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General Introduction

General Introduction
Modern biology in general and molecular biology in particular have contributed
substantially to our understanding of the basic processes of life on earth. The ability to
determine DNA and protein sequences as well as three-dimensional structures of proteins,
and the functional consequences of changes at the amino acid level, provide us with a
plethora of information.
For the last fifty years, first amino acid, and later also DNA, sequences have been used
for the inference of phylogenetic relationships among organisms (Zuckerkandl and Pauling
1965), resolving unknown branches in the tree of life. As a consequence, it is now possible
to reconstruct the evolution of biological structures and morphological and behavioral
characters, and to study adaptation at the molecular level. Advances in sequencing
technologies as well as in computer algorithms made it possible to sequence the complete
genomes of model organisms such as the fruit fly (Drosophila melanogaster) (Adams et al.
2000) and a nematode (Caenorhabditis elegans) (C. elegans Sequencing Consortium 1998)
in the beginning, followed by many more species including human (Homo sapiens) (Lander
et al. 2001; Venter et al. 2001), mouse (Mus musculus) (Waterston et al. 2002), rat (Rattus
norvegicus) (Gibbs et al. 2004), frog (Xenopus tropicalis) (Joint Genome Institute,
http://genome.jgi-psf.org/Xentr4/Xentr4.home.html), zebrafish (Danio rerio) and two
pufferfish species (Takifugu rubripes (Aparicio et al. 2002), and Tetradodon nigroviridis
(Jaillon et al. 2004)). Obviously, this list is far from complete, and there are, for example,
many more mammalian taxa in progress.
The first set of sequenced genomes led to a series of unexpected observations. It
appeared that all genomes comprise a common toolkit in the form of a general distribution
of most gene families even if the number of gene family members shows a large variation
between taxa (Carroll et al. 2001). The total number of genes contained in genomes does not
differ as much as expected, even though, in many gene families, the number and assignment
of genes implies the existence of large-scale duplication events in the vertebrate lineage
(20,000 – 25,000 genes in humans (International Human Genome Sequencing Consortium
2004), 20,000 in C. elegans, 14,000 in D. melanogaster). In general, the hypothesis that
higher complexity is correlated to the number of genes could not be confirmed.
Originally, there were two hypotheses as to how new gene functions could evolve.
According to influential publications such as “Evolution by genome duplication” by
Susumo Ohno (1970) as well as earlier theories (Stephens 1951), it was proposed that a new
4
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gene function can only arise when a gene is duplicated, so that one copy can continue the
original function while the other one is free to evolve a new function, for example, a new
expression pattern. Other researchers proposed regulatory evolution as the key to innovation
and variation (Carroll 2005). During the last years, the emerging research field of
Evolutionary Development has formed, bringing together evolutionary and developmental
biologists. Now, comparative approaches between different organisms include not only
assumptions about homology of structures, but also consider phylogenetic relationships of
organisms and the orthology of genes (Sanetra et al. 2005).

Genome evolution in actinopterygian fish
Already as early as the 1970s, multiple genome duplications during vertebrate evolution
had been proposed, by then mainly based on genome size estimations (Ohno 1970).
Improved knowledge on genome size and their respective gene content showed that those
two parameters are not necessarily related, but there are groups of organisms that have huge
genomes due to a very high content of non-coding sequences such as introns and intergenic
regions, as for example lungfishes and salamanders (Gregory 2005). On the other hand,
species with highly compact genomes such as the pufferfishes retain a large number of
genes. This is, in fact, the reason why pufferfishes were initially chosen for whole genome
sequencing projects (Aparicio et al. 2002; Jaillon et al. 2004). Increased sequence data from
genome and EST projects from different vertebrate species showed that for many gene
families, there are more copies in vertebrates compared to invertebrates such as D.
melanogaster and C. elegans. This lead to the formulation of the hypothesis that two rounds
of genome duplication occurred during vertebrate evolution (2R-hypothesis) (Sidow 1996;
Spring 1997; Wittbrodt et al. 1998). Polyploidy is very common in plants and many of our
food plants like wheat and corn are polyploid. Among vertebrates, however, polyploidy
occurs only in some orders of ray-finned fish (sturgeons, goldfish, salmonids) and
amphibians (e.g. Xenopus laevis). For reptilians and mammals there seems to be a barrier
against polyploidy, so far there is only one reported example of a tetraploid rat (Gallardo et
al. 1999; Gallardo et al. 2006). Data from zebrafish and later also from pufferfish presented
an unexpectedly high number of fish-specific duplicates, bringing up the 3R-hypothesis or
Fish-Specific Genome Duplication (FSGD) (Amores et al. 1998; Gates et al. 1999; Meyer
and Malaga-Trillo 1999; Meyer and Schartl 1999; Wittbrodt et al. 1998).
Ray-finned fish (Actinopterygians) include more than 26,500 species, about half of all
vertebrates (Nelson 2006). They diverged from the lobe-finned fish (Sarcopterygii) about
5
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450 million years ago (mya) (Hedges and Kumar 2003). The basal lineages - bichir
(Polypteriformes), sturgeon (Acipenseriformes), gar (Lepisosteiformes) and bowfin
Amiiformes) - consist of few extant species and their respective positions to the species-rich
group of teleosts is still debated (Meyer and Zardoya 2003). Previous analyses showed that
the FSGD occurred before the divergence of pufferfish and zebrafish (i.e. Neoteleosts and
Ostariophysi) (Taylor et al. 2003; Taylor et al. 2001a). Molecular clock based estimates
from duplicated genes gave a timing of the duplication of between 300-350 mya, including
all basal lineages of ray-finned fishes (Christoffels et al. 2004; Vandepoele et al. 2004).
Studies on nuclear genes showed that the genome duplication occurred before the
radiation of teleosts, thus, separating the basal, species-poor lineages from that incredible
diversity we can observe in teleost fish today (Crow et al. 2006; Hoegg et al. 2004) (Figure
1). For comparative analyses it is essential to know when the FSGD occurred - in terms of
absolute age as well as in relative phylogenetic position.

Figure 1: Consensus of phylogenetic relationships among basal actinopterygian fish. The black bar
indicates the position of the Fish-Specific Genome Duplication (FSGD) before the radiation of teleost
fish that encompass about 99% of all ray-finned fish (After Hoegg et al. 2004).
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Gene duplication in housekeeping pathways
Gene and genome duplications were thought to provide the raw material for new genes
or new functions of genes. As mentioned above two rounds of genome duplications (2Rhypothesis) are proposed within the vertebrate lineage, after the divergence of the lancelet
but before the split leading to the cartilaginous fish (2R hypothesis) (Garcia-Fernandez and
Holland 1994; Meyer and Van de Peer 2005; Panopoulou et al. 2003). This is best illustrated
by the situation of gene clusters such as the Hox genes, where one uninterrupted cluster
exists in the lancelet (Branchiostoma floridae) and four clusters were found in the genomes
of shark, frog and mammals (Figure 2) (Garcia-Fernandez and Holland 1994; Meyer and
Van de Peer 2005). So far, the situation in agnathans (lampreys and hagfish) is not known,
and studies based on single genes either imply an unduplicated genome (with lineagespecific duplications) or a single genome duplication event (1R) in the common ancestor of
agnathans and jawed animals (Fried et al. 2003). Studies on the genomic distribution of
duplicated genes and gene family members showed that there are large genomic regions
forming quartets, and which therefore support a scenario of 2R (Dehal and Boore 2005;
Fredriksson et al. 2004; Larhammar et al. 2002; Lundin et al. 2003).

Figure 2: Hox cluster evolution in vertebrates (Meyer and Van de Peer 2005).
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A duplication event, especially a large-scale duplication that not only duplicates the
coding regions, but also the regulatory elements, produces initially one set of completely
redundant genes. The duplicated genes may have different fates: most of them acquire null
mutations that produce non-functional proteins or block transcription and, therefore turn to
pseudogenes and are subsequently lost (nonfunctionalization). This occurs in 20-50% of all
duplicated genes (Lynch and Force 2000b; Postlethwait et al. 2000). The original function
can also be subdivided between the newly emerged paralogs. We then have a case of
subfunctionalization (Lynch and Force 2000a), with both genes being required in order to
provide the complete function of the ancestral gene (Figure 3). Without selective
restrictions, one of the gene copies is also free to evolve with the potential outcome of
gaining a new function (neofunctionalization), another possibility for the gene to remain
intact (Sidow 1996). For most genes, a novel function can also be the change of the
expression domain, in a temporal as well as in a spatial context.

Figure 3: Model of subfunctionalization after gene duplication due to reciprocal loss or regulatory
elements (RE). While paralogs a retains RE1 and the respective expression domain, paralogs b is
further on expressed according to RE2. In total they fulfill the expression of the ancestral gene.

