculus P21550, P17182, 
 ENSMUSP00000088647   BAC31541   P17183 
Gallus gallus ENSGALP00000012878  Gallus gallus CAG31362, CAG32689  Gallus gallus P51913, P07322, 
Rattus norvegicus ENSRNOP0000001817,  Rattus norvegicus NP_445742,NP_059024   P51913 

 ENSRNOP00000038276   AAH62240  Rattus norvegicus P04764, P07323, 
Xenopus laevis AAH43781  Xenopus laevis AAH70630, AAH82455   P15429 
Xenopus tropicalis ENSXETP00000016241   AAH73185  Xenopus laevis AAH45082, CAA68706 
Danio rerio NP_998552  Xenopus tropicalis NP_001004858,   Xenopus tropicalis AAH96516, AAH61287 
Takifugu rubripes SINFRUP00000160355   AAH74692, AAH67978  Acipenser baerii tbs 
Tetraodon nigroviridis GSTENP00014631001  Danio rerio ENSDART00000016350,  Danio rerio AAH59434, AAM88901, 
C. elegans NP_491245   ENSDART00000008287,   AAH72713, AAQ97775 
D. melanogaster CG3127   NP_957318,   Eptatretus burgeri BAA88479 
Ciona intestinalis ENSCINP00000004571   NP_001002630  Lethenteron reissneri BAA88483, BAA88482 
   Takifugu rubripes SINFRUP00000143399,  Polypterus senegalus tbs 
    SINFRUP00000144165,  Takifugu rubripes SINFRUP00000150208, 
    SINFRUP00000168929,   SINFRUP00000131536, 
    SINFRUP00000139469   SINFRUP00000156170, 
   Tetraodon nigroviridis GSTENP00029715001,   SINFRUP00000169571 
    GSTENP00016506001,  Tetraodon nigroviridis CAF8980, CAF9382,  
    GSTENP00026289001,   CAG0691, CAF9063 
    GSTENP00011651001  Typhlonectes natans tbs 
   C. elegans NP_492409  C. elegans NP_001022349 
   D. melanogaster NP_524546  D. melanogaster EAL33991 
   Ciona intestinalis ENSCINP00000016603  Ciona intestinalis ENSCINP00000015064 
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Appendix A5: GenBank, JGI, ENSEMBL accession numbers 
of the amino acid sequences used for the phylogenetic analyses 
in Chapter V. 
 

Pyruvate kinase (PK)     

Homo sapiens NP_000289, NP_872270       
Mus musculus ENSMUSP00000034834,       
 ENSMUSP00000035417       
Gallus gallus P00548       
Rattus norvegicus ENSRNOP00000015398,       

 ENSRNOP00000027700       
Xenopus laevis Q92122, AAH60485       
Xenopus tropicalis ENSXETP00000011367,       
 ENSXETP00000028820       
Danio rerio ENSDARP00000006300,       
 ENSDARP00000017190,       
 ENSDARP00000061565       
Takifugu rubripes SINFRUP00000128238,       
 SINFRUP00000129186,       

 SINFRUP00000141035       
Tetraodon nigroviridis GSTENP00012066001,       
 GSTENP00015375001,       
 GSTENP00025632001       
C. elegans NP_492458       
D. melanogaster O62619       
Ciona intestinalis ENSCINP00000008552       
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Appendix A6: List of asymmetric divergent genes of Tetraodon nigroviridis with significantly lower distance 
to the human ortholog than other fish species (Chapter VI). 

 

GeneBank Acc# 
annotation according to human (UniGene) 

CAF87120 NP_061917 hypothetical protein FLJ10996  
CAG14082 NP_036463 methionine sulfoxide reductase A; peptide met (O) reductase 
CAF91195 NP_003448 zinc finger protein 207  
CAF91040 NP_055819 exosome component 7  
CAF91601 NP_113678 peroxisomal lon protease  
CAF90334 NP_056132 pumilio homolog 2; pumilio (Drosphila) homolog 2  
CAF95463 XP_371246 PREDICTED: hypothetical protein FLJ21156  
CAF94681 NP_001395 eukaryotic translation elongation factor 1 gamma; elongation factor 
CAF92823 NP_079230 ubiquitin domain containing 1  
CAG01933 NP_003706 vesicle docking protein p115; transcytosis-associated protein 
CAG01183 NP_001893 cystathionase isoform 1; homoserine deaminase; homoserine 
CAG02866 NP_115920 kin of IRRE like 3  
CAF96262 NP_003309 TTK protein kinase  
CAG03725 NP_036272 solute carrier family 25 (mitochondrial carrier; dicarboxylate 
CAG05711 NP_005725 homeodomain interacting protein kinase 3; homeodomain-interacting 
CAG02777 NP_057036 RWD domain containing 1; PTD013 protein; CGI-24 protein 
CAF98158 NP_054836 PRO0149 protein  
CAG10808 NP_060705 CNDP dipeptidase 2 (metallopeptidase M20 family); cytosolic 
CAF98538 NP_077284 hypothetical protein MGC4172  
CAF98584 NP_068375 vacuolar protein sorting 11 (yeast homolog); vacuolar protein 
CAG08659 NP_005739 YY1 associated factor 2  
CAG08776 NP_078974 mitochondrial glutamate carrier 1  
CAG08510 NP_116052 ubiquitin specific protease 30  
CAG07399 NP_002323 low density lipoprotein-related protein 1; alpha-2-macroglobulin 
CAG03960 NP_079423 hypothetical protein FLJ13448  

 
 
 
 

Appendix A7: List of asymmetric divergent genes of Tetraodon nigroviridis with significantly higher 
distance to the human ortholog than other fish species (Chapter VI). 

 

GeneBank Acc# 
annotation according to human (UniGene) 

CAF92520 NP_055262 ADP-ribosylation factor interacting protein 1 (arfaptin 1) 
CAF91538 XP_375074 PREDICTED: KIAA0391  
CAF94283 NP_004143 ornithine decarboxylase antizyme 1; antizyme 1  
CAF87029 NP_694558 hypothetical protein FLJ30596  
CAF93255 NP_006463 thioredoxin interacting protein; upregulated by 
CAF91349 NP_653321 multiple coiled-coil GABABR1-binding protein  
CAF96622 NP_057178 COMM domain containing 2; HSPC042 protein  
CAF95451 NP_001640 apical protein of Xenopus-like; APX homolog of Xenopus 
CAF96104 NP_009200 syntaxin binding protein 3; syntaxin 4 binding protein  
CAF95852 NP_110396 N-acetylneuraminate pyruvate lyase; dihydrodipicolinate synthase 
CAG01934 NP_987100 Ras-GTPase activating protein SH3 domain-binding protein 2 isoform 
CAG01161 NP_056099 KIAA0467 protein  
CAF96336 NP_055512 C-terminal PDZ domain ligand of neuronal nitric oxide synthase 
CAG05951 NP_000685 aldehyde dehydrogenase 3B1; aldehyde dehydrogenase 7  
CAG05961 NP_002530 ornithine decarboxylase 1  
CAG00619 NP_612451 hypothetical protein BC013949  
CAG04864 NP_060284 hypothetical protein FLJ20422  
CAG12701 XP_033371 PREDICTED: chromosome 14 open reading frame 120  
CAG10304 NP_689601 hypothetical protein FLJ33282  
CAG01778 NP_699193 hypothetical protein MGC46520; chromosome 6 open reading frame 158 
CAG12647 XP_379784 PREDICTED: similar to GLCCI1 protein  
CAG03482 NP_079415 hypothetical protein ARM  
CAG13224 NP_056415 chromosome 20 open reading frame 22  
CAF97249 NP_001955 early growth response 1; nerve growth factor-induced protein A 
CAG10182 NP_000129 fibrillin 1  
CAG07155 NP_060557 hypothetical protein FLJ10407  
CAG09219 NP_000417 laminin alpha 2 subunit precursor; laminin M; merosin heavy chain 
CAG08008 NP_057191 zinc finger RNA binding protein; M-phase phosphoprotein homolog  
CAG08514 NP_066289 ubiquitin C  
CAG06627 NP_004299 Rho GTPase activating protein 1; CDC42 GTPase-activating protein 
CAG09658 NP_000104 torsin A  
CAF97571 NP_620309 B-cell lymphoma 6 protein; B-cell CLL/lymphoma-6 
CAG07575 NP_073585 tensin-like SH2 domain containing 1; tensin-like SH2 
CAG05261 NP_001873 corticotropin releasing hormone binding protein; corticotropin 
CAG10556 NP_064627 kinesin-like 7; kinesin-like protein 2  
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Appendix A8: List of asymmetric divergent genes of Takifugu rubripes with significantly lower distance to 
the human ortholog than other fish species (Chapter VI). 