With this background, we studied the genes directly involved in the glycolytic pathway
(Chapter 1) and their duplication history. This pathway is ubiquitous in all living
organisms. In vertebrates, the genes involved mostly appear in several copies, sometimes
with additional functions independent of the original ones. We looked at expression
domains, new functions as well as the formation of multimeric enzymes as reported in the
literature. Many of the genes show subfunctionalized expression between paralogs,
distributed mostly between different organs (brain, liver, heart/muscle) that require different
activity patterns. However, we were not able to show that duplicated genes of the same
pathway are evolving in a concerted way. Instead, it appears that each single gene is
following its own history.
8
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Hox clusters and gene duplication
Hox clusters are the most famous example of duplicated genes resulting from genome
duplications. Hox genes belong to a family of transcription factors characterized by their
DNA binding domain, the homeobox. While the 5’ and 3’ parts of the genes vary
substantially, the homeobox is highly conserved. Due to this fact, the evolutionary history of
Hox genes and Hox-related genes like ParaHox genes (gsx, cdx, xlox/pdx), distal-less genes
(dlx), Mox genes and even-skipped genes (evx) are still debated (Chourrout et al. 2006;
Garcia-Fernandez 2005a; Garcia-Fernandez 2005b; Kamm et al. 2006; Ryan et al. 2007).
Hox genes, in particular, are known for their arrangement in clusters in both invertebrates
and vertebrates and their specific expression patterns in larval stages. Hox gene clusters
have been described from all bilaterian animals, including Ecdysozoa such as Anopheles
(mosquito), Schistocerca (grasshopper) and Tribolium (beetle) (Brown et al. 2002;
Devenport et al. 2000; Ferrier and Akam 1996; Powers et al. 2000), Lophotrochazoa
including Lineus (ribbonworm) (Kmita-Cunisse et al. 1998) and Deuterostomia (Acampora
et al. 1989; Garcia-Fernandez and Holland 1994; Graham et al. 1989). There is also some
evidence for Hox gene clustering in the sea anemone Nematostella vectensis (Ryan et al.
2007).
In most animals studied, Hox genes are expressed in a spatial co-linear pattern according
to their position on the gene cluster. Some also show temporal colinearity. This is true for
animals with a normal and not particularly fast development (such as mouse and fish, but
not in Drosophila or sea urchin (Monteiro and Ferrier 2006)). In some invertebrate groups,
the cluster has been repeatedly divided up (Negre et al. 2005), implying that the mechanism
that keeps the genes together in vertebrates, is not present in other groups of organisms.
While invertebrates have one more or less intact cluster, all tetrapods have four clusters,
teleost fish seven and tetraploid salmonids up to fourteen (Moghadam et al. 2005).
While it was assumed that the Hox gene cluster arrangement is relatively stable, recent
sequence data showed more variation in gene numbers than expected. Especially in teleost
fishes the gene number and retention of clusters varies greatly. Another feature of Hox
clusters that makes them an interesting model genomic region is the high proportion of
conserved non-coding sequences (CNS) that are contained in the intergenic regions. Those
can be identified by alignments (Brudno et al. 2003; Mayor et al. 2000; Schwartz et al.
2003) or BLAST-based algorithms (Altschul et al. 1990) of non-coding, intergenic regions.
The general assumption is that only functional elements are conserved over longer
evolutionary periods, and other similarities disappear. The method of identifying conserved
9
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elements by comparison of orthologous sequences from distantly related organisms is called
phylogenetic footprinting (Tagle et al. 1988). Previous analyses have shown that a part of
the identified sequences agree well with the previously described and experimentally tested
functional cis-regulatory elements (Santini et al. 2003). In Hox clusters, these putative
regulatory elements could be required for the complex expression pattern that Hox genes
show. Chapter 2 gives an overview on the current state of teleost Hox cluster genomics and
the analysis methods applied to them for the identification of conserved sequences. We also
address what those CNS can tell us about the Hox gene clusters.
Evolution of a non-developmental gene cluster
The retention of gene clusters over millions of years of evolution is thought to be linked
to shared expression patters and/or shared regulatory elements. For Hox clusters especially,
this phenomenon has been studied and discussed intensively (McGinnis 1994). Also for Dlx
genes, another set of homeobox genes that are organized in bi-gene clusters, it has been
shown that they are regulated together by regulatory elements located between the two
genes (Ghanem et al. 2003). Most of those studies of regulatory elements (or in a first
approach, conserved non-coding sequences (CNS)) were done on developmentally
important genes with well-studied expression patterns. The specific expression of
transcription factors requires a very detailed regulation, which is usually also conserved
over long evolutionary distances and can therefore also be identified with phylogenetic
footprinting methods, i.e. by comparison of genomic regions between different species.
Chapter 3 presents a study on non-developmental genes, namely a subfamily of voltagegated potassium channels (KCNA) that are arranged in two three-gene clusters in
vertebrates and in four clusters in fish. We amplified those genes from basal teleost fishes to
confirm the timing of the duplication and to ensure that the clusters were formed during the
same duplication events as the Hox clusters. Consequently, we studied the CNS and
analyzed them carefully. However, we were not able to detect clear phylogenetic footprints
that are conserved among vertebrates. This implies that the cluster conservation in this case
is not linked to cis-regulatory elements, but rather to concurrent transcription. So far the
expression data for these genes is very fragmented; more complete data also on the
formation of heterotetramers could enhance our understanding of the situation for KCNA
genes.
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East-African cichlids: a natural mutagenesis screen?
Among the most exciting topics in evolutionary biology is the formation of new species.
Sympatric speciation, i.e. speciation within one geographic unit without reproductive
barriers that could lead to isolated population was and still is debated, although recent
studies presented two occurrences one in palm trees the other one in Nicaraguan cichlids
(Barluenga et al. 2006; Savolainen et al. 2006). The family Cichlidae (Actinopterygii,
Teleostei) shows a Gondwanan distribution with extant representatives in Africa, South
America, Madagascar and India and is famous for the rapid formation of novel species. In
particular, in the East African lakes Victoria, Malawi and Tanganyika, a plethora of cichlid
species has been described (Figure 4).

Figure 4: The cichlids’ center of biodiversity is East Africa, where they inhabit the rivers and lakes and
have formed species flocks of unparalleled species richness and morphological diversity. More than
2,000 cichlid species are recognized, 80% of which belong to a single tribe, the Haplochromini. The most
species-rich assemblages are found in the East African Great Lakes: Tanganyika, Malawi, and Victoria.
More than 200 species live in rivers (four representatives marked with an asterisk are depicted).
Estimated species numbers are given in square brackets (Salzburger and Meyer 2004).

These lakes harbor an incredibly diversity, forming, in the cases of Lake Victoria and
Lake Malawi, monophyletic species flocks that evolved in only a few million years (Lang et
11

General Introduction
al. 2006) (Figure 5). Cichlids display a huge variety of feeding morphologies, most likely as
adaptation for their respective ecological niches (Kocher 2004). The coloration diversity of
cichlids suggests an important role of female choice with respect to male coloration (Knight
and Turner 2004; Salzburger et al. 2006; Seehausen and Van Alphen 1999). The
mechanisms involved in explosive speciation are not yet known. However, regulatory
evolution could be a driving force in this process. With several hundred species that are
morphological distinct but genetically highly similar, the African lakes are offering a
situation that can be best described with a natural mutagenesis screen (Kocher 2004).

Figure 5: Phylogeny of African cichlids (from Lang et al. 2006). The Lake Tanganyika species form the
basal lineages and are paraphyletic assembly that gave the stock for the species flocks of Lake Malawi
(middle) and Lake Victoria (top).
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So far, genomic resources have been created for a few species of cichlids, mainly tilapia
(Oreochromis niloticus) for its role as an important food source. Recently, a BAC library
has been constructed also for Astatotilapia burtoni (Lang et al. 2006), and 18,000 ESTs
were sequenced (Salzburger et al. in preparation).
A. burtoni lives in Lake Tanganyika and the surrounding rivers and occupies a
phylogenetically basal position relative to the Lake Victoria species flock. Therefore it
should closely resemble the ancestor of the adaptive radiation of this lake as well as of Lake
Malawi (Figure 5).

ParaHox paralogons in teleost fish
Beside the Hox genes, also other homeobox genes are arranged in clusters. Among those
are the ParaHox genes. ParaHox clusters and Hox clusters are thought to have evolved from
a ProtoHox cluster consisting of 2-3 genes (Chourrout et al. 2006; Garcia-Fernandez 2005b;
Minguillon and Garcia-Fernandez 2003). The genomic region of the ParaHox clusters is
particularly interesting for two reasons: the ParaHox genes are also developmentally
important genes organized in clusters, but with a completely different distribution and
evolutionary history than the Hox genes. While we still find four intact Hox clusters in
tetrapods and seven in fish, there is only one ParaHox cluster left in tetrapods (plus three
additional genes in different positions in the genome) (Ferrier and Minguillon 2003; GarciaFernandez 2005a; Prohaska and Stadler 2006) and no complete cluster in fish (Mulley et al.
2006). The other interesting aspect of this region is the arrangement of neighboring genes,
namely the receptor tyrosine kinases (RTKs). They are candidate genes for colorations and
have been shown to be important for color pattern formation in zebrafish (Parichy et al.
2000; Parichy et al. 1999; Parichy and Turner 2003). Coloration is thought to be the keyfactor for assortative mating in cichlids (Kocher 2004), and is therefore essential for the
formation of reproductive boundaries that eventually result in distinct species (Salzburger et
al. 2006). Distinct color patterns such as egg spots on the anal fin are essential for the
copulation behavior and the fertilization of the mouth brooding cichlids. Also the coloration
of those eggspots depends on the expression of csf1ra, one of the RTKs on the D1
paralogons (Salzburger et al., in prep.). The RTKs are positioned adjacent to the ParaHox
cluster. Since the clusters are, at least for the ParaHox genes rather rudimentary, we prefer
the expression paralogon for those genomic regions. Following a previous report of BAC
clones containing the D1 and D2-paralogons including the RTKs pdgfr1α/β, csfr1a/b and
flt4 (Braasch et al. 2006), chapter 4 presents a study on the C1-paralogon of Astatotilapia
13
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burtoni. Together with the previous data, the genomic regions containing ParaHox genes
and RTKs were compared with other teleost fishes as well as human and mouse.

Hox cluster and regulatory evolution in teleost fish
In contrast to the rather fragmented remains of the ParaHox clusters, the Hox clusters
are better conserved and easier to recognize. Seven clusters still exist in teleosts with at least
two remaining genes. While zebrafish (Danio rerio), a representative of the Ostariophysii
has lost its HoxDb cluster but retained the HoxCb cluster (Amores et al. 1998), all
neoteleost species have retained both HoxD clusters but no HoxCb cluster (Jaillon et al.
2004; Kurosawa et al. 2006; Lee et al. 2006; Santini and Bernardi 2005) (Figure 2). Also the
genes content on the different clusters is different among species. The high content of
conserved sequences in the intergenic regions that could be important for regulation,
especially the microRNAs (Tanzer et al. 2005) make them an interesting study object for
regulatory evolution, also for studying the diversity of East African cichlids under this
aspect.
We isolated and sequenced BAC clones from A. burtoni that contained Hox clusters
(chapter 5). The sequences were analyzed in terms of their CNS together with data from
other teleost sequences available. Data from a recent genome project of the stickleback
(Gasterosteus aculeatus) was included, showing so far the most complete Hox cluster setup
of a neoteleostean species. The analyses of the intergenic regions showed a pattern of an
increased density of CNS towards the anterior end of the cluster, suggesting a higher
selective pressure on anterior Hox gene expression. Another interesting result of our study is
the high loss rate of microRNAs from the medaka (Oryzias latipes) clusters and a repeated
loss of the gene hoxb7a in different lineages. While stickleback and tilapia have an intact
coding sequence for this gene, no gene could be identified in medaka and the pufferfish and
A. burtoni has a stop codon at the 5’end of the coding sequence. This indicates that gene
loss is an ongoing process even after millions of years after the duplication.
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Chapter 1: Glycolytic enzymes

1. Three rounds (1R/2R/3R) of genome duplications and the
evolution of the glycolytic pathway in vertebrates
1.1. Abstract
Background
Evolution of the deuterostome lineage was accompanied by an increase in systematic
complexity especially with regard to highly specialized tissues and organs. Based on the
observation of an increased number of paralogous genes in vertebrates compared with
invertebrates, two entire genome duplications (2R) were proposed during the early evolution
of vertebrates. Most glycolytic enzymes occur as several copies in vertebrate genomes,
which are specifically expressed in certain tissues. Therefore, the glycolytic pathway is
particularly suitable for testing theories of the involvement of gene/genome duplications in
enzyme evolution.

Results
We assembled datasets from genomic databases of at least nine vertebrate species and at
least three outgroups (one deuterostome and two protostomes), and used maximum
likelihood and Bayesian methods to construct phylogenies of the 10 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 the hypothesis of an additional duplication event within the lineage
of teleost fish. The retention of paralogs differed greatly between genes, and no direct link
to the multimeric structure of the active enzyme was found.