 
 

JGI Acc# 
annotation according to human (UniGene) 

FRUP00000128255 NP_861448 SMILE protein  
FRUP00000128906 NP_060528 cartilage acidic protein 1; chondrocyte expressed protein 68 kDa 
FRUP00000129629 NP_001381 dystrobrevin alpha isoform 1; dystrophin-related protein 3  
FRUP00000129698 NP_055686 ubiquitin specific protease 52; PABP-dependent poly(A) nuclease 2 
FRUP00000129950 NP_004474 glycine cleavage system protein H (aminomethyl carrier)  
FRUP00000130435 XP_043863 PREDICTED: similar to RIKEN cDNA 9930036E21 gene  
FRUP00000130779 NP_078836 FLJ21963 protein  
FRUP00000132018 NP_000062 cystathionine-beta-synthase; serine sulfhydrase; beta-thionase 
FRUP00000132064 XP_376350 PREDICTED: Rap guanine nucleotide exchange factor (GEF) 2  
FRUP00000132065 NP_006310 CDP-diacylglycerol--inositol 3-phosphatidyltransferase isoform 1 
FRUP00000132409 NP_004246 cytochrome c oxidase subunit Va precursor; cytochrome c oxidase 
FRUP00000133083 NP_001939 dUTP pyrophosphatase  
FRUP00000133087 NP_060662 leprecan-like 1; myxoid liposarcoma associated protein 4 
FRUP00000133159 NP_818932 erythrocyte membrane protein band 4.1-like 1 isoform b; neuron-type 
FRUP00000133686 NP_001974 excision repair cross-complementing 1 isofrom 2  
FRUP00000133839 NP_006810 stress-induced-phosphoprotein 1 (Hsp70/Hsp90-organizing protein) 
FRUP00000134119 NP_060867 choline dehydrogenase  
FRUP00000134740 NP_057376 tumor necrosis factor type 1 receptor associated protein 
FRUP00000135019 NP_006693 neuropathy target esterase  
FRUP00000136741 NP_008957 dual specificity phosphatase 14; MKP-1 like protein tyrosine 
FRUP00000139307 NP_077002 hypothetical protein MGC955  
FRUP00000140706 NP_009009 LIM domain binding 3; Z-band alternatively spliced PDZ-motif 
FRUP00000140918 NP_803133 phosphatidic acid phosphatase type 2B; phosphatidic acid 
FRUP00000140923 NP_004570 mitogen-activated protein kinase kinase kinase kinase 2; Rab8 
FRUP00000142943 NP_001101 a disintegrin and metalloprotease domain 10  
FRUP00000143454 NP_055045 signal recognition particle 68kDa  
FRUP00000143706 NP_004499 isopentenyl-diphosphate delta isomerase; IPP isomerase  
FRUP00000143840 NP_110382 thioredoxin domain containing; thioredoxin-related transmembrane 
FRUP00000144209 NP_001327 cathepsin Z preproprotein; cathepsin X precursor; preprocathepsin 
FRUP00000144902 NP_062829 calcium binding protein 5  
FRUP00000145043 XP_375456 PREDICTED: hypothetical protein DKFZp761G2113  
FRUP00000145071 NP_005947 methylenetetrahydrofolate dehydrogenase 1 
FRUP00000146010 NP_006773 zinc finger protein-like 1; zinc-finger protein in MEN1 region 
FRUP00000146416 NP_778231 juxtaposed with another zinc finger gene 1; TAK1-interacting 
FRUP00000148287 XP_291222 PREDICTED: DKFZP586J0619 protein  
FRUP00000148346 NP_037451 transitional epithelia response protein  
FRUP00000149078 NP_054782 drebrin-like; src homology 3 domain-containing protein HIP-55  
FRUP00000150535 NP_002221 junction plakoglobin; gamma-catenin; catenin  
FRUP00000151439 NP_055876 jumonji domain containing 2C; gene amplified in squamous cell 
FRUP00000151654 NP_001907 cytochrome c-1  
FRUP00000152526 NP_001689 AU RNA-binding protein/enoyl-Coenzyme A hydratase precursor 
FRUP00000154905 NP_443183 terminal deoxynucleotidyltransferase interacting factor 1 
FRUP00000156102 NP_006322 C2f protein  
FRUP00000156478 NP_116027 GATA binding protein 2; GATA-binding protein 2  
FRUP00000157004 NP_004136 myosin IXB  
FRUP00000157499 NP_733466 regulator of G-protein signalling 20; regulator of Gz-selective 
FRUP00000157532 NP_004618 tryptophan rich basic protein; congenital heart disease 5 protein 
FRUP00000159300 NP_065433 adenylate cyclase 2; ATP pyrophosphate-lyase 
FRUP00000159951 NP_061326 13kDa differentiation-associated protein 
FRUP00000160003 NP_009109 serine/threonine kinase receptor associated protein 
FRUP00000161350 XP_496546 PREDICTED: kelch repeat and BTB (POZ) domain containing 9  
FRUP00000161596 NP_987095 DEAD box polypeptide 42 protein; RNA helicase-like protein; SF3b125 
FRUP00000161887 NP_004126 isocitrate dehydrogenase 3 (NAD+) gamma isoform a precursor 
FRUP00000162556 NP_060739 membrane-type 1 matrix metalloproteinase cytoplasmic tail binding 
FRUP00000162595 NP_112179 FIP1-like 1; rearranged in hypereosinophilia  
FRUP00000162608 NP_067014 neurogenic differentiation 4  
FRUP00000162759 NP_000405 hydroxysteroid (17-beta) dehydrogenase 4  
FRUP00000165169 NP_775904 hypothetical protein FLJ90805  
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Appendix A9: List of asymmetric divergent genes of Takifugu rubripes with significantly higher distance to 
the human ortholog than other fish species (Chapter VI). 

 
JGI Acc# annotation according to human (UniGene) 