Conclusion
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. The tissue-specific expression might have led to an increased retention for
some genes since paralogs can subdivide the ancestral expression domain or find new
functions, which are not necessarily related to the original function.
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Chapter 1: Glycolytic enzymes

1.2. Background
In many cases, evolution 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 complexityduring 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 strongly correlated with the numbers of genes an
organism possesses. Nevertheless, 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 (Figure 1.1). Based on this model,
two rounds of genome duplication occurred early in the vertebrate evolution (Hokamp et al.
2003; Panopoulou and Poustka 2005), but see also (Hughes 1999; Hughes and Robert
2003). An ancestral genome was duplicated to two copies after the first genome duplication
(1R), and then to four copies after the second (2R) duplication (Sharman and Holland 1996;
Sidow 1996). While it is commonly accepted that 1/2R 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 occurred in the fish lineage (3R or fish-specific genome
duplication, extending the "one-two-four" to a "one-two-four-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).
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Figure 1.1: 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, resulting from large scale duplications, initially possess the same
regulatory elements and identical amino-acid sequence and are therefore thought to be
redundant in their function, which means that inactivation of one of the two duplicates
should have little or no effect on the phenotype, provided that there are no dosage
compensation effects (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 2000a; Postlethwait et al. 2000). On the other
hand, a series of non-deleterious 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. Previous phylogenetic analyses of these
enzymes mainly focused on deep phylogenies (Canback et al. 2002; Oslancova and Janecek
2004) or the evolution of alternative pathways in different organisms, which displays high
variability in bacteria (Cordwell 1999; Dandekar et al. 1999). This central metabolic
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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 10 reaction steps; glucose is processed to pyruvate with the net yield of
two molecules of adenosine triphosphate and two reduced molecules of hydrogenated
nicotinamide adenine dinucleotide per molecule of glucose broken down. 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), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12),
phosphoglycerate kinase (PGK; EC 2.7.2.3), phosphoglycerate mutase (PGAM; EC 5.4.2.1),
enolase (ENO; EC 4.2.1.11), and pyruvate kinase (PK; EC 2.7.1.40) (Erlandsen et al. 2000).
The tertiary structures of all 10 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 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). Glucokinase, one of the hexokinase isozymes, is expressed in the liver
and the pancreas, and requires a high concentration of glucose to reach the maximum
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 was to contribute to an evolutionary understanding of
glycolysis by phylogenetic analyses of the 10 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 entire pathways in the vertebrate lineage.

19

Chapter 1: Glycolytic enzymes

1.3. 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 multiple copies
within vertebrates; these duplications occurred almost invariantly after the divergence of the
urochordate C. intestinalis (Figure 1.2 B,C, 3.3 B, 3.4 A,B, 3.5 A,C).

Tetrameric enzymes
Glycolytic enzymes, which are active as tetramers, occur as 1–4 copies in vertebrate
genomes, likely as a result of ancient genome duplication events (1R and 2R). They display
clearly different evolutionary patterns (Figure 1.2).
The tree for PFK reflects a perfect 1R/2R topology with three additional 3R events in
the liver-specific isoform PFK1, the muscle-specific PFK2, and the platelet isoform PFK4
(Figure 1.2A). The first duplication led to PFK1/4 and PFK2/3 gene pairs (1R). The second
duplication event segregates these precursors into the extant genes (2R). Except for PFK3,
all PFK isoforms occur in more than one copy in ray-finned fishes (3R). However, for
Danio rerio, searches of genomic and expressed sequence tag (EST) data yielded no second
PFK1, PFK2 and PFK4 paralog as in the pufferfishes, where there is strong support for 3R.
Since the Danio rerio genome is currently in a rather fragmented and incomplete state, the
chances of missing data are quite high. On the other hand, the possibility of gene loss in
certain lineages also cannot be neglected. Reciprocal loss of genes has been proposed as a
mechanism for speciation (Taylor et al. 2001b).
The duplication of GAPDH seems to have occurred before the evolution of the bilaterian
animals (Figure 1.2B). The liver-specific GAPDH (in vertebrates (Riad-el Sabrouty et al.
1989)) is found in all bilaterian species included in this analysis, whereas the testis-specific
form occurs only in vertebrates. The tree topology of the liver-specific form reflects the
general bilaterian phylogeny only in parts, most likely due to the sparse taxon sampling.
Notably, the monophyly of protostomes and in particular the ecdysozoans is not recovered,
since the two distinct copies of Caenorhabditis were placed as a sister group to the
deuterostomes, albeit without significant support. For Xenopus, BLAST searches of
genomic and EST data yielded no GAPDH copy.
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Figure 1.2: 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 aminoacid sequences for PK (533 AA). Values at the branches are support values (ML bootstrapping/MB
posterior probabilities). "FSGD" depicts putative fish-specific gene duplication events.
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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 (Fothergill-Gilmore 1987) form PK1 (Figure 1.2C).

Heterodimeric enzymes
The topologies for the obtained gene trees of ENO and PGM reflect the history of
1R/2R/3R (Figure 1.3). We obtained full-length ENO cDNA sequences for two genes each
from bichir (Polypterus senegalus) and sturgeon (Acipenser baerii), both basal ray-finned
fish, and caecilian (Typhlonectes natans). Database searches revealed three copies of ENO
within the vertebrates (Figure 1.3A). The sequences of lampreys and hagfish cluster with the
ENO β paralogous group, implying that the first duplication (1R) took place before the split
of cyclostomes from the gnathostome lineage, as it has also been 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. The liver-specific ENO α is duplicated in actinopterygians,
with a proposed timing of the duplication before the divergence of Polypterus and
Acipenser. The bootstrap support for this topology, which contradicts the current view of the
fish-specific duplication being limited to teleosts, (Crow et al. 2006; de Souza et al. 2005;
Hoegg et al. 2004) is low. For Acipenseriformes, however, polyploidy is a known
phenomenon (Ludwig et al. 2001). One fish-specific paralog displays an increased rate,
especially in Takifugu rubripes. The differences in amino acid sequence are distributed over
the complete sequence and cannot be linked to a specific functional domain. The same is
true for all three teleost ENO γ sequences used in this study.
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Figure 1.3: Maximum-likelihood tree of the heterodimeric composing glycolytic enzymes enolase (ENO),
and phosphoglycerate mutase (PGAM) dataset comprising 40 amino-acid sequences for ENO (446 AA),
and 32 amino-acid sequences for PGAM (256 AA). Values at the branches are support values (ML
bootstrapping/MB posterior probabilities). 'FSGD' depicts putative fish-specific gene duplication events.

The topology for PGAM reflects the well-supported history 2R/3R in the brain isoform
PGAM1 and an additional gene duplication within the human lineage (Figure 1.3B). The
first duplication led to erythrocyte-specific bisphophoglycerate mutase (BGAM) and the
precursor of PGM1 and PGM2; the latter is assumed to be a muscle-specific isoform
(Fothergill-Gilmore and Watson 1990).

Homodimeric enzymes
Within PGI and TPI, the major phylogenetic relationships are in agreement with the
widely accepted phylogeny of vertebrates (Figure 1.4). 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, puffer fishes, medaka, striped mullet and trout for PGI (Figure
1.4A), and two copies in zebrafish, platyfish and one pufferfish (Tetraodon nigroviridis) for
TPI (Figure 1.4B), respectively. No second TPI paralog in Takifugu rubripes could be found
within genomic and EST databases, which might indicate an event of gene loss.
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Figure 1.4: Maximum-likelihood tree of the homodimeric composing 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 putative fish-specific gene
duplication events.

Enzymes only active as monomers
Figure 1.5 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 1.5A). 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 (WTSIZv5). Thus, the timing of duplication events within the ray-finned fish in
HK1 cannot be determined, and the duplication might be limited to pufferfish species.
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The analyses revealed a mammal specific duplication event for PGK (Figure 1.5B).
They possess a testis-specific isoform (PGK2) and a liver-specific isoform (PGK1). The
position of the wallaby sequence implies that the duplication occurred before the divergence
of placental mammals and marsupials.
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
1.5C), which suggests a timing of the 1R/2R after the cyclostome split (but see the ENO
tree, Figure 1.3B). 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. 2006;
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. A study based on yeast paralogs has shown that an increased evolutionary rate of
one copy can lead to errors in phylogenetic reconstruction (Fares et al. 2006). The
differences in the sequences are distributed over the complete coding sequences and not
restricted to a specific domain. 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 that clustered in the
paralog A group, which is considered to be the muscle-specific isoform. One additional
copy of FBA A 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).
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Figure 1.5: 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 putative fish-specific gene duplication events.
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1.4. Discussion
The individual glycolytic enzymes are among the most slowly evolving genes
(Fothergill-Gilmore 1986), yet the glycolytic pathway has 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 eight of the gene trees (Figures 1.2, 1.3, 1.4, 1.5) generally reflect the
1R/2R/3R genome duplication history during vertebrate evolution. Convincing data
supporting the 2R hypothesis stems from paralogons, genomic regions containing
paralogous genes and therefore being the result of large-scale duplications. Only some of
the glycolytic enzymes showing 1R/2R duplications are found on chromosomes where
paralogons have been previously reported, i.e., PK (PK3 on chromosome 15, PK1 on
chromosome 1), ENO (ENOα on chromosome 1, ENOβ on chromosome 17, ENOγ on
chromosome 12), HK (HK1 on chromosome 10, HK2 on chromosome 2, HK3 on
chromosome 5), and FBA (FBAA on chromosome 16, FBAC on chromosome 17).
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 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
the 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") (Fares et al. 2006; Van de Peer et al. 2002) rendering the
phylogenetic reconstruction of the ancient events (~400-350 MYA) difficult (Horton et al.
2003). Previous studies have shown that the most likely position of the 3R genome
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duplication event is after the divergence of gar/ bowfin (Holostei) from the teleost lineage
(Crow et al. 2006; de Souza et al. 2005; Hoegg et al. 2004).

Hexokinase
Glycolytic enzymes are often expressed in a tissue-specific manner. For example, the
different types of vertebrate HK (Figure 1.5A), each with distinct kinetic properties, are
expressed in different kinds of tissue. 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 CornishBowden 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 1.5A) as well as previous reports
(Cardenas et al. 1998), 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 of 100 kDa. A more detailed analysis
with separately considered amino and carboxy termini suggests that a fusion event led to the
present isoenzymes (Cardenas et al. 1998). We were also able to document a fish-specific
duplication of HK 1, however, nothing is known about possible functional consequences
due to their duplication in terms of sub- or neofunctionalization.

Phosphoglucose isomerase
PGI is a multifunctional protein, also known as neuroleukin (NLK), autocrine mobility
factor (AMF), or differentiation and maturation mediator. 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 not only can replace the
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glycolytic aspects of the enzyme, but also fulfill NLK and AMF functions in mammalian
cells (Chou et al. 2000; Sun et al. 1999). 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
multifunctionality and the possible function as an oligomer might explain the retention of
two copies in the fish lineage. The topology (Figure 1.4A) suggests that the only gene
duplication event of PGI occurred in ray-finned fish before the diversification of
Acanthopterygii but after the split of ray-finned fish and tetrapods.

Phosphofructokinase
The PFK gene family is composed of four different genes (Figure 1.2A): They are
expressed in liver (PFK1), muscle (PFK2), brain (PFK3) and platelets (PFK4) (FothergillGilmore and Michels 1993). These genes differ both in size and physico-chemical
properties, and are also expressed in varying 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 result from 2R. The number of possibilities of PFK combinations in ray-finned
fish is even higher because of 3R (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 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
The three FBA isoenzymes A, B, C in vertebrates (Wang and Gu 2000) also have a
tissue-specific distribution (Gamblin et al. 1991; Schapira 1978). 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
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form. FBA C, with intermediate catalytic properties, is found in the brain. In the FBA tree
(Figure 1.5C), the lamprey sequences preceded the first duplication, while the Agnatha
clade in the ENO analyses (Figure 1.3A) 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).

Triosephosphate isomerase
TPI is highly conserved in sequence, structure, and enzymatic properties (Straus and
Gilbert 1985). The enzyme is functional as a homodimer. The topology (Figure 1.4B)
suggests that the only gene-duplication event of TPI occurred in ray-finned fish before the
diversification of Acanthopterygii but after the split of ray-finned fish and tetrapods. This
corroborates the results of a previous study (Merritt and Quattro 2001) supporting a single
gene duplication event early in the evolution of ray-finned fish. Comparisons between
inferred ancestral TPI sequences indicated that the neural TPI isozyme evolved through a
period of positive selection, resulting in the biased accumulation of negatively charged
amino acids. If both copies are coexpressed, TPI could act as heterodimer in fish with
consequences in specificity or enzyme kinetics.