FRUP00000144178 NP_000051 biotinidase precursor  
FRUP00000134369 NP_000084 alpha 1 type V collagen preproprotein  
FRUP00000128173 NP_000087 ceruloplasmin (ferroxidase)  
FRUP00000165521 NP_000215 keratin 18; cytokeratin 18  
FRUP00000127640 NP_000387 cathepsin K preproprotein; cathepsin X; cathepsin O1; cathepsin O2 
FRUP00000129867 NP_000703 biliverdin reductase A  
FRUP00000148572 NP_000860 5-hydroxytryptamine (serotonin) receptor 3A isoform b precursor 
FRUP00000158231 NP_001232 cyclin T2 isoform a; cyclin T2a; cyclin T2b; SDS-stable 
FRUP00000158159 NP_001238 ectonucleoside triphosphate diphosphohydrolase 6; CD39-like 2 
FRUP00000139774 NP_001334 disabled homolog 2; mitogen-responsive phosphoprotein 
FRUP00000162226 NP_001601 lysosomal acid phosphatase 2 precursor  
FRUP00000143645 NP_001695 brain-specific angiogenesis inhibitor 3  
FRUP00000139096 NP_002151 tenascin C (hexabrachion); Hexabrachion (tenascin) 
FRUP00000153929 NP_002328 low density lipoprotein receptor-related protein associated protein 
FRUP00000131103 NP_002395 microfibrillar-associated protein 4; microfibril-associated 
FRUP00000161646 NP_002791 proteasome beta 9 subunit isoform 1 proprotein; proteasome-related 
FRUP00000151511 NP_003400 zinc finger protein 161 homolog 
FRUP00000151465 NP_003661 differentiated embryo chondrocyte expressed gene 1 
FRUP00000135860 NP_004070 cathepsin S preproprotein  
FRUP00000144318 NP_004384 dystroglycan 1 precursor; alpha-dystroglycan; Dystrophin-associated 
FRUP00000132337 NP_004534 nebulin  
FRUP00000155152 NP_005202 colony stimulating factor 1 receptor precursor; CD115 antigen; FMS 
FRUP00000138618 NP_005214 deoxyribonuclease I  
FRUP00000159393 NP_005224 ephrin receptor EphA3 isoform a precursor; eph-like tyrosine kinase 
FRUP00000150543 NP_005236 FAT gene product  
FRUP00000159806 NP_005633 TATA box-binding protein-associated factor 2F; TAF7 RNA polymerase 
FRUP00000154451 NP_005873 macrophage erythroblast attacher; erythroblast macrophage protein 
FRUP00000143167 NP_006258 RAN binding protein 2; nucleoporin 358; nuclear pore complex protein 
FRUP00000143799 NP_006658 progesterone receptor membrane component 1; progesterone binding 
FRUP00000157168 NP_006735 RBP4 gene product  
FRUP00000132356 NP_006801 for protein disulfide isomerase-related  
FRUP00000158136 NP_006843 tousled-like kinase 2; serine/threonine kinase; tousled-like kinase 
FRUP00000156726 NP_009111 trehalase (brush-border membrane glycoprotein)  
FRUP00000144075 NP_009135 DEAD (Asp-Glu-Ala-Asp) box polypeptide 20; DEAD-box protein DP103 
FRUP00000164640 NP_037452 host cell factor C2; host cell factor 2  
FRUP00000143675 NP_054861 nudix-type motif 5; nucleoside diphosphate linked moiety X-type 
FRUP00000161258 NP_055227 calcyclin binding protein  
FRUP00000138226 NP_055291 PDZ and LIM domain 3; alpha-actinin-2-associated LIM protein 
FRUP00000165229 NP_055472 KIAA0406 gene product  
FRUP00000140193 NP_055530 Rho GTPase-activating protein; RhoGAP involved in the 
FRUP00000156607 NP_055736 latrophilin 1; lectomedin-2  
FRUP00000128998 NP_056014 ankyrin repeat domain 28  
FRUP00000130545 NP_057001 glutathione transferase kappa 1; glutathione S-transferase subunit 
FRUP00000160056 NP_057019 CGI-01 protein isoform 1  
FRUP00000133120 NP_057216 myelin gene expression factor 2  
FRUP00000148750 NP_057226 steroid dehydrogenase homolog; 3-ketoacyl-CoA reductase  
FRUP00000146140 NP_057307 protein kinase C and casein kinase substrate in neurons 3 
FRUP00000150117 NP_057569 chromosome 6 open reading frame 55; My012 protein  
FRUP00000159307 NP_060480 estrogen-related receptor beta like 1; HIP1 protein interactor 
FRUP00000152190 NP_060833 chromosome 10 open reading frame 59  
FRUP00000164001 NP_060857 spermatid perinuclear RNA-binding protein  
FRUP00000141350 NP_060863 hypothetical protein FLJ11336  
FRUP00000156924 NP_060898 hepatocellular carcinoma-associated antigen 66  
FRUP00000159600 NP_061917 hypothetical protein FLJ10996  
FRUP00000129889 NP_061921 HCV NS3-transactivated protein 1  
FRUP00000143684 NP_064507 potassium channel modulatory factor 1 
FRUP00000129554 NP_064555 nicalin; nicastrin-like protein  
FRUP00000158899 NP_066928 phospholipid scramblase 1  
FRUP00000138347 NP_067045 TcD37 homolog; prune  
FRUP00000147503 NP_071330 differentially expressed in FDCP 6 homolog; IRF4-binding protein 
FRUP00000146283 NP_071350 chromosome 14 open reading frame 133  
FRUP00000146080 NP_110378 transcription factor 8 (represses interleukin 2 expression) 
FRUP00000161888 NP_112174 tripartite motif-containing 8; ring finger protein 27 
FRUP00000149115 NP_112573 HMG-box transcription factor TCF-3  
FRUP00000135046 NP_542400 hypothetical protein MGC9564  
FRUP00000143016 NP_660202 similar to CG3714 gene product  
FRUP00000139310 NP_660348 mitochondrial solute carrier protein  
FRUP00000147385 NP_689584 hypothetical protein MGC26818  
FRUP00000143171 NP_689742 G protein-coupled receptor 155  
FRUP00000150330 NP_776250 zinc transporter ZnT-8  
FRUP00000147595 NP_892017 interferon regulatory factor 2 binding protein 2  
FRUP00000140238 XP_085151 PREDICTED: YLP motif containing 1  
FRUP00000150434 XP_114303 PREDICTED: FERM domain containing 4B  
FRUP00000147544 XP_370618 PREDICTED: hypothetical protein FLJ20294  
FRUP00000131153 XP_372038 PREDICTED: hypothetical protein FLJ32731  
FRUP00000154528 XP_374996 PREDICTED: AMPK-related protein kinase 5  
FRUP00000143731 XP_376525 PREDICTED: zinc finger and BTB domain containing 24  
FRUP00000127095 XP_376652 PREDICTED: distal-less homeo box 6  
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Appendix A10: List of asymmetric divergent genes of Tetraodon nigroviridis and Takifugu rubripes with 
significantly lower distance to the human ortholog than other fish species (Chapter VI). 

 
JGI Acc# GeneBank Acc# annotation according to human (UniGene) 

FRUP00000136080 CAG12906 NP_000118 exostosin 1 
FRUP00000147506 CAG04790 NP_004168 syntaxin 3A 
FRUP00000132184 CAG12160 NP_005567 lysyl oxidase-like 1 
FRUP00000136563 CAF89330 NP_005721 nuclear LIM interactor-interacting factor 2 
FRUP00000163237 CAF90351 NP_006708 spindlin  
FRUP00000127131 CAF99488 NP_009049 triple functional domain (PTPRF interacting) 
FRUP00000139282 CAG00079 NP_058625 chloride intracellular channel 5 
FRUP00000150654 CAF90397 NP_060113 mbt domain containing 1  
FRUP00000137831 CAF91044 NP_062825 fibroblast growth factor 20 
FRUP00000156028 CAG07128 NP_065699 twisted gastrulation  
FRUP00000130264 CAG08921 NP_065842 serine/threonine protein kinase TAO1 homolog; STE20-like kinase 
FRUP00000151490 CAF96898 NP_065924 leucine rich repeat neuronal 1  
FRUP00000141647 CAF97238 NP_068579 SEC8 protein; exocyst complex component 4; secretory protein SEC8 
FRUP00000136434 CAF97420 NP_079272 mitochondrial elongation factor G1; elongation factor G1 
FRUP00000130105 CAF95949 NP_079351 hypothetical protein FLJ23445  
FRUP00000162856 CAG11714 NP_110426 golgi membrane protein SB140; smooth muscle cell associated protein 
FRUP00000145525 CAG00266 NP_115501 hypothetical protein DKFZp564D0478  
FRUP00000139600 CAF96302 NP_848634 TAFA2  
FRUP00000129212 CAF96493 NP_940839 serine/threonine protein kinase 6; aurora-A; IPL1-related kinase 

 
 
 
 

Appendix A11: List of asymmetric divergent genes of Tetraodon nigroviridis and Takifugu rubripes with 
significantly higher distance to the human ortholog than other fish species (Chapter VI). 

 
 

JGI Acc# GeneBank Acc# annotation according to human (UniGene) 
FRUP00000133413 CAG11348 NP_001989  fibulin 2 precursor; Fibulin-2  
FRUP00000146417 CAF99414 NP_006015  Tax1 (human T-cell leukemia virus type I) binding protein 1 
FRUP00000163281 CAF92734 NP_006604  GRB2-related adaptor protein; growth factor receptor-bound protein 
FRUP00000146457 CAF90574 NP_054727  JM1 protein  
FRUP00000131671 CAG06859 NP_055816  SMART/HDAC1 associated repressor protein; Msx2 interacting nuclear 
FRUP00000159381 CAG00591 NP_062552  hypothetical protein FLJ20257  
FRUP00000153117 CAG10911 NP_064714  pappalysin 2 isoform 1; pregnancy-associated plasma preproprotein-A2 
FRUP00000138347 CAF90087 NP_067045  TcD37 homolog; prune 
FRUP00000158273 CAG01232 NP_071918  zinc finger protein 106 homolog; zinc finger protein 106 homolog 
FRUP00000132611 CAG10551 NP_071940  chromosome 14 open reading frame 135; F protein-binding protein 2 
FRUP00000138063 CAG05824 NP_078824  hypothetical protein FLJ23047 
FRUP00000131405 CAG06666 NP_078857  chromosome 6 open reading frame 60  
FRUP00000144899 CAF88516 NP_116219  cirhin; testis expressed gene 292  
FRUP00000161684 CAG10926 NP_777596  proprotein convertase subtilisin/kexin type 9 preproprotein; neural 
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Appendix A12: List of asymmetric divergent genes of Danio rerio with significantly lower distance to the 
human ortholog than other fish species (Chapter VI). 