Glyceraldehyde-3-phosphate dehydrogenase
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 (arthropods,
flatworms, nematodes and mollusks) into the analysis to clearly identify the origins of two
copies of GAPDH (Figure 1.2B). The GAPDH acts as a tetramer, however, it is not clear
whether this is constituted out of two different isoenzymes in vertebrates similar to the PFK
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composition. There is evidence for an ancient duplication around the bilaterian origin;
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
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 functionally 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 (Boer et al. 1987).
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 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 mammalian evolution
(Figure 1.5B). Although weakly supported, the position of the wallaby sequence (Macropus
eugenii) implies that the duplication occurred before the divergence of placental mammals
and marsupials.

Phosphoglycerate mutase
In the cofactor-dependent PGAM 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 (PGAM1), muscle (PGAM2) and erythrocyte (BGAM) types. In some
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tissues, more than one gene is active, resulting in multiple isoenzymes composed of homoand heterodimers (Pons et al. 1985). The phylogenetic analysis (Figure 1.3B) shows that the
three isoenzymes found in vertebrates have evolved from a common ancestor by two
separate gene-duplication events. A PGAM3 form was proposed in human 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 PGAM1 and PGAM2 copies. BLAST
searches against the chicken genome detected only the PGAM1 form. This could be
explained by gene loss of the PGAM2 gene in the avian line, or by the incompleteness of
the genome assembly. In our phylogeny, the origin of PGAM predates the PGAM1 and
PGAM2 divergence. This clarifies uncertainties of previous studies in unraveling the
evolutionary history of PGAM (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
For ENO three different isoenzymes also occur in vertebrate tissues, termed α, β and 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 1.3A).
However, the position of the Cyclostomata sequences is not consistent and therefore offers
no information about the 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, however, there is very little support. 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 τcristallin. 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 fulfill is the acquisition of thermal
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tolerance (McAlister and Holland 1982). The Enolase genes are positioned in well described
paralogons of the human genome on chromosomes 1 (ENO α), 17 (ENO β) and 12 (ENO γ)
(Lundin et al. 2003), This implies that they are resulting from a large-scale duplication
event, probably a genome duplication.

Pyruvate kinase
It was originally expected that PK had 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
1.2C) 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. PK1 is the most abundant form in liver, where gluconeogenesis
plays an important role (Beutler and Baronciani 1996). 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 the 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 a heterotetramer. This might be an explanation for why the copies of the fish-specific
duplication in PK1 were retained during evolution. As shown previously, the increase in
possible combinations of heterotetramers leads to increased specificity in enzyme kinetics.

1.5. Conclusion
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
some enzymes have four isozymes in tetrapods and others only one. Given the expectation
that most genes get lost rather rapidly 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 since paralogs can subdivide the ancestral expression domain
(subfunctionalization) or find new functions, which are not necessarily related to the
original function (neofunctionalization (Wistow et al. 1988)). This is, however, not true for
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all genes, and we can conclude that the pathway is not evolving as a unit but each gene
follows its own history, as has been shown previously for Bacteria and Archaea (Cordwell
1999; Dandekar et al. 1999). For a better understanding of the gene-duplication history,
further genome projects on a greater diversity of evolutionary lineages will be required.

1.6. Methods
Sequencing
ENO and FBA cDNAs for bichir Polypterus ornatipinnis, sturgeon Acipenser baerii and
caecilian Typhlonectes natans were sequenced using degenerated primers designed based on
amino-acid alignments of previously known sequences and the rapid amplification of cDNA
end (RACE) method 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 manufacturer’s manual (Gibco, Germany). A ctailing 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 1.1
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 TrisHCl, pH 8.3, 50 mM KCl, 1.1 mM MgCl2, 0.01% gelatin), 0.2 µM of each primer (MWGBiotech AG, Germany, 0.4 mM dNTPs (Peqlab Biotechnology, Germany) and 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 and 72°C for 2 minutes. Final extension was
performed at 72°C for 5 minutes. PCR products were purified either directly or, in cases of
multiple bands, by cutting bands from 1% agarose gels and using the QIAGEN spin system.
3' RACE reactions 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
and 68°C for 4 minutes. Sequences were run on an ABI3100 capillary sequencer. Sequences
were proofread and assembled using Sequence Navigator (Parker 1997).
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Table 1.1: Degenerate primers designed and used in this study
Name
Eno.uni.FN1
Eno.uni.FN2
Eno.uni.FM
Eno.uni.RC1
Eno.uni.RC2
Eno.uni210.F
Eno.uni320.R
FBA.Super+
FBA.uni.125+
FBA.uni.240FBA.uni.315-

Sequence
GGN AAY CCI ACI GTN GAR GT
ACI GGI ATH TAY GAR GC
AAR TAY GGI AAR GAY GC
GT RTC YTC IGT YTC NCC
GC ICC IGT YTT DAT YTG
ACC AAC GTT GGI GAY GAR GGI GG
TTG GTC ACA GTI ARR TCT TCI CC
GGT AAR GGT ATC YTI GCI GCI GAY G
ACT ACT AYT CAG GGN YTN GAY GG
GC ATG ACC AGS AGT NAC CAT RTT NGG
CAG AGC AGW AGC CTG CAG NGC NCK NCC

Enzyme
Enolase
Enolase
Enolase
Enolase
Enolase
Enolase
Enolase
Fructose-Bisphosphate Aldolase
Fructose-Bisphosphate Aldolase
Fructose-Bisphosphate Aldolase
Fructose-Bisphosphate Aldolase

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 the supplementary data. 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
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 Schistosoma
mansoni and Crassostrea gigas as outgroup sequences. In another case (PGK), we extended
the dataset with protein sequences from Oryzias latipes, Lepisosteus osseus, Rana sylvatica,
Equus caballus, Sus scrofa, Bos taurus and Macropus eugenii. Amino-acid data were
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analyzed using PHYML (Guindon and Gascuel 2003) and 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 trees. Bayesian phylogenetic analyses were conducted with MrBayes 3.1.1
(Huelsenbeck and Ronquist 2001).
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2. Hox clusters as models for vertebrate genome evolution
The surprising variation in the number of Hox clusters and the genomic architecture
within vertebrate lineages, especially within the ray-finned fish, reflects a history of
duplications and subsequent lineage-specific gene loss. Recent research on the evolution of
conserved non-coding sequences (CNS) in Hox clusters promises to reveal interesting
results for functional and phenotypic diversification.

2.1. Hox genes – quo vadis?
Hox genes are arranged in clusters on chromosomes and, as transcription factors, have a
crucial role during development. They determine the positional specification of the anterior–
posterior axis and are, in most cases, expressed in a ‘colinear’ fashion (i.e. genes that are
anterior in the Hox clusters are expressed early and in the anterior part of the embryo,
whereas genes that are posterior in the clusters are expressed later and towards the posterior
of the embryo).
Derived vertebrates have multiple clusters: there are four in tetrapods, up to eight in rayfinned fish and 14 in tetraploid salmonid species (Moghadam et al. 2005). They originated
by duplication of a single ancestral cluster during two rounds (the 2R hypothesis) of
genome-duplication events that occurred early in the evolution of chordates and vertebrates.
Comparative studies on Hox cluster evolution among the 25 000 species of fish have, so
far, mainly focused on gene numbers obtained through PCR-based screens. These studies
revealed important insights, and originally suggested super-numeral (relative to the expected
number of four) Hox clusters. But there is more to Hox genes than just numbers of genes
and clusters. Recently, data from genome projects (Aparicio et al. 2002; Jaillon et al. 2004),
in addition to studies that employ large-insert genomic libraries (i.e. BACs and PACs)
(Amores et al. 2004; Chiu et al. 2004; Powers and Amemiya 2004b), permitted analyses of
significant genomic stretches that included introns and intergenic non-coding sequences in
Hox clusters. Comparisons of this ‘non-coding’ DNA showed that it contains a surprising
number of putative conserved regulatory elements. We would like to draw attention to the
insights that these comparative genomic analyses offer.
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Figure 2.1: The hypothesis on the inferred Hox cluster evolution within the jawed vertebrates (including
data from Refs (Amores et al. 2004; Jaillon et al. 2004; Powers and Amemiya 2004b)). A hypothetical
gnathostome ancestor with four clusters (including genes from PGs 1–14 and even-skipped homeobox
homologs (Evx1)); the most likely deduced architecture is shown. The gene content of the eight Hox gene
clusters of the inferred hypothetical teleost ancestor and the four Hox clusters of the hypothetical
sacropterygian are shown (all three hypothetical ancestral genomic states are shown in faded colors).
Sharks, tetrapods and basal ray-finned fish such as bichirs (and most likely also sturgeons, gars and
bowfins) still maintained a four-cluster state, whereas more derived teleost fish (including the
osteoglossomorphs (Hoegg et al. 2004)) underwent an additional duplication (FSGD or 3R), initially
resulting in eight Hox clusters. This probably occurred shortly after the FSGD individual Hox genes
were lost, which led to a total of seven clusters in most modern fish with different gene content. Closed
squares indicate genes that have been previously described and open squares indicate reported
pseudogenes. Shaded squares are genes that have not been sequenced yet, but probably are present in
the cluster. This is the case for the complete HoxB, HoxC and HoxD clusters of the bichir, which have
not been described yet, but do exist based on data from a PCR screen (Ledje et al. 2002). Data from
medaka (Oryzias latipes) are based on a combination of PCR screen and mapping results (Naruse et al.
2000). Therefore, linkage was determined but the complete sequences still have not been published.
Abbreviation: Mya, million years ago.

2.2. Hox-cluster evolution in vertebrates
Although all known tetrapod clusters consist of genes that can be assigned to 13
paralogy groups (PGs), a recent study found evidence for the existence of Hox14 genes in
the HoxA and HoxD clusters in shark and coelacanth (Garcia-Fernandez 2005b; Powers and
Amemiya 2004a; Powers and Amemiya 2004b) (Figure 2.1). Because shark HoxD14 and
the coelacanth HoxA14 genes are more similar to each other than to any other Hox gene, it
can be assumed that Hox14 genes were lost independently in the tetrapod-stem lineage after
the divergence of the coelacanth and in the lineage that led to ray-finned fish. Analyses of
complete HoxA clusters from derived vertebrates failed to detect an additional gene between
Evx1 (encoding even-skipped homeobox homolog 1) and HoxA13 (Powers and Amemiya
2004b; Santini et al. 2003) (Figure 2.1).
It had been assumed that the land vertebrates (the Hox clusters in human and mouse
served as incomplete evidence for this) were identical in terms of numbers of clusters (i.e.
they have four clusters), their architecture and total gene content. However, unpublished
results

from

the

frog

genome

(Xenopus

tropicalis,

http://genome.

jgi-

psf.org/Xentr3/Xentr3.home.html) showed that some variation exists because it lacks two
genes (HoxB13 and HoxD12) that are present in mouse and human (Figure 2.1).

2.3. The fish-specific genome duplication (3R) and Hox-cluster evolution
Recent data from genome projects on ray-finned fish (zebrafish, medaka and two species
of pufferfish), which are at various stages of completion, have shown that they have more
Hox clusters than tetrapods (Figure 2.1). These extranumeral Hox clusters result from a
genome duplication event that is specific for the fish (actinopterygian) lineage: the fish40
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specific genome duplication (FSGD or 3R). In zebrafish (Danio rerio), a set of seven Hox
clusters have been described: two HoxA, two HoxB, two HoxC and one HoxD cluster
(Amores et al. 1998). Seven clusters were subsequently described in two pufferfish species
(Takifugu rubripes and Tetraodon nigroviridis); however, it has been suggested that T.
rubripes contains a third HoxA cluster (Amores et al. 2004; Jaillon et al. 2004). In contrast
to the situation in zebrafish, both pufferfish have duplicated HoxD clusters but only a single
copy of the HoxC cluster (Figure 2.1). In addition, data from medaka (Oryzias latipes) show
evidence of one HoxC cluster and duplicated HoxA, HoxB and HoxD clusters (Naruse et al.
2000). The loss of the second HoxC cluster might be a shared feature of the Neoteleostei,
the ‘modern’ ray-finned fish that comprise most of the fish model systems (e.g. pufferfish,
medaka, cichlids, platies and swordtails, but not zebrafish). More data will show if this
hypothesis is correct. Studies of Hox genes in a basal actinopterygian fish, for example, in
the bichir (Polypterus senegalus) showed that its genome is in a presumed pre-3R preduplication condition, both in terms of the number of Hox genes that were identified by a
PCR screen (Ledje et al. 2002) and the structure of the HoxA cluster (Chiu et al. 2004). The
3R duplication is likely to have occurred after polypterids branched off from the
actinopterygian fish stem lineage. Therefore, not all recent ray-finned fish are derived from
a fish ancestor whose genome was duplicated. The more exact phylogenetic timing of the
FSGD was deduced from data sets of other duplicated genes (Hoegg et al. 2004), suggesting
that the genome duplication occurred later in the fish lineage. Interestingly, all of the basal
lineages of fish that branched off from the fish stem-lineage before the 3R event are
‘species-poor’. This observation and earlier analyses led to the suggestion that the FSGD
and biodiversity of fish might be causally related (Hoegg et al. 2004 and references therein);
More complete studies of Hox clusters in basal actinopterygian lineages such as bichir,
bowfin and osteoglossomorphs are required and will help in the reconstruction of major
genomic events early in the evolution of fish and tetrapods.

2.4. Evolution of non-coding sequences in gnathostome Hox clusters
Hox clusters provide a good model system for genomic comparisons of vertebrates,
because they define a specific stretch of DNA as a result of their highly conserved cluster
structure. Rearrangements and gene loss complicate studies in non-Hox gene families, but a
complete genome analysis of the Tetraodon genome increases support for FSGD (Jaillon et
al. 2004). However, not only is the structure of Hox clusters evolutionarily conserved, and
possibly constraint, but also there appears to be strong selection against the invasion or
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spreading of repetitive elements (e.g. short interspersed nuclear elements (SINEs), long
interspersed nuclear elements (LINEs), long terminal repeats (LTRs) and DNA transposons)
in Hox clusters (Fried et al. 2004; Jaillon et al. 2004). Gene loss, however, is also often
accompanied by the invasion of those repetitive elements. In invertebrates, Hox cluster
structure is less conserved and there is no difference between the number and length of the
repetitive sequences within a cluster and those in the surrounding sequences (Fried et al.
2004).
The compactness of the clusters made it possible to compare, for example, the available
HoxA-cluster sequences from shark with those of tetrapods and several other teleost species.
The first studies of this kind on Hox clusters used an algorithm based on multiple sequence
alignments, and showed not only that previously known regulatory elements can be
identified, but also that many more conserved non-coding sequences (CNS) can be
identified, at least some of which are probably novel cis-regulatory elements (Chiu et al.
2002; Santini et al. 2003) (Box 2.1). This technique of identifying conserved non-coding
elements by comparing homologous sequences from different species is called
‘phylogenetic footprinting’.

Box 2.1. Definitions of conserved elements
Phylogenetic footprints (PFs): short blocks of non-coding DNA sequences (≥6 bp), which

are conserved in taxa that have an additive evolutionary time of at least 250 million years
(Tagle et al. 1988).
Phylogenetic footprint clusters (PFCs): two-to-thirteen PFs that are located within 200
bp of each other (Chiu et al. 2002) (Figure 2.1).
Conserved non-coding nucleotides (CNCNs): concatenated sequences of PFs from a
comparison of two outgroup species. This implies conservation over a larger evolutionary
distance.
Conserved non-coding sequences (CNS): these sequences have ≥70% identity over at
least 100 bp in human and mouse genomes (Loots et al. 2000), (for more details, see
(Santini et al. 2003)).

Figure 2.1: Conserved sequence in the intergenic region between Hoxa7 and Hoxa6 from human (Hs),
shark (Hf) and striped bass (Ms). Data are from (Chiu et al. 2002).

Recently, new software (Tracker) has been developed by Prohaska and colleagues
(Prohaska et al. 2004b) that can identify corresponding footprints in long sequences from
multiple species. Testing this software on the data set of Hox genes, used in a previous
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study (Chiu et al. 2002), they (Prohaska et al. 2004b) determined that Tracker can identify
the almost complete list of phylogenetic footprint clusters (PFCs), and that it is much faster
than the previous web-based tools. Tracker has also been used to compare the HoxN cluster
of the shark Heterodontus francisci with the Hox clusters of other known vertebrates
(human, rat and pufferfish) (Prohaska et al. 2004a). Interestingly, the shark HoxN cluster has
the greatest length of shared PFCs compared with the HoxD clusters of other species, which
indicates a homology relationship that was impossible to make based on the similarities of
the amino acid sequences of the Hox proteins alone. Another study involving this new
program involves the HoxA cluster of the bichir (Polypterus senegalus) – the most basal
extant ray-finned fish (Chiu et al. 2004). The analysis of co-occurring PFCs in bichir, shark,
human and in duplicated teleost A-clusters suggests that bichir has only four clusters.
Conserved non-coding nucleotides (CNCNs), as identified by Tracker, can also be used for
estimates of evolutionary rates (Wagner et al. 2004). A tetrapod comparison showed a
constant evolutionary rate within the mammals, whereas the western clawed frog (Xenopus
tropicalis) had an increased rate of modifications of CNCN positions. In fish, duplicated
clusters have different evolutionary rates that are consistent in genes and their surrounding
noncoding sequences (Wagner et al. 2005).

2.5. Concluding remarks
The newly determined genomes combined with new analytical tools for identifying
conserved elements from multiple clusters provides many new possibilities for the
evaluation of genomic data from different organisms. This is especially true with respect to
the testing of models of regulatory evolution (e.g. subfunctionalization) following
duplication events. The comparative study of the evolution and function of conserved noncoding sequences in Hox clusters promises to yield important insights for the functional and
phenotypic diversification of vertebrate genomes more generally.

43

Chapter 3: KCNA cluster evolution

Phylogenomic analyses of KCNA gene clusters in vertebrates

Simone Hoegg and Axel Meyer
Submitted to BMC Evolutionary Biology

Chapter 3: KCNA cluster evolution

3. Phylogenomic analyses of KCNA gene clusters in vertebrates
3.1. Abstract
Background
Hox clusters are a well known example of gene clusters which were conserved over long
evolutionary time and that show colinerarity, i.e., are expressed in the order of their position
in the clusters. While invertebrates have only one cluster, which can be also interrupted,
vertebrates have multiple clusters. These clusters are highly enriched in regulatory elements
and it has been hypothesized that they are the reason for the highly conserved structure of
Hox clusters. We investigated the genomic structure and conserved non-coding sequences
of KCNA genes, which are coding for shaker-related voltage-gated potassium channels, in
vertebrates. KCNA genes are arranged in two three-gene clusters in tetrapods. The two
KNCA clusters are of approximately the same age as the Hox clusters and therefore, provide
a good comparison for genomic evolution of developmental control genes such as Hox
genes and KCNA genes that do not play a role in development. Teleost fish are found to
have four clusters.

Results
We obtained KCNA coding sequences from basal ray-finned fish (sturgeon, gar, bowfin)
and confirmed that also these genes have been duplicated through the teleost-specific
genome duplication. We analyzed the intergenic regions and found that KCNA clusters
contain much fewer and shorter conserved non-coding sequences than Hox clusters. The
duplicated clusters in teleosts share fewer elements with each other than with the more
distant tetrapod clusters. This implies that along with an accelerated evolutionary rate in
coding sequences also these conserved elements are lost in fishes, but not in tetrapods.