 
Ensembl Acc# 

annotation according to human (UniGene) 

ENSDARP00000000426  NP_061845 ganglioside-induced differentiation-associated protein 1 
ENSDARP00000001039  NP_116062 hypothetical protein MGC10882  
ENSDARP00000002077  NP_775740 hypothetical protein LOC92912  
ENSDARP00000002088  NP_036347 meningioma expressed antigen 5 (hyaluronidase) 
ENSDARP00000002978  NP_002070 aspartate aminotransferase 1  
ENSDARP00000003385  NP_056014 ankyrin repeat domain 28  
ENSDARP00000003460  NP_113671 itchy homolog E3 ubiquitin protein ligase; atrophin-1 interacting 
ENSDARP00000005886  NP_877952 arsenate resistance protein ARS2 isoform b 
ENSDARP00000006171  NP_004459 four and a half LIM domains 3  
ENSDARP00000006783  NP_619579 cofilin 2  
ENSDARP00000007120  NP_060793 phosphatidylinositol 4-kinase type-II beta 
ENSDARP00000007480  NP_064627 kinesin-like 7; kinesin-like protein 2  
ENSDARP00000007485  NP_003913 guanine nucleotide exchange factor p532  
ENSDARP00000008117  NP_056515 HIRA interacting protein 5; iron-sulfur cluster scaffold protein 
ENSDARP00000008926  NP_061120 MAP/microtubule affinity-regulating kinase 1  
ENSDARP00000009000  NP_002754 prospero-related homeobox 1  
ENSDARP00000009304  NP_004795 WD40 protein Ciao1  
ENSDARP00000009789  NP_057671 chromobox homolog 3; heterochromatin protein HP1 gamma; HP1 gamma 
ENSDARP00000010282  NP_004090 stomatin isoform a; erythrocyte membrane protein band 7.2 
ENSDARP00000010419  NP_005871 DnaJ subfamily A member 2; cell cycle progression 3 protein; HIRA 
ENSDARP00000012263  NP_054762 DKFZP564O123 protein  
ENSDARP00000014083  NP_079011 F-box protein 31; putative breast cancer tumor-suppressor; MGC15419 
ENSDARP00000014426  NP_005332 GLI-Kruppel family member HKR3  
ENSDARP00000014918  NP_004512 kinesin family member 5B; kinesin 1 (110-120kD)  
ENSDARP00000015026  NP_008878 signal recognition particle 72kDa  
ENSDARP00000015333  NP_940965 Similar to RIKEN cDNA 1810038N08 gene  
ENSDARP00000016016  NP_055153 phosphatidylserine decarboxylase  
ENSDARP00000016111  NP_001652 ADP-ribosylation factor 4-like; ADP-ribosylation factor-like 6 
ENSDARP00000016540  NP_065120 RAB25  
ENSDARP00000017570  NP_055467 importin 13; Ran binding protein 13; karyopherin 13  
ENSDARP00000017756  NP_620482 myosin IIIB  
ENSDARP00000017919  NP_075391 FLJ21919 protein  
ENSDARP00000018086  NP_057192 androgen-induced 1; androgen induced protein; CGI-103 protein  
ENSDARP00000020960  NP_057121 CGI-94 protein  
ENSDARP00000021263  NP_005069 transducin-like enhancer protein 3; transducin-like enhancer of 
ENSDARP00000022353  NP_055055 LIM domains containing 1  
ENSDARP00000022377  NP_079532 HLA-B associated transcript 8 BAT8 isoform b; G9A histone 
ENSDARP00000023471  NP_055976 ADP-ribosylation factor-like 6 interacting protein  
ENSDARP00000023764  NP_006383 nucleolar protein 5A; nucleolar protein 5A (56kD with KKE/D repeat) 
ENSDARP00000023807  NP_055268 putative breast adenocarcinoma marker  
ENSDARP00000023828  NP_115834 PHD-like zinc finger protein  
ENSDARP00000024082  NP_004035 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP 
ENSDARP00000024124  NP_001607 activin A type II receptor precursor  
ENSDARP00000024204  NP_919415 vesicle-associated membrane protein-associated protein A isoform 2 
ENSDARP00000024552  NP_002121 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (soluble 
ENSDARP00000025226  NP_002789 proteasome beta 6 subunit; proteasome subunit Y; proteasome subunit 
ENSDARP00000025370  NP_005708 actin related protein 2/3 complex subunit 5; Arp2/3 protein complex 
ENSDARP00000025487  NP_056249 DKFZP434B168 protein  
ENSDARP00000025803  NP_002994 SEC14 (S. cerevisiae)-like 1  
ENSDARP00000026312  NP_001454 frizzled-related protein; Fritz; Frzb-1; fre; frizzled (Drosophila) 
ENSDARP00000026380  NP_056157 KIAA0073 protein  
ENSDARP00000026984  NP_110517 beta catenin-like 1; chromosome 20 open reading frame 33 
ENSDARP00000027703  NP_065806 tumor differentially expressed 2  
ENSDARP00000033448  NP_005771 lipoma HMGIC fusion partner  
ENSDARP00000034972  NP_003861 IQ motif containing GTPase activating protein 1; rasGAP-like with IQ 
ENSDARP00000035170  NP_113619 component of golgi transport complex 3; tethering factor SEC34 
ENSDARP00000035342  XP_035825 PREDICTED: KIAA0143 protein  
ENSDARP00000035845  NP_056415 chromosome 20 open reading frame 22  
ENSDARP00000035932  NP_859074 hypothetical protein LOC286097  
ENSDARP00000037454  NP_849163 ring finger protein 166; hypothetical zinc finger protein MGC2647 
ENSDARP00000038219  NP_002932 roundabout 1 isoform a; roundabout 1; axon guidance receptor  
ENSDARP00000038278  NP_001776 cytidine deaminase  
ENSDARP00000038616  NP_000150 glutaryl-Coenzyme A dehydrogenase isoform a precursor 
ENSDARP00000038907  NP_005907 minichromosome maintenance protein 7 isoform 1; DNA replication 
ENSDARP00000039044  NP_056170 joined to JAZF1  
ENSDARP00000039499  NP_115500 haloacid dehalogenase-like hydrolase domain containing 2 
ENSDARP00000041136  NP_002071 aspartate aminotransferase 2 precursor  
ENSDARP00000041858  NP_065752 KIAA1160 protein  
ENSDARP00000043210  NP_055776 rap2 interacting protein x  
ENSDARP00000043512  XP_371074 PREDICTED: putative ankyrin-repeat containing protein  
ENSDARP00000044308  NP_510965 fuse-binding protein-interacting repressor isoform a; siah binding 
ENSDARP00000045797  NP_631895 adenosine monophosphate deaminase 2 (isoform L)  
ENSDARP00000046992  NP_055733 carbohydrate (chondroitin) synthase 1; chondroitin synthase  
ENSDARP00000047218  NP_001625 S-adenosylmethionine decarboxylase 1 precursor 
ENSDARP00000047608  NP_006244 AMP-activated protein kinase beta 1 non-catalytic subunit 
ENSDARP00000047722  NP_742067 similar to F10G7.10.p  
ENSDARP00000048716  NP_036396 chromosome 22 open reading frame 5  
ENSDARP00000048880  NP_000812 gamma-glutamyl carboxylase  
ENSDARP00000049098  NP_004228 thyroid hormone receptor interactor 13; thyroid receptor 
ENSDARP00000049611  NP_009128 frizzled 10; frizzled 10 precursor; frizzled (Drosophila) homolog 
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Appendix A13: List of asymmetric divergent genes of Danio rerio with significantly higher distance to the 
human ortholog than other fish species (Chapter VI). 

 

Ensembl Acc# 
annotation according to human (UniGene) 