Conclusions
Given the paucity of conserved sequences by comparison to the Hox clusters, we
propose that shared regulatory elements are not the reason for the conservation of the KCNA
clusters. The high degree of evolutionary conservation of KCNA gene clusters may rather be
due to shared, continuous expression of these important genes.
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3.2. Background
Since the discovery of the Hox gene clusters in invertebrates and vertebrates (McGinnis
and Krumlauf 1992), these gene clusters have become a focus of genomic research (GarciaFernandez 2005a; Hoegg and Meyer 2005). Hox genes are transcription factors that are
expressed colinearly relative to their position in the cluster, i.e., genes which are at the 3’end
of the cluster are expressed more anteriorly and earlier during development, than Hox genes
which are at the more 5’ end of the cluster (reviewed in Carroll et al. 2001). It has been
hypothesized that the clustered nature of these genes is due to shared cis- and transregulatory elements in the intergenic regions (McGinnis 1994). The Hox cluster architecture
is highly constrained (even almost invariant) in land vertebrates, while in invertebrates
clusters are often interrupted and dispersed over different chromosomes (Aboobaker and
Blaxter 2003; Balavoine et al. 2002; Seo et al. 2004). Also the Hox-cluster containing
regions are highly conserved in tetrapods and contain fewer repetitive elements than the
surrounding regions and a large number of conserved elements can be identified in them
(Fried et al. 2004). However, recent research on Drosophila showed that at least within
some invertebrates the linear expression is conserved even when clusters are interrupted or
split (Negre et al. 2005). Because of their, in general, extremely conserved nature the Hox
clusters have been used as a model region for genomic studies of vertebrates (Meyer and
Malaga-Trillo 1999; Meyer and Van de Peer 2005), which facilitated to infer cluster identity
and ancestral states from the content of shared conserved regulatory elements (Chiu et al.
2004; Hoegg and Meyer 2005; Prohaska et al. 2004a; Wagner et al. 2004).
In contrast to invertebrates, vertebrates often have more than one copy of genes or gene
clusters (Furlong and Holland 2002; Garcia-Fernandez and Holland 1994; Meyer and
Schartl 1999; Ohno 1999). This observation together with synteny data, led to the
formulation of the 2R hypothesis, which proposes two rounds of genome duplication in
early vertebrate evolution (Dehal and Boore 2005; Holland 2003; Lundin 1999; Spring
1997). An additional duplication event occurred in the lineage of ray-finned fish, the socalled fish-specific genome duplication (FSGD, 3R) (Amores et al. 1998; Amores et al.
2004; Hoegg et al. 2004; Jaillon et al. 2004; Malaga-Trillo and Meyer 2001; Stellwag 1999;
Taylor et al. 2003; Taylor et al. 2001a). While the duplicated genes are expected to be
redundant in their function immediately following the duplication, their functions often
diversify later (Hurley et al. 2005; Postlethwait et al. 2004). One possible scenario is that
one copy evolves a new function (neofunctionalization) or the ancestral functions get
subdivided between the paralogs (subfunctionalization) (Force et al. 1999; Lynch and Force
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2000a). In most cases, however one copy is expected to accumulate mutations that lead to a
non-functional gene and finally to gene loss (Force et al. 1999; Force et al. 2004; Lynch and
Force 2000a).
We were interested if the patterns of molecular evolution that are found in Hox clusters
can also be identified in other gene clusters. KCNA genes appear in two uninterrupted
clusters of three genes each which are positioned on chromosomes three and six in mouse
and in humans on chromosomes one and twelve (Street and Tempel 1997; Wymore et al.
1994). KCNA genes are coding for the Kv1 family of shaker-related voltage-gated
potassium (K+) channels, which consist of six transmembrane (TM) segments and the most
important part, the pore loop (P-region), which ensures ion selectivity (Doyle et al. 1998;
Roux 2002). The Kv channels are active as tetramers, usually heterotetramers. Sodium
(Na+) and calcium (Ca2+) channels on the other hand are monomers which consist of four
linked domains, each of which is homologous to a single 6-TM K+ channel (Anderson and
Greenberg 2001). Studies on genomic organization of these genes so far has been limited to
mammals, here we extend these comparative genomic approaches to other lineages of
vertebrates and compare them to the state in invertebrates.
While Hox genes are highly specifically expressed developmental genes that set up a
identity of a particular body region in the early embryo or larva as well in invertebrates such
as Drosophila, as in mammals such as the mouse, the expression of KCNA has been studied
almost exclusively in mammals (Bertaso et al. 2002) and chicken (Duzhyy et al. 2004).
While some genes are expressed specifically in some tissues, others show more general
expression patterns (Horn et al. 2001; Peri et al. 2003). In ray-finned fish, no studies on the
organization of KCNA clusters have been done before.
Here, we present an analysis of complete genome sequences of tetrapods and ray-finned
fish KCNA genes and investigated the entire genome content when possible. In an effort to
increase the database on basal fish, for which such data were not available prior to this
study, we added new data using a PCR approach with universal primers and cloning of the
obtained PCR products. We constructed phylogenies to make inferences about the age of the
gene duplications and the cluster duplications. Furthermore, we aimed to test the hypothesis
that the conservation of the genomic architecture of a gene cluster is linked to the content of
conserved elements within the intergenic regions. To this end we investigated the 3-genecluster of KCNA genes (Kv1, shaker-related potassium channels) in several species of
vertebrates. In tetrapods, two clusters exist (KCNA3-KCNA2-KCNA10, KCNA6-KCNA1KCNA5), while teleosts were found to have four clusters.
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3.3. Results
Tetrapods, such as human, chicken and frog, have two three-gene-clusters (3-2-10, 6-15) and two additional genes, KCNA4 and KCNA7, which are located elsewhere in the
genome (Figure 3.1). Teleost fish such as pufferfish, medaka, stickleback and zebrafish
were found to have four clusters of KCNA genes. According to the findings from genome
sequencing projects, KCNA5a was lost. For KCNA7, duplicates were found in medaka and
two copies of KCNA4 are present in the osteoglossomorph elephantnose fish (Gnathonemus
petersi). All of these genes are conserved in their transmembrane domains and in the poreloop region, but the other parts of these genes are highly variable and impossible to align
between different members of this gene family.

Figure 3.1: Phylogenetic scheme of KCNA cluster evolution. Missing linkage/genomic data is indicated
by non-connected genes. Grey squares show hypothetical genes, which most likely exist but are still
missing in the current genomic databases. The boxes include genes that are not part of KNCA clusters.
The teleost state is hypothetical since we found duplicated KCNA4 genes in Gnathonemus petersi and
duplicated KCNA7 genes in Oryzias latipes, but no teleost studied so far showed the full set of duplicated
genes.

A phylogenetic analysis of all KCNA genes suggests a basal position of KCNA7 (Figure
3.2); it is the only vertebrate KCNA gene that contains a single intron while all others are
intronless.
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Figure 3.2: Maximum likelihood tree of KCNA gene family based on 52 sequences and 365 amino acid
positions. The tree was obtained using PhyML (Guindon and Gascuel 2003), with 500 bootstrap
replicates, values are shown by the first numbers. Second numbers are posterior probabilities as
obtained by MrBayes 3.1.1 (Huelsenbeck and Ronquist 2001)(100 000 generations).

In invertebrates, like Ciona intestinalis and Drosophila melanogaster, the KCNA/shaker
gene has multiple introns, but the position of the introns is not conserved between
invertebrates and vertebrates (data not shown) and therefore more explicit assumptions
about intron loss cannot be made. However, KCNA7 is the only vertebrate KCNA gene
containing a single intron and its basal position implies the evolution of all other KCNA
genes, which do not have an intron from this “ancestral” KCNA gene through a single
retrotranspostion event (Figure 3.3).
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Figure 3.3: Proposed scenario for the evolution of KCNA genes and clusters in vertebrates. Based on our
analyses we suggest that all KCNA genes are derived from an ancestral 2-exon gene, as still represented
by KCNA7 in the vertebrate genome, and then evolved into a whole intronless gene family. Two tandem
duplications led to the three gene clusters found in today’s genomes, which was probably duplicated
initially before the origin of the gnathostomes. Probably this is linked to the second genome duplication
(2R) during vertebrate evolution. The four clusters in teleost fish originated through a fish-specific
genome duplication (FSGD, 3R).

KCNA5 and KCNA10 form a monophyletic group, as do KCNA1 and KCNA2 (Figure
3.2). This finding supports the hypothesis that the two clusters are the result of a complete
duplication of the original cluster rather than of independent tandem duplications, which
would tend to phylogenetically group neighboring genes on chromosomes in the tree. Only
the KCNA3/KCNA6 gene pair does not reflect a pattern of whole genome duplication(s).
Our PCR based approach yielded four KCNA genes from Acipenser baerii (KCNA1, 2,
6, 10), six genes from Lepisosteus platyrhynchus (KCNA1, 2, 3, 5, 6, 10), and nine genes
from Gnathonemus petersi (KCNA1b, 2a?, 3b, 4a, 4b, 5b, 6b, 10a, 10b). We performed
phylogenetic analyses of the ancient duplicates (KCNA3-6, KCNA2-1 and KCNA10-5) and
used KCNA 4 as outgroup since it is not a member of the cluster, but closely related, so that
no reconstruction artifacts due to a too divergent outgroup would be expected as this might
be the case with the ancestral KCNA7 gene.
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Our KCNA3/6 dataset encompassed 43 sequences and included sequences from human,
chick and frog (378 amino acid positions) and resulted in Maximum Likelihood and
Bayesian inference trees which were congruent in the well supported nodes and had only
minor differences within the not strongly resolved parts of the tree (Figure 3.4). While the
KCNA3 genes were phylogenetically separated from the KCNA6 genes, the resolution
within these clades of genes is poor and the relationships, especially of the fish paralogous
groups could not be identified with confidence. The assignment into “a” and “b” paralogs
was done based on the position in the clusters when genomic data was available, and the
orthologous genes were named accordingly. The evolutionary rates differ clearly between
the orthologous groups (KCNA3 vs. KCNA6) as well as between the fish-specific a- and bparalogs.

Figure 3.4: Maximum likelihood tree of KCNA3/6. The dataset included 43 species of which 10 were
outgroup sequences (KCNA4) and had a total length of 378 amino acid positions. The model applied was
JTT + I + G (pinv = 0.34, a = 0.6). Values in the front are bootstrap percentages as obtained from 500
bootstrap replicates, the second values are posterior probabilities as obtained from Bayesian Inference.

The KCNA2/1 analysis shows also a clear division between these two set of genes, but
there are no obvious rate differences between them, only within the teleosts somewhat
increased rates are apparent (Figure 3.5). For both genes, the non-teleost fish sequences
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(Acipenser, Amia, Lepisosteus) are pro-orthologous of the FSGD as had been proposed in
previous studies (Crow et al. 2006; de Souza et al. 2005; Hoegg et al. 2004). Studies based
on Hox genes as well as nuclear genes (sox11, tyrosinase, fzd8, POMC) found a
phylogenetic timing of the FSGD after the divergence of Polypteriformes (bichir),
Acipenseriformes (sturgeons), Lepistosteidae (gar) and Amiidae (bowfin), but before the
teleost radiation including the most basal group of the Osteoglossiformes (Crow et al. 2006;
Hoegg et al. 2004). The Gnathonemus KCNA2 sequence is positioned basal to the
duplication in the gene tree. The Gnathonemus KCNA2 sequence is grouped with the bparalog in the KCNA1 gene tree. But also in this analysis, statistical support for most of the
nodes is lacking.

Figure 3.5: Maximum Likelihood tree of KCNA1/2. The dataset included 48 species of which 10 were
outgroup sequences (KCNA4) and had a total length of 449 amino acid positions. The model applied was
JTT + I + G (pinv = 0.40, a = 0.66). Values in the front are bootstrap percentages as obtained from 500
bootstrap replicates, the second values are posterior probabilities as obtained from Bayesian Inference.

The KCNA5/10 tree shows a similar pattern as the KCNA3/6 analysis with a clear
acceleration of evolutionary rates in the KCNA10 genes, a trend that is even more
pronounced in ray-finned fish (Figure 3.6). The Hydrolagus KCNA5 sequence is
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phylogenetically grouped with the other KCNA5 genes with good phylogenetic support
(94%BP, 100%PP), indicating that the duplication of the clusters leading to KCNA5 and
KCNA10 occurred before the divergence of cartilaginous fish.

Figure 3.6: Maximum likelihood tree of KCNA5/10. The dataset included 39 species of which 10 were
outgroup sequences (KCNA4) and had a total length of 360 amino acid positions. The model applied was
JTT + I + G (pinv = 0.42, a = 0.81). Values in the front are bootstrap percentages as obtained from 500
bootstrap replicates, the second values are posterior probabilities as obtained from Bayesian Inference.

Even though the phylogenetic analyses of KCNA genes cannot pinpoint the duplication
event in the fish phylogeny with a high degree of certainty, the numbers of identified genes
implies that the phylogenetic split of basal lineages that include Acipenser, Lepisosteus and
Amia from the fish stem lineage precedes the duplication event, while duplicated KCNA4
and KCNA10 genes suggest that Osteoglossomorphs (Gnathonemus petersi) diverged after
the 3R event. This interpretation is in agreement with previous analyses on the phylogenetic
timing of the FSGD (Hoegg et al. 2004).
We analyzed the non-coding regions of the complete clusters using the Tracker software
(Prohaska et al. 2004b), which detects clusters of such phylogenetic footprints (putative
transcription factor binding sites) which are termed cliques. Following the definition of
phylogenetic footprints as in Tagle et al. (1988), we only compared sequences with an
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additive evolutionary time of at least 250 million years, i.e. species that diverged at least
125 million years ago, and therefore we excluded comparisons of orthologous pufferfish
clusters (Chen et al. 2004; Steinke et al. 2006b). For these analyses we were able to include
a total of 20 clusters (11 KCNA 3-2-10, 9 KCNA 6-1-5), the number of FCs identified was
proportional to the length of the clusters (Figure 3.7).

Figure 3.7: Number of PFCs (phylogenetic footprint cliques) plotted against the complete cluster
lengths. Data from KCNA 3-2-10 clusters are shown in green, from KCNA 6-1-5 clusters in red. Data
points are labeled with species names, human (Hs), chicken (Gg), frog (Xt), zebrafish (Dr), stickleback
(Ga), medaka (Ol), and the two pufferfishes (Tn, Tr). Equations for regression lines are shown as well as
the corresponding R2 values.