ENSDARP00000044235  NP_612403 hypothetical protein BC008217  
ENSDARP00000005405  NP_061940 hypothetical protein FLJ10613  
ENSDARP00000022032  NP_689656 retinol dehydrogenase 12 (all-trans and 9-cis)  
ENSDARP00000017530  NP_112225 ring finger protein 146; 2610509H23Rik; dactylidin  
ENSDARP00000049133  NP_076983 hypothetical protein MGC3162  
ENSDARP00000043042  NP_065803 G protein-coupled receptor 158  
ENSDARP00000012594  NP_056183 pannexin 1; MRS1 protein; innexin  
ENSDARP00000042393  NP_057165 palladin; CGI-151 protein  
ENSDARP00000028345  NP_037511 dipeptidyl peptidase 7 preproprotein; quiescent cell proline 
ENSDARP00000046430  NP_000405 hydroxysteroid (17-beta) dehydrogenase 4  
ENSDARP00000036344  NP_056495 chromosome 2 open reading frame 24  
ENSDARP00000050435  NP_110382 thioredoxin domain containing; thioredoxin-related transmembrane 
ENSDARP00000034339  NP_005345 jun D proto-oncogene; transcription factor jun-D; JunD-FL isoform 
ENSDARP00000013013  NP_631918 KCCR13L  
ENSDARP00000006977  NP_060134 ankyrin repeat domain 10  
ENSDARP00000012660  NP_079131 ARP5 actin-related protein 5 homolog; ARP5 (actin-related protein) 
ENSDARP00000025744  XP_097886 PREDICTED: hypothetical protein XP_097886  
ENSDARP00000030663  NP_056311 DKFZP434I116 protein isoform 1  
ENSDARP00000049468  NP_004963 Janus kinase 2; tyrosine-protein kinase JAK2  
ENSDARP00000046025  NP_000497 coagulation factor II precursor; prothrombin  
ENSDARP00000014549  NP_000539 tuberous sclerosis 2 isoform 1; tuberin isoform 1; tuberin isoform 2 
ENSDARP00000038928  NP_006253 peripherin; neurofilament 4 (57kD)  
ENSDARP00000006884  NP_004514 kinesin family member 11; thyroid receptor interacting protein 5 
ENSDARP00000035334  NP_001631 N-acylaminoacyl-peptide hydrolase; acylaminoacyl-peptidase 
ENSDARP00000009932  NP_002609 peroxisome biogenesis factor 13  
ENSDARP00000040085  NP_009160 protein kinase C and casein kinase substrate in neurons 2; pacsin 2 
ENSDARP00000004933  NP_079105 hypothetical protein FLJ22662  
ENSDARP00000041984  NP_056517 chromosome 2 open reading frame 25  
ENSDARP00000048867  NP_055769 rabphilin 3A homolog  
ENSDARP00000018313  NP_004321 BCL2/adenovirus E1B 19kD interacting protein 2; BCL2/adenovirus E1B 
ENSDARP00000006061  NP_079228 chromosome 14 open reading frame 160  
ENSDARP00000023896  NP_733821 lamin A/C isoform 1 precursor; 70 kDa lamin; progeria 1 
ENSDARP00000018746  NP_060343 ankyrin repeat and SOCS box-containing 6 isoform 1  
ENSDARP00000023886  NP_056416 hect domain and RLD 4  
ENSDARP00000025759  NP_005782 M-phase phosphoprotein 10  
ENSDARP00000004443  NP_003309 TTK protein kinase  
ENSDARP00000045818  XP_291947 PREDICTED: similar to hephaestin  
ENSDARP00000026009  NP_071435 PP1201 protein  
ENSDARP00000004123  NP_001074 phosphodiesterase 5A isoform 1; cGMP-binding cGMP-specific 
ENSDARP00000049572  NP_005248 GATA binding protein 6; GATA-binding protein 6  
ENSDARP00000034390  NP_079425 hypothetical protein FLJ20920  
ENSDARP00000016765  NP_005300 glutamic-pyruvate transaminase (alanine aminotransferase)  
ENSDARP00000007458  NP_874365 scribble isoform a  
ENSDARP00000041441  NP_001135 autocrine motility factor receptor isoform a  
ENSDARP00000003579  NP_006304 ubiquitin specific protease 15; deubiquitinating enzyme  
ENSDARP00000046868  NP_858045 nuclear receptor coactivator 3 isoform a; amplified in breast 
ENSDARP00000038702  NP_115920 kin of IRRE like 3  
ENSDARP00000046172  NP_079100 nuclear protein UKp68 isoform 1  
ENSDARP00000009626  NP_006803 amplified in osteosarcoma  
ENSDARP00000050527  NP_000541 tyrosinase-related protein 1  
ENSDARP00000046451  NP_079107 PRIP-interacting protein PIPMT; PRIP-interacting protein  
ENSDARP00000034236  NP_055876 jumonji domain containing 2C; gene amplified in squamous cell 
ENSDARP00000025891  NP_002499 nidogen (enactin); Nidogen; nidogen (entactin)  
ENSDARP00000004251  NP_653185 hypothetical protein FLJ30525  
ENSDARP00000003415  NP_068775 glutamate receptor 6 isoform 1 precursor; excitatory amino acid 
ENSDARP00000019313  NP_001837 alpha 2 type IV collagen preproprotein; canstatin  
ENSDARP00000023514  NP_060573 leucine rich repeat containing 5; leucine-rich repeat-containing 5 
ENSDARP00000018351  NP_861454 collomin  
ENSDARP00000021392  NP_079123 transmembrane channel-like 7  
ENSDARP00000011386  NP_055203 hypothetical protein MGC29875  
ENSDARP00000046347  NP_005551 laminin alpha 5; laminin alpha-5 chain  
ENSDARP00000003022  NP_061335 kelch-like 9  
ENSDARP00000048028  NP_071407 cadherin related 23 isoform 1 precursor; cadherin-23; otocadherin 
ENSDARP00000049495  NP_077006 melanophilin  
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Appendix A14: List of asymmetric divergent genes of Oryzias latipes with significantly lower distance to the 
human ortholog than other fish species (Chapter VI). 

 
GeneBank Acc# annotation according to human (UniGene) 

AU167144  NP_003394 YY1 transcription factor  
AU167274  NP_000156 connexin 43; oculodentodigital dysplasia (syndactyly type III) 
AU167343  NP_056097 CLIP-associating protein 1; multiple asters 1  
AU167618  NP_004156 Ras-related associated with diabetes; RAS (RAD and GEM) like GTP 
AU167785  NP_055741 slit and trk like 3 protein; slit and trk like gene 3  
AU167800  NP_065759 solute carrier family 12 member 5; erythroid K-Cl cotransporter 2 
AU167923  NP_036433 atrophin-1 interacting protein 1; likely ortholog of mouse activin 
AU168600  NP_001356 postsynaptic density protein 95; discs large homolog 4 
AU169110  NP_653229 chromosome 20 open reading frame 140  
AU169163  NP_079455 plexin A2; plexin 2; plexin-A2  
AU169168  NP_000654 4-aminobutyrate aminotransferase precursor; GABA transferase 
AU169236  NP_055964 ral guanine nucleotide dissociation stimulator-like 1; RalGDS-like 
AU169784  NP_006651 ClpX caseinolytic protease X homolog 
AU170423  NP_004938 dedicator of cytokinesis 3; dedicator of cyto-kinesis 3 
AU170444  NP_060111 kinesin family member 21A; NY-REN-62 antigen  
AU170950  NP_055736 latrophilin 1; lectomedin-2  
AU171067  NP_002367 MAP/microtubule affinity-regulating kinase 3  
AU171249  NP_002232 potassium inwardly-rectifying channel J10; inward rectifier K+ 
AU171332  NP_008954 Rap guanine nucleotide exchange factor (GEF) 4; exchange protein 
AU171374  XP_166420 PREDICTED: phosphatase and actin regulator 1  
AU171447  NP_004647 BRCA1 associated protein-1; ubiquitin carboxy-terminal hydrolase 
AU171481  NP_003673 MAP-kinase activating death domain-containing protein isoform d 
AU176665  NP_006464 TAF6-like RNA polymerase II; p300/CBP-associated factor 
AU177030  NP_004662 protein inhibitor of activated STAT X isoform beta 
AU177167  NP_079170 hypothetical protein FLJ14075  
AU177176  NP_055566 metastasis suppressor 1; missing in metastasis  
AU177261  NP_006141 LIM domain only 6  
AU177627  NP_009055 utrophin; dystrophin-related protein  
AU177751  NP_443102 sorting nexin associated golgi protein 1; sorting nexin 18  
AU180234  NP_775105 SNF2 histone linker PHD RING helicase; 2610103K11Rik  
BJ004132  NP_004514 kinesin family member 11; thyroid receptor interacting protein 5 
BJ007726  NP_689742 G protein-coupled receptor 155  
BJ009104  NP_005515 hairy and enhancer of split 1; transcription factor HES-1 
BJ000038  NP_002530 ornithine decarboxylase 1  
BJ002908  NP_663788 Rho guanine nucleotide exchange factor 7 isoform b; SH3 
BJ002997  XP_291015 PREDICTED: likely homolog of rat kinase D-interacting substance 
BJ003764  NP_003609 mitogen-activated protein kinase kinase kinase kinase 3; germinal 
BJ008665  NP_008936 transducin-like enhancer protein 4; enhancer of split groucho 4 
BJ008783  NP_031401 TAR DNA binding protein; TAR DNA-binding protein-43  
BJ008810  NP_000457 peroxisome biogenesis factor 1  
BJ008817  NP_009160 protein kinase C and casein kinase substrate in neurons 2; pacsin 2 
BJ010925  NP_055833 KIAA1117 protein  
BJ011691  NP_004332 carbamoylphosphate synthetase 2/aspartate 
BJ012243  NP_073585 tensin-like SH2 domain containing 1; tensin-like SH2 
BJ012254  NP_001232 cyclin T2 isoform a; cyclin T2a; cyclin T2b; SDS-stable 
BJ012312  NP_004929 death-associated protein kinase 1  
BJ004544  NP_116045 DEAH (Asp-Glu-Ala-His) box polypeptide 37; DEAD/DEAH box helicase 
BJ000375  NP_004422 ephrin receptor EphA2; epithelial cell receptor protein tyrosine 
BJ001056  NP_653169 chromosome 14 open reading frame 9  
BJ004731  NP_055662 NICE-4 protein  
BJ005366  NP_079410 hypothetical protein FLJ12178  
BJ009760  NP_002304 actin-binding LIM protein 1 isoform a; actin-binding LIM protein 
BJ009771  XP_048747 PREDICTED: KIAA1223 protein  
BJ011904  NP_079047 hypothetical protein FLJ13848  
BJ012648  NP_065799 KIAA1287 protein  
BJ013377  NP_115612 ubiquitin specific protease 48; ubiquitin specific protease 31 
BJ014248  NP_004835 SH3-domain binding protein 5 (BTK-associated); SH3 binding protein 
BJ002146  NP_003122 serum response factor (c-fos serum response element-binding 
BJ005545  NP_055389 nuclear autoantigen; cell cycle S/G2 nuclear autoantigen  
BJ005642  NP_055630 thyroid hormone receptor-associated protein; thyroid hormone 
BJ005657  NP_079350 Fraser syndrome 1 isoform 1; extracellular matrix protein  
BJ005724  NP_036412 FtsJ homolog 1 isoform a; rRNA (uridine-2'-O-)-methyltransferase 
BJ006410  NP_061908 protocadherin 18 precursor; protocadherin 68-like protein  
BJ007259  NP_037528 ubiquitin specific protease 25; ubiquitin specific protease USP25 
BJ010058  NP_542768 intermediate filament-like protein MGC:2625 isoform 2; intermediate 
BJ013886  NP_061031 ubiquitin specific protease 49  
BJ000816  NP_005582 meiotic recombination 11 homolog A isoform 1; double-strand break 
BJ000842  XP_034594 PREDICTED: KIAA1604 protein  
BJ007320  NP_009135 DEAD (Asp-Glu-Ala-Asp) box polypeptide 20; DEAD-box protein DP103 
BJ007326  NP_003172 transcription factor T; T brachyury-like; T brachyury (mouse) 
BJ008255  XP_375553 PREDICTED: KIAA0963  
BJ008256  XP_371277 PREDICTED: similar to RIKEN cDNA C230093N12  
BJ011040  NP_005325 host cell factor C1 (VP16-accessory protein)  
BJ013919  NP_037452 host cell factor C2; host cell factor 2  
BJ013939  NP_002870 RAD52 homolog isoform alpha; recombination protein RAD52 
BJ011306  NP_002664 plexin B1; plexin 5; semaphorin receptor  
BJ020308  NP_031375 PAX transcription activation domain interacting protein 1 like 
BJ014506  NP_115635 hypothetical protein DKFZp434F054  
BJ021405  NP_714941 nucleoporin 62kDa; nuclear pore glycoprotein p62  
BJ017567  XP_033173 PREDICTED: protocadherin 19  
BJ025664  NP_054868 HSPC049 protein  
BJ025751  NP_787072 exocyst complex 84-kDa subunit  
AU240484  NP_000129 fibrillin 1  
AU242782  NP_695003 hypothetical protein MGC32065  
AU244152  NP_055986 exportin 6; RAN binding protein 20  
AJ457222  NP_003277 DNA topoisomerase I; type I DNA topoisomerase  
AJ457493  NP_055383 UDP-N-acetyl-alpha-D-galactosamine:polypeptide 
BJ493563  NP_699202 PDZ domain containing ring finger 1  
BJ493781  NP_004973 potassium inwardly-rectifying channel J8; inwardly rectifying 
BJ495426  NP_001388 endothelin converting enzyme 1  
BJ496901  NP_055784 KIAA0893 protein  
BJ497591  NP_000471 adenosine monophosphate deaminase (isoform E)  
BJ499461  NP_000427 3-oxoacid CoA transferase 1 precursor; succinyl-CoA:3-ketoacid-CoA 
BJ500895  NP_056986 progestin-induced protein; ubiquitin-protein ligase; hyperplastic 
BJ501370  NP_055966 DIP2-like protein isoform a; disco-interacting protein 2 (Drosophila) 
BJ501585  NP_064583 GK001 protein  
BJ502508  XP_097736 PREDICTED: chromosome 20 open reading frame 82  
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BJ503567  NP_062826 methyltransferase like 3; putative methyltransferase; 2310024F18Rik 
BJ506101  XP_499556 PREDICTED: hypothetical protein FLJ10747  
BJ507473  NP_958839 growth arrest-specific 7 isoform c  
BJ487313  NP_003301 tumor suppressing subtransferable candidate 1 
BJ488812  NP_114141 hemicentin; fibulin 6  
BJ489466  NP_001805 cathepsin C isoform a preproprotein; dipeptidyl-peptidase I 
BJ489868  NP_003588 TGFB inducible early growth response 2  
BJ489926  NP_005112 thyroid hormone receptor associated protein 1 
BJ490421  NP_054722 DEAH (Asp-Glu-Ala-His) box polypeptide 38; pre-mRNA splicing factor 
BJ490861  NP_004289 nucleoporin 155kDa isoform 2; nuclear pore complex protein Nup155 
BJ490986  XP_039796 PREDICTED: TRAF2 and NCK interacting kinase  
BJ512308  NP_945341 N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D  
BJ516424  NP_001026 ryanodine receptor 2  
BJ517069  NP_009169 peroxisomal membrane protein 4 isoform a; 24 kDa peroxisomal 
BJ517858  NP_005917 microfibrillar-associated protein 1  
BJ517869  NP_060857 spermatid perinuclear RNA-binding protein  
BJ518797  NP_061335 kelch-like 9  
BJ519069  NP_004244 phospholipase A2-activating protein 
BJ519269  NP_004321 BCL2/adenovirus E1B 19kD interacting protein 2; BCL2/adenovirus E1B 
BJ519895  NP_009060 zinc finger protein of the cerebellum 2; Zic family member 2 
BJ520045  NP_065901 Ran-binding protein 10  
BJ520537  NP_000181 hydroxymethylbilane synthase; porphobilinogen deaminase  
BJ522173  NP_001370 DNA (cytosine-5-)-methyltransferase 1; DNA methyltransferase 1 
BJ524171  NP_056201 component of oligomeric golgi complex 4; complexed with Dor1p; 
BJ524506  NP_000170 mutS homolog 6; G/T mismatch-binding protein; mutS (E. coli) homolog 
BJ525224  NP_060895 phosphatidylinositol 4-kinase type II  
BJ525915  NP_722523 sorting nexin 14 isoform a  
BJ526240  NP_002379 minichromosome maintenance protein 3; cervical cancer 
BJ527420  NP_003571 neutral sphingomyelinase (N-SMase) activation associated factor 
BJ527642  NP_065943 deltex 2; deltex (Drosophila) homolog 2  
BJ527988  NP_064505 UDP-glucose ceramide glucosyltransferase-like 1 
BJ530427  NP_065165 putative homeodomain transcription factor 2  
BJ537125  NP_056016 block of proliferation 1  
BJ539899  NP_008993 nuclear phosphoprotein similar to S. cerevisiae PWP1  