We also analyzed the number of FCs and the length of conserved sequences between
orthologous and paralogous clusters. Between orthologous clusters, the number of
conserved elements follows the expected patterns, at least within tetrapods and the
orthologous fish clusters respectively (Table 3.1, 3.2). Paralogous fish KCNA-gene clusters
share only few conserved elements. Comparisons of orthologous pufferfish sequences were
omitted in this analysis because they are too closely related. In comparison with the other
fish KCNA clusters, they have less conserved sequences probably due to their highly
compacted genomes.
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Table 3.1: Pairwise comparison of KCNA 6-1-5 clusters. Above the diagonal are the numbers of shared
cliques (clusters of phylogenetic footprints) based on Tracker analyses; below are the complete lengths
of shared elements. Grey boxes are excluded comparisons between pufferfish clusters. “a” and “b” refer
to the duplicated fish clusters. Abbreviations are standing for human (Hs), chicken (Gg), frog (Xt),
zebrafish (Dr), stickleback (Ga), medaka (Ola), and the two pufferfishes (Tn, Tr).
Hs
Hs
Gg
Xt
Tra
Tna
Ola
Gaa
Dra
Tnb

Gg
3235
2047
385
405
344
238
354
163

Xt
55
2173
536
432
474
250
256
99

Tra
31
33
361
394
362
201
187
99

Tna
10
11
7
-

Ola
11
10
8
2725
2350
1098
79

2766
2100
1489
111

Gaa
9
10
7
20
22
2206
1589
0

Dra

Tnb

6
6
5
18
14
17
1471
24

8
7
4
7
7
7
8
0

4
3
2
2
2
0
1
0
-

Table 3.2: Pairwise comparison of KCNA 3-2-10 clusters. Above the diagonal are the numbers of shared
cliques (clusters of phylogenetic footprints) based on Tracker analyses; below are the complete lengths
of shared elements. Grey boxes are excluded comparisons between pufferfish clusters. “a” and “b” refer
to the duplicated fish clusters. Abbreviations are standing for human (Hs), chicken (Gg), frog (Xt),
zebrafish (Dr), stickleback (Ga), medaka (Ola), and the two pufferfishes (Tn, Tr).
Hs
Hs
Gg
Xt
Gaa
Ola
Tra
Tna
Trb
Tnb
Gab
Drb

1846
1846
864
694
651
613
695
774
849
935

Gg
29
1073
467
394
282
396
323
303
332
528

Xt

Gaa
32
17
647
705
605
731
828
690
703
597

11
8
11
5140
4670
4866
1294
1496
1294
1224

Ola

Tra

13
6
13
51
4026
4098
1087
1292
1161
1034

Tna
10
3
10
44
37
-

1003
1262
1003
810

Trb
11
6
13
44
36

890
1090
1002
605

Tnb
15
5
15
8
5
7
7
-

7005
1295

Gab
13
4
13
9
7
10
8

7088
1145

16
5
13
8
6
7
9
84
88
1260

Drb
15
8
11
11
11
7
7
11
10
9
-

Most interesting in this regard is the comparison between paralogous clusters (e.g.
Homo 3-2-10 vs. Homo 6-1-5). While one might expect to find a reduced number of
conserved sequences compared to the orthologous comparisons (e.g. Homo 3-2-10 vs.
Xenopus 3-2-10), this, surprisingly, is not the case for comparisons among tetrapods. In fact,
the human clusters share more conserved elements with each other than with any other
cluster (Table 3.3). The GC content for the analyzed genomic sequences does not give any
indication that this phenomenon in the tetrapod clusters is caused by a base compositional
bias alone (data not shown). However, RepeatMasker as implemented in the VISTA
analyses identified many repetitive elements (LINES, LTR) in the human clusters, which
could lead to an increased number of alignments and therefore bias the FC analysis (data not
shown).
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3.4. Discussion
Until now, shaker-related voltage-gated potassium channels have been mainly studied in
tetrapods with a strong emphasis on functional and structural aspects (Doyle et al. 1998; Jan
and Jan 1997; Roux 2002), but not on within a larger phylogenomic framework. Neither the
number of genes within ray-finned fish nor the phylogenetic relationships of these genes
have been studied previously. Yet, this information clearly provides useful insights for the
comparison of experimental and functional studies. We identified, based on prior knowledge
of two 3-gene-clusters (3-2-10 and 6-1-5) in mammals (Street and Tempel 1997; Wymore et
al. 1994), and two clusters in chicken and the frog Xenopus tropicalis. The addition of new
data reveals the existence of four clusters in teleosts as a result of the fish-specific genome
duplication (FSGD). Due to a lack of data from lampreys and hagfish, the timing of the first
cluster duplication (leading to the two-cluster situation in tetrapods) is unknown (Figure
3.1). Most likely their origin is the result of one of the genome duplication events during
chordate/vertebrate evolution (2R) (Dehal and Boore 2005; Sidow 1996). The two genes we
identified from Hydrolagus colliei (spotted ratfish, Chondrichthyes) so far, can
unambiguously be assigned to their tetrapod orthologs (KCNA3, KCNA5). This finding
implies that one might expect to find two complete clusters as in tetrapods in cyclostomes
already. Also knowledge of the KCNA complement of a cephalochordate as Branchiostoma
floridae could provide further information on the evolutionary history of this gene family
and its cluster arrangement, but currently there are no genomic data available from this
species. In Ciona intestinalis, a tunicate, only one KCNA sequence was found, which
consisted of at least 5 exons, of which only four were identified, since the amino-terminus is
highly variable between different vertebrate genes and also BLAST searches with
invertebrate sequences produced no hits for the amino terminus.
The phylogenetic analysis proposed KCNA7 that has two exons, as the most basal
vertebrate gene (Figure 3.1), while the rest of the vertebrate genes are intronless. The
phylogenetic analyses could not resolve all sistergroup relationships between the intronless
KCNA genes (KCNA1-6, 10) with high confidence. This might be due to the extreme rate
differences among the various members of this gene family as well as, the rapid succession
of duplication events. We propose an evolutionary scenario of two consecutive tandem
duplications we formed a first cluster followed by a duplication of the entire cluster mostly
likely during the 2R whole genome duplication (Figure 3.3). This hypothesis is also
supported by the sistergroup relationship which is found between KCNA5 and 10 genes, but
that are now parts of different KCNA clusters. For the other gene pairs, the data are not as
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clear, but the alternative scenario of independent tandem duplications on different
chromosomes is not supported by the topology of the tree. We suppose that the
reconstruction problems are caused by the fast evolution of KCNA6 as well as by the short
basal branches which render phylogenetic reconstructions difficult. This also implies that
the tandem duplications must have happened only shortly before the entire cluster
duplications. It is tempting to argue that the origin of the KCNA4 gene from the KCNA7
gene progenitor was the result of a large scale duplication (1R) event followed by the loss of
several genes but currently there are no synteny data available to add support this
hypothesis.
The phylogenetic analyses, also with smaller datasets (see Figures 3.4-6), are hampered
by pronounced rate differences between paralogs and increased rates of evolution of KCNA
paralogs in the teleost fish. Accelerated rates of evolution in some fish genes has been
observed before (Santini et al. 2003; Wagner et al. 2004). Pronounced rate differences can
lead to wrong topologies (Fares et al. 2006). An accelerated rate of evolution might be due
to reduced selective pressure because of gene redundancy after duplication, or, alternatively,
might be due to positive Darwinian selection associated with a change in function. Yet,
currently, a link between expression and the formation of heterodimers between different
subtypes and their evolutionary rates is not obvious. To gain further insights into this issue
would require the implementation of expression analyses in more, and evolutionary diverse,
model species than are presently available. To date, expression data are available only for
few tetrapod species such as mouse, human and chicken, and also those are very often rather
specifically tested only for specific organs (Duzhyy et al. 2004).
For a better understanding of the characteristics of the gene clusters, we first performed
an alignment based VISTA plot analysis (Mayor et al. 2000). However, no clear conserved
regions between different species were apparent (results not shown). For a more detailed
analysis, we ran the Tracker program, which is based on an initial BlastZ algorithm
(Prohaska et al. 2004b). We performed three analyses: the 6-1-5 cluster dataset which
contained six sequences and yielded 122 footprint “cliques”, the 3-2-10 dataset with eight
sequences and 161 cliques, and a complete analysis (14 sequences, 577 cliques). The
absolute number of cliques per cluster was found to be proportional to the length of the
cluster (Figure 3.7) but the number was much lower than within the Hox gene clusters
(Prohaska et al. 2004a; Prohaska et al. 2004b). This might be due to the fact that Hox genes
as developmental key factors are involved in many different pathways and therefore have
more regulatory elements, which are conserved over long evolutionary distances.
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Expression of KCNA genes, on the other hand, was studied so far only in adult tissues, but a
more continuous expression pattern in specific tissues (e.g. brain, heart, muscle) might be
expected. Since KCNA genes are active as homo- and heterotetramers, expressional “fine
tuning” might also be accomplished through the expression of a combination of different
KCNA genes at different stages during development and in different tissue types. The
analyses of orthologous clusters revealed the expected pattern for the tetrapods and within
orthologous fish clusters, i.e. more closely related organisms share more cliques, while the
paralogous fish clusters share less conserved elements (Table 3.1, Table 3.2). This finding
again is mostly like caused by faster evolution in duplicated fish clusters.
Table 3.3: Pairwise comparisons between paralogous clusters and the number of shared PFCs
(phylogenetic footprint cliques) and their complete lengths.
Hs

Gg

Xt

Gaa

KCNA 3-2-10 clusters
Ola
Tra
Tna

Trb

Tnb

Gab

Drb

KCNA 6-1-5 clusters

Number of cliques
Hs
Gg
Xt
Tra
Tna
Ola
Gaa
Dra
Tnb

73
33
20
4
5
1
4
4
6

20
16
11
4
5
4
2
2
3

35
29
51
3
3
6
2
1
2

19
13
10
2
2
2
1
0
0

23
23
20
2
4
2
1
1
2

10
15
15
2
1
1
0
0
2

15
12
10
1
1
2
0
0
1

17
16
12
3
2
2
2
2
2

12
15
10
2
1
1
1
1
2

13
14
11
2
2
1
1
0
3

19
15
10
2
3
3
1
8
2

983
980
412
151
273
151
88
51
85

2303
1882
4302
115
115
230
72
37
66

1955
1272
983
167
167
167
56
0
0

2075
1704
1242
179
263
179
33
18
152

1010
1153
916
147
93
93
0
0
78

1182
831
699
92
92
126
0
0
39

2020
2238
1766
368
224
183
87
79
265

1573
2045
1764
331
211
81
71
50
316

1854
2301
1979
347
220
162
85
0
391

1265
906
517
81
251
121
45
490
143

Total length
Hs
Gg
Xt
Tra
Tna
Ola
Gaa
Dra
Tnb

8331
1883
887
142
446
32
166
146
242

However, the comparisons between paralogous clusters of the same species showed an
unexpected pattern for the tetrapods included in this study (Table 3.3). The phylogenetic
analyses show that the clusters were duplicated before the tetrapod – ray-finned fish split
(+/- 450 million years ago). Therefore, it seems a notable finding, that the human KCNA 61-5 cluster shares the highest amount of conserved cliques with the human KCNA 3-2-10
cluster. This is also observed, although less clearly, for comparison with the Xenopus KCNA
clusters. This phylogenomic pattern is most likely caused by a high density of repetitive
elements in the human and the frog clusters, while fish clusters are more compacted in size
and also show no obvious enrichment in repetitive elements. Since the Tracker software is
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not including any repeat masking, analyses of repeat-rich sequences might lead to false
positive results.
This finding might imply that the clustered structure of KCNA genes is to some extend
due to common expression domains of the genes within each cluster (Oliver and Misteli
2005), or at least that the regulatory elements are not conserved over larger evolutionary
distances. Since expression data is not widely available especially not for non-mammal
species, it is difficult to draw further conclusions about this testable hypothesis.

3.5. Conclusion
The molecular evolutionary analysis of the KCNA gene clusters showed that the number
of phylogenetically conserved footprints that are contained in the clusters is lower than in
Hox clusters. In our analyses we obtained 364 and 160 FC for the KCNA 3-2-10 and the 61-5 dataset, respectively, while a detailed analysis of the HoxA clusters resulted in 567 FC
(Chiu et al. 2004). In tetrapods as human and frog, the number of FC in KCNA clusters is
not linked to the age of the cluster but is specific to the lineage they are found in, probably a
bias due to repetitive elements. Additional data about expression of these genes might shed
additional light onto the reasons for the clustered structure that remarkably remained
unchanged for more than 450 million years of evolution.

3.6. Methods
Database searches
Complete clusters of KCNA genes were downloaded from public databases such as
Genbank (Homo sapiens), Ensemble (Gallus gallus, Gasterosteus aculeatus, Oryzias
latipes, Danio rerio), JGI (Xenopus tropicalis, Takifugu rubripes), and Genoscope
(Tetraodon nigroviridis).

Amplification of KCNA genes
Universal primers (KCNA.uni.F270.super ATY YTN TAY TAY TAY CAR TCI GGI
GG, KCNA.uni.R583.super ACN GTN GTC ATN GRI ACI GCC ACC A) were designed
based on known sequences. These primers amplified all intronless KCNA genes (KCNA 1, 2,
3, 4, 5, 6, 10) in vertebrates. PCRs were performed in 25 µl reactions using 0.5 µl (1
Unit/µL) of REDTaq DNA polymerase (Sigma), 2.5 µl 10xREDTaq PCR reaction buffer,
1.5 µl dNTPs (2.5 mM each), 1.0 µl MgCl2 (25 mM), 1.0 µl of each primer (10 µM) and 20
ng of genomic DNA. 35 PCR cycles with an annealing temperature of 50°C and an
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extension time of two minutes were conducted in each experiment. PCRs were performed
with DNA from Hydrolagus colliei (spotted ratfish, Chondrichthyes) Polypterus senegalus
(bichir), Acipenser baerii (Siberian sturgeon), Lepisosteus platyrhynchus (Florida gar),
Amia calva (bowfin), Gnathonemus petersi (elephant nose fish) and Oreochromis niloticus
(tilapia)
PCR fragments were subcloned using the TOPO-TA cloning kit (Invitrogen). Colony
PCRs were preformed followed by sequencing on a ABI-Hitachi 3100 capillary sequencer
following the manufacturer’s instructions using the BigDye Terminator cycle-sequencing
ready reaction kit (Applied Biosystems Inc.).
Sequences were assembled and checked using Sequence NavigatorTM1.0 (Applied
Biosystems). Accession numbers and genomic locations of sequences used in this study are
listed in Table S3.1.

Phylogenetic analyses
Deduced amino acid sequences were aligned with ClustalX and manually refined in
BioEdit (Hall 1999). Amino- and carboxy-terminal sequences were not alignable and
therefore were excluded from further analyses. Models of sequence evolution were chosen
with ProtTest (Abascal et al. 2005) using the AIK criterion. Maximum likelihood analyses
were performed with PhyML (Guindon and Gascuel 2003), running 500 bootstrap
replicates. Bayesian inference were performed in MrBayes3.1 (Huelsenbeck and Ronquist
2001) for 100 000 generations, running 4 chains, sampling every 10th tree and a burnin
value of 5000.

Cluster analyses
Complete gene clusters from Homo sapiens, Gallus gallus, Xenopus tropicalis, Takifugu
rubripes, Tetraodon nigroviridis, Gasterosteus aculeatus, Oryzias latipes and Danio rerio
were analyzed using the Tracker program (Prohaska et al. 2004b) for the identification of
conserved sequences. We excluded direct comparisons between the two pufferfish
sequences to avoid biased results due to their recent common ancestry. We also performed
VISTA plots using LAGAN multiple alignments (Mayor et al. 2000).
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4. Comparative genomics of ParaHox clusters of teleost fishes:
gene cluster breakup and the retention of gene sets following
whole genome duplications
4.1. Abstract
Background
The evolutionary lineage leading to the teleost fish underwent a whole genome
duplication termed FSGD or 3R in addition to two prior genome duplications that took place
earlier during vertebrate evolution (termed 1R and 2R). Resulting from the FSGD,
additional copies of genes such as members of the ParaHox gene clusters are present in fish,
compared to tetrapods whose lineage did not experience the 3R genome duplication. These
additional ParaHox genes in supernummary gene clusters were found to be under relaxed
selection.

Results
We determined the DNA sequence of the entire ParaHox C1 paralogon in the East
African cichlid species Astatotilapia burtoni, and compared it to orthologous regions in
other vertebrate genomes as well as to the paralogous vertebrate ParaHox D paralogons.
Evolutionary relationships among gene from these four chromosomal regions were studied
with different phylogenetic algorithms. We found evidence that the genes of the ParaHox C
paralogon are duplicated in teleosts, just as it has been shown for the D paralogon genes.
However, synteny seems to be less conserved in the ParaHox genes compared to the Hox
genes. Comparative analyses of non-coding sequences uncover conserved, possibly coregulatory elements, which are likely to contain promoter motives of the genes belonging to
the ParaHox paralogons.

Conclusions
There seems to be strong stabilizing selection for gene order as well as gene orientation
in the ParaHox C paralogon, since with a few exceptions, only the lengths of the introns and
intergenic regions differ between the species examined. This high degree of evolutionary
conservation of the gene clusters might be linked to the presence of promoter, enhancer or
inhibitor motifs that serve to regulate more than just one gene. Therefore, inversions or
relocations of genes would destroy the regulation of the proteins encoded by the genes in
this region. The existence of such a regulation network might explain the maintenance of
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gene order and orientation over the course of hundreds of millions of years of vertebrate
evolution. Another possible explanation for the highly conserved gene order might be the
existence of a regulator not located immediately next to its corresponding gene but further
away since a relocation or inversion would break this interaction. ParaHox clusters were
found to be broken up yet the complete set of these homeobox genes was maintained, albeit
distributed over almost twice the number of chromosomes. Selection might act more
strongly to maintain a modal number of homeobox genes per genome, yet permit the
accumulation of other genes associated with these homeobox gene clusters

4.2. Background
The cichlid fish
Cichlids belong to the most diverse and species-rich families of fishes. With an
estimated number of more than 3,000 species they alone represent more than ten percent of
all fish species. The family Cichlidae belongs to the teleosts that, with more than 26,500
species, are the most diverse lineage of all vertebrates (Nelson 2006). Cichlids have a
Gondwanan distribution and are found in India, Madagascar, South and Central America
and Africa, and developed a stunning variety of coloration patterns, body shapes, behaviors
and trophics as well as ecological specializations within a few millions of years see (Fryer
and Iles 1972; Kocher 2004; Kornfield and Smith 2000; Meyer 1993; Salzburger and Meyer
2004; Schluter 2000; Stiassny and Meyer 1999). Their unparalleled diversity made the
cichlid species flocks a textbook example for parallel adaptive radiations and explosive
speciation (Schluter 2000).
The evolutionary success of the cichlids has been attributed to morphological and
behavioral patterns, although the relative importance the reasons - as there will be surely
more than one - still remain debated. One plausible factor that is at least partly responsible
for the cichlids’ unique diversity is the complexity of their breeding system and social
behavior. Cichlids evolved a variety of brood care strategies and mating systems, and it is
likely that female choice with respect to male coloration played an important role during
cichlid evolution (Barlow 2000; Fryer and Iles 1972; Meyer 1993; Salzburger et al. 2006;
Turner and Burrows 1995). Another possible reason for their evolutionary success is the
particular architecture of the cichlids’ jaw apparatus. They possess two sets of jaws, one oral
and one pharyngeal jaw derived from the fifth gill arch. These jaws evolved independently
from each other and allow for an immense variety of possible feeding types leading to
different diets. Therefore, many different niches could be colonized by cichlids (Liem
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1980). There is a large amount of behavioral and even morphological divergence between
different cichlid species in the East African lakes and yet surprising parallelism among
species flocks of the different lakes (Kocher 2004; Meyer 1993; Stiassny and Meyer 1999)
indicating that the genetic “predisposition” for the modification of these traits might already
be present in the genome of the common ancestor of all the East African cichlid species. We
suggest that an instrumental part of the necessary modifications for the evolutionary success
of the cichlids took place in the regulatory elements of only a few important genes. To test
this hypothesis it would be important to identify those genes of relevance in speciation. As
part of this overall research effort we focus here on the ParaHox genes, a sister-cluster of the
crucial developmental genes of the Hox cluster (Garcia-Fernandez 2005b; Holland et al.
1994). We report here on an investigation of the genomics of the ParaHox C and D
paralogons of the cichlid Astatotilapia burtoni and a comparison of some of its genomic
features with those of other vertebrate ParaHox clusters.

Genome duplication, Hox- and ParaHox clusters in vertebrates
It has been suggested that gene or genome duplications might be important evolutionary
mechanisms that resulted in new copies of genes, which are then free to accumulate
mutations and to evolve new or additional functions (Ohno 1970). The regulatory elements
of novel genes could, for example cause the neofunctionalization; the gain of a new
function, or a subfunctionalization; i.e., subdividing the original functions of the duplicated
gene between the daughter genes (Force et al. 1999). Genes under relaxed selection can
arise after the duplication of single genes, large chromosomal fragments or even whole
genomes (Meyer and Schartl 1999 and references therein). For each of these three
possibilities, different effects are characteristic: the preservation or disruption of regulatory
control, the genomic context, the potential for dosage imbalance and, of course, the size of
the duplicated fragment (Durand and Hoberman 2006).
Duplications of genes as a consequence of the activity of transposable elements, unequal
crossing-over and other mechanisms occur frequently in the course of vertebrate evolution
(Long 2001). The duplication of whole genomes, however, is a rare event in animals,
although there are quite a few polyploid species in some taxonomic groups such as frogs
(Tymowska et al. 1977), salamanders (Beetschen 1967) and several fish lineages such as
salmonids (Danzmann et al. 2005), cyprinids and catfish (Leggatt and Iwama 2004). In
plants polyploidy is a rather common phenomenon (Hanson et al. 1996; Islam et al. 2003;
Patterson et al. 2005).
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Several studies have proposed the existence of two rounds of whole genome
duplications during vertebrate evolution (2R hypothesis) (Holland et al. 1994; Vandepoele
et al. 2004 and references therein). More recent analyses revealed that in the lineage leading
to the ray-finned fish, an additional genome duplication event, the fish-specific genome
duplication (3R or FSGD), has occurred (Amores et al. 2004; Blomme et al. 2006; Hoegg et
al. 2004; Meyer and Van de Peer 2005; Taylor