BJ540847  NP_064708 hypothetical protein DKFZp434K046  
BJ542973  NP_005137 squamous cell carcinoma antigen recognized by T cells 1; U4/U6.U5 
BJ543391  NP_000981 ribosomal protein L27a; 60S ribosomal protein L27a  
AB095501  NP_055748 SEC31-like 1 isoform 1; yeast Sec31p homolog; protein-transport 
BJ704133  NP_055478 jumonji domain containing 2A  
BJ704447  NP_005737 pre-B-cell colony enhancing factor 1 isoform a 
BJ704659  NP_056323 TCDD-inducible poly(ADP-ribose) polymerase  
BJ704694  NP_060631 NAD synthetase 1; glutamine-dependent NAD synthetase  
BJ705222  NP_002949 RYK receptor-like tyrosine kinase precursor; hydroxyaryl-protein 
BJ705340  NP_001109 type I adenylate cyclase activating polypeptide receptor precursor 
BJ706016  NP_060635 polybromo 1  
BJ706074  NP_002145 heat shock 70kDa protein 4 isoform a; heat shock 70kD protein 4 
BJ706077  NP_006416 step II splicing factor SLU7  
BJ706164  NP_061936 echinoderm microtubule associated protein like 4 
BJ706497  NP_055524 ubiquitin specific protease 34  
BJ706791  XP_027330 PREDICTED: RNA binding motif protein 25  
BJ707051  NP_061832 DAZ associated protein 1 isoform b; deleted in azoospermia 
BJ707934  NP_057569 chromosome 6 open reading frame 55; My012 protein  
BJ707948  NP_004032 arrestin beta 1 isoform A  
BJ707979  NP_056988 translation initiation factor IF2  
BJ708027  NP_003165 supervillin isoform 1; membrane-associated F-actin binding protein 
BJ708068  NP_073738 sperm protein SSP411; transcript increased in spermiogenesis 78 
BJ708573  NP_003899 eukaryotic translation initiation factor 2 beta; eukaryotic 
BJ708635  NP_002960 mitogen-activated protein kinase 12; p38gamma; stress-activated 
BJ709021  NP_110417 T-cell immunomodulatory protein  
BJ709423  NP_620148 ectonucleoside triphosphate diphosphohydrolase 8; apyrase 
BJ709607  NP_001922 dihydrolipoamide S-acetyltransferase (E2 component of pyruvate 
BJ709687  XP_379983 PREDICTED: similar to KIAA0010  
BJ709692  NP_006151 neurogenic differentiation 2  
BJ710203  XP_376680 PREDICTED: KIAA1718 protein  
BJ711169  NP_149989 hypothetical protein LOC92922  
BJ711261  NP_000541 tyrosinase-related protein 1  
BJ711276  NP_003070 SWI/SNF-related matrix-associated actin-dependent regulator 
BJ711340  NP_036461 monocyte to macrophage differentiation-associated  
BJ711358  NP_009204 repressor of estrogen receptor activity; B-cell associated protein 
BJ712018  NP_057191 zinc finger RNA binding protein; M-phase phosphoprotein homolog  
BJ712122  NP_542131 suppressor of actin mutations 2-like isoform a; dJ1033B10.5; SAC2 
BJ712436  NP_075067 vacuolar protein sorting 33A  
BJ712542  NP_002491 neurogenic differentiation 1; Neurogenic differentiation  
BJ712805  NP_009180 Kruppel-like factor 12 isoform a; KLF12 zinc finger transcriptional 
BJ713400  NP_006480 neuro-oncological ventral antigen 1 isoform 2; paraneoplastic Ri 
BJ713568  NP_064507 potassium channel modulatory factor 1; differentially expressed in 
BJ714237  NP_002582 cytosolic phosphoenolpyruvate carboxykinase 1; phosphoenolpyruvate 
BJ714382  NP_071903 limb region 1 protein; limb region 1  
BJ715164  NP_002878 arginyl-tRNA synthetase  
BJ715687  NP_057300 debranching enzyme homolog 1; debranching enzyme (S. Cerevisiae) 
BJ717464  NP_003240 thimet oligopeptidase 1  
BJ719118  NP_658985 apolipoprotein A-I binding protein; apoA-I binding protein  
BJ719534  NP_001121 amino-terminal enhancer of split isoform b  
BJ720039  XP_045423 PREDICTED: KIAA0701 protein  
BJ720872  NP_056380 zinc finger protein 294  
BJ721289  NP_001816 sarcomeric mitochondrial creatine kinase precursor; basic-type 
BJ723358  NP_006074 RED protein; RD element; prer protein; IK factor; 
BJ724303  NP_001924 dihydrolipoamide S-succinyltransferase (E2 component) 
BJ724521  NP_115497 implantation-associated protein  
BJ726625  NP_077022 mitogen-activated protein kinase associated protein 1; ras 
BJ727296  NP_694856 ankyrin repeat domain protein 15; kidney ankyrin repeat-containing 
BJ727744  NP_115607 hypothetical protein FLJ22875  
BJ728080  NP_733751 myeloid/lymphoid or mixed-lineage leukemia 3 
BJ728082  NP_001264 chromodomain helicase DNA binding protein 4; Mi-2b  
BJ728141  NP_055262 ADP-ribosylation factor interacting protein 1 (arfaptin 1) 
BJ726961  NP_057128 CGI-105 protein  
BJ728281  NP_055615 engulfment and cell motility 1 isoform 1; ced-12 homolog 1  
BJ728299  NP_003211 transcription factor AP-2 alpha; activating enhancer-binding 
BJ728451  NP_004586 spermine synthase; spermidine aminopropyltransferase  
BJ728665  NP_055596 Rb1-inducible coiled coil protein 1  
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BJ729021  NP_001096 activin A type I receptor precursor; hydroxyalkyl-protein kinase 
BJ729302  NP_004836 CTP:phosphocholine cytidylyltransferase b  
BJ729374  NP_000993 ribosomal protein P0; 60S acidic ribosomal protein P0 
BJ729829  NP_056203 chromosome 6 open reading frame 109; natural killer cell-specific 
BJ729946  NP_003015 intersectin 1 isoform ITSN-l; SH3 domain protein-1A 
BJ729976  NP_002309 lysyl oxidase-like 2  
BJ730502  NP_115604 male sterility domain containing 2  
BJ730543  NP_620309 B-cell lymphoma 6 protein; B-cell CLL/lymphoma-6 
BJ730728  NP_056416 hect domain and RLD 4  
BJ730756  NP_005603 RE1-silencing transcription factor; repressor binding to the X2 
BJ731205  NP_006631 MLL septin-like fusion; septin D1; MLL septin-like fusion 
BJ731438  NP_006345 transcriptional adaptor 3-like isoform a  
BJ732302  NP_004521 matrix metalloproteinase 2 preproprotein; gelatinase neutrophil 
BJ732615  NP_004963 Janus kinase 2; tyrosine-protein kinase JAK2  
BJ732869  NP_066025 CEGP1 protein  
BJ732904  XP_060020 PREDICTED: hypothetical protein BC016683  
BJ733043  NP_003244 T-cell lymphoma invasion and metastasis 1; human T-lymphoma invasion 
BJ733298  NP_036585 transducin (beta)-like 2 isoform 1; Williams-Beuren syndrome 
BJ733387  NP_000611 nitric oxide synthase 1 (neuronal)  
BJ733416  NP_149105 MADP-1 protein; U11/U12 snRNP 31K  
BJ733490  NP_006256 RAD21 homolog; protein involved in DNA double-strand break repair 
BJ733549  NP_055336 SH3-domain binding protein 4  
BJ734294  NP_009133 A-kinase anchor protein 10 precursor; dual-specificity A-kinase 
BJ734614  NP_004555 PET112-like; PET112 (yeast homolog)-like  
BJ734780  NP_005923 mitochondrial intermediate peptidase  
BJ734934  NP_055535 serine/threonine kinase 2; Ste20-like kinase; SNF1 sucrose 
BJ735209  NP_006627 methylene tetrahydrofolate dehydrogenase 2 precursor; NAD-dependent 
BJ735211  NP_056442 LDL receptor adaptor protein  
BJ735266  NP_001027 ryanodine receptor 3  
BJ735363  NP_057422 Ran binding protein 11  
BJ735367  NP_057515 mitogen-activated protein kinase 8 interacting protein 2 isoform 2 
BJ735433  NP_002102 huntingtin  
BJ735889  NP_079094 ubiquitin-activating enzyme E1-domain containing 1 isoform 1  
BJ736362  NP_003403 zinc finger protein of the cerebellum 1; Zic family member 1 
BJ736836  NP_005511 heterogeneous nuclear ribonucleoprotein H1  
BJ736871  NP_056051 latrophilin 3; latrophilin homolog 3 (cow); lectomedin 3  
BJ736888  NP_005095 bromodomain containing protein 2; female sterile homeotic-related 
BJ737008  NP_064555 nicalin; nicastrin-like protein  
BJ737046  NP_001339 death-associated protein kinase 3  
BJ737071  NP_116232 fibrinogen C domain containing 1  
BJ737305  NP_002871 v-raf-1 murine leukemia viral oncogene homolog 1 
BJ737548  NP_036322 formyltetrahydrofolate dehydrogenase isoform a  
BJ737706  NP_689559 hypothetical protein MGC34680  
BJ737712  NP_005299 G protein-coupled receptor kinase 5  
BJ738539  NP_005105 heparan sulfate D-glucosaminyl 3-O-sulfotransferase 1 precursor 
BJ738782  NP_057165 palladin; CGI-151 protein  
BJ739066  NP_061921 HCV NS3-transactivated protein 1  
BJ740453  NP_000897 natriuretic peptide receptor A/guanylate cyclase A 
BJ741424  NP_112506 chromosome 20 open reading frame 18 isoform 2 
BJ742023  NP_005324 holocytochrome c synthase (cytochrome c heme-lyase)  
BJ742359  NP_000480 transcriptional regulator ATRX isoform 1; DNA dependent ATPase 
BJ742416  NP_054727 JM1 protein  
BJ743130  NP_002435 moesin  
BJ746379  NP_116233 microtubule associated serine/threonine kinase-like  
BJ748332  NP_003128 SFRS protein kinase 1; SR protein kinase 1  
BJ748807  NP_659501 SH3 and cysteine rich domain 3  
AV668349  NP_114402 N-myc downstream-regulated gene 3 isoform a; N-myc 
AV668735  XP_047325 PREDICTED: Tho2  
AV668786  XP_374996 PREDICTED: AMPK-related protein kinase 5  
AV669002  NP_000515 5-hydroxytryptamine (serotonin) receptor 1A  
AV669139  NP_055683 ring finger protein 10  
AV670534  NP_149044 hippocampus abundant transcript 1; tetracycline transporter-like 
AV670555  NP_005706 uronyl-2-sulfotransferase; uronyl 2-sulfotransferase 
AV670991  NP_002219 v-jun avian sarcoma virus 17 oncogene homolog; Jun activation 
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Appendix A15: List of asymmetric divergent genes of Oryzias latipes with significantly higher distance to 
the human ortholog than other fish species (Chapter VI). 

 
GeneBank Acc# annotation according to human (UniGene) 

BJ518323  NP_055055 LIM domains containing 1  
AU172100  NP_003861 IQ motif containing GTPase activating protein 1; rasGAP-like with IQ 
BJ730618  NP_009009 LIM domain binding 3; Z-band alternatively spliced PDZ-motif 
BJ493186  NP_001101 a disintegrin and metalloprotease domain 10  
BJ728956  NP_000035 androgen receptor; dihydrotestosterone receptor  
BJ000112  NP_003864 neuropilin 1  
BJ713413  NP_000689 arachidonate 5-lipoxygenase  
AU169472  NP_055078 YME1-like 1 isoform 3; ATP-dependent metalloprotease FtsH1 homolog 
AJ410705  NP_005609 delta-like 1; delta-like 1 protein; delta (Drosophila)-like 1  
AU168298  NP_065170 similar to aspartate beta hydroxylase (ASPH)  
BJ705617  NP_001296 claudin 4; Clostridium perfringens enterotoxin receptor 1 
BJ730796  NP_116231 hypothetical protein FLJ14803  
AU170247  NP_055862 KIAA0090 protein  
BJ714458  NP_055295 zinc finger protein 544 
BJ738268  NP_055109 translocating chain-associating membrane protein 
BJ705015  NP_006722 fukutin  
BJ524561  NP_036440 F-box and leucine-rich repeat protein 11; F-box protein FBL11  
AU168617  XP_106386 PREDICTED: KIAA1345 protein  
BJ517379  NP_000254 alpha-N-acetylglucosaminidase  
BJ008666  NP_057345 delta-tubulin  
AU169692  XP_497656 PREDICTED: KIAA0962 protein  
BJ728505  XP_371078 PREDICTED: similar to Galectin-3 binding protein precursor 
BJ498785  NP_066192 claudin 9  
BJ025006  NP_776163 hypothetical protein MGC50559 
BJ502548  NP_002072 glypican 1 precursor  
BJ513172  XP_292184 PREDICTED: similar to immune-responsive gene 1  
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Appendix A16: GenBank, JGI, ENSEMBL accession numbers of the sequences and numbers of amino acids used for the phylogenetic analyses in Chapter VII. 
 
 

Homo 
sapiens 

A. 
thaliana 

C. 
elegans 

Canis 
familiaris 

Danio 
 rerio 

Drosophila  
melanogaster 

Gallus 
gallus 

Mus 
musculus 

Pan 
troglodytes 

Plasmodium 
falciparum 

Rattus 
norvegicus

S. 
cerevisisae

Takifugu 
rubripes 

Tetraodon 
nigroviridis Zea mays 

NP_064535 Q01474 NM_066777 XP_536379 NP_0010178
82 NM_142768 XP421589 NP_033146 NM_020150 Q8I1S0 NP_001007740 YPL218W FRUP 

00000152512 CAG08804 AAT06576 

NP_003874 Q9FML2 NM_060625 XP_535219 NP_957284 AF071559 AAB96925 NP_034541 AF059650 Q7K6A1 NP_445900 YNL330C FRUP 
00000133251 CAG00682 AAL33655 

NP_003331 Q9FKT3 BJ148403 ENSCAFP 
00000018123 NP_957253 NM_169601 CAG31534 NP_064296 NM_181838 Q8I607 NP_112516 YDR059C FRUP 

00000149088 CAG01241 AAB88617 

NP_002856 P92963 NM_074682 NP_001003318 NP_958862 NM_057742 CAA59004 NP_067493 NM_002865 Q8I5A9 XP_580091 YER031C FRUP 
00000151827 CAF90842 T04362 

NP_733765 Q9SY55 NM_066984 ENSCAFP 
00000025477 CAE50627 NM_166639 B40812 NP_033852 NM_001681 Q76NN8 Q63080 YGL167C FRUP 

00000159496 CAG12662 AAF73985 

NP_958842 Q9SN68 NM_063453 NP_001003261 NP_958909 NM_164477 CAG32679 NP_803130 NM_201434 Q8I274 XP_213463 YOR089C FRUP 
00000141255 CAF91320 T04362 

NP_002076 Q9SZ54 CK580807 XP_535237 NP_0010183
37 NM_139550 AF498316 NP_077160 ENSPTRP 

00000028904 Q8I5T2 XP_224652 YBR244W FRUP 
00000136183 CAG04852 AAT42154 

NP_005720 Q9SKQ0 U30943 ENSCAFP 
00000004533 NP_997923 NM_079049 XP421600 NP_598845 NM_203430 Q76NN7 XP_575932 YDR155C FRUP 

00000152535 CAF94597 AAA63403 

NP_002711 P48528 AB070573 XP_547067 NP_956022 NM_167703 BAA04481 NP_062648 NM_004156 Q8I2N2 XP_576714 YDL134C FRUP 
00000129116 CAG08800 AAA33545 

NP_001275 Q9SVL3 D76324 ENSCAFP 
00000000293 

NP_0010025
39 AY071026 CAG32151 NP_033811 NM_001284 Q8I4S9 XP_573606 YJL024C FRUP 

00000127147 CAG03113 NP_175219 

NP_998776 Q9FMU6 NM_069686 XP_532660 NP_957009 AY121712 XP416165 NP_598429 NM_005888 Q8I623 NP_620800 YER053C FRUP 
00000160005 CAF96756 BAA31583 

NP_005871 Q94AW8 NM_061169 XP_535319 NP_997830 NM_169519 XP414110 NP_062768 AF116720 Q8IL88 NP_114468 YNL064C FRUP 
00000140392 CAG03075 AAC08009 

NP_000273 Q42523 NM_076892 XP_534175 ENSDARP 
00000020266 BT010093 XP416970 NP_659093 X14608 Q8IKE1 NP_001009653 YBR208C FRUP 

00000158890 CAF96094 AAP78897 

NP_002037 Q9SAJ6 NM_076133 AAB18944 ENSDARP 
00000009462 AY094940 AAD02474 ENSMUSP 

00000071538 NM_002046 Q8IKK7 XP_342167 YJL052W FRUP 
00000142721 CAG12879 AAA87579 

NP_001419 Q9C9C4 NM_063499 XP_536606 NP_956989 BT014924 BAA07132 NP_075608 NM_001428 Q8IJN7 NP_036686 YGR254W FRUP 
00000150208 CAF89801 AAD04187 

NP_001649 Q9M1P5 AY519855 XP_537606 NP_958912 NM_057607 XP418504 NP_031503 NM_001658 Q7KQL3 NP_077064 YDL192W FRUP 
00000135473 CAF90670 P49076 

NP_001677 Q9C5A9 NM_065710 XP_531639 ENSDARP 
00000031487 NM_166808 CAG31468 NP_058054 NM_001686 Q8I0V2 NP_599191 YJR121W FRUP 

00000159323 CAG04958 AAA70268 

NP_000420 Q9LUT2 NM_068471 XP_532980 NP_956165 NM_164359 XP421512 NP_598414 NM_000429 Q7K6A4 ENSRNOP 
00000040349 YLR180W FRUP 

00000150744 CAF98686 AAL33587 

NP_002645 Q9FM97 NM_069628 XP_535531 NP_0010034
88 BT003180 AAA49020 NP_035229 NM_182470 Q6LF06 Q4JEI3 YAL038W FRUP 

00000141035 CAG05572 AAT41588 

NP_031381 P51818 NM_074225 ENSCAFP 
00000006693 NP_571403 AY122080 CAA49704 NP_032328 NM_007355 Q8IC05 XP_226898 YPL240C FRUP 

00000145961 CAG03540 A48426 
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Chapter I:  
 
Figure 1.1 produced by Axel Meyer and Walter Salzburger (University of Konstanz). 
 
Figure 1.2 produced by Walter Salzburger, Tanja Mack, Axel Meyer (University of Konstanz) 
and Eric Verheyen (Royal Belgian Institute of Natural Sciences, Brussels). 
 
Figure 1.3 produced by Simone Högg and Axel Meyer (University of Konstanz). 
 
 
Chapter V: 
 
Figure 5.1 produced by Simone Högg (University of Konstanz). 
 
Figure 5.2 produced by Simone Högg (University of Konstanz) and myself. 
 
Table 5.1 produced by Simone Högg (University of Konstanz). 
 
 
Chapter VII: 
 
Figure 7.1 produced by Walter Salzburger (University of Konstanz) and myself. 
 
Figure 7.2 produced by Walter Salzburger (University of Konstanz) and myself. 
 
Figure 7.3 produced by Walter Salzburger (University of Konstanz) and myself. 
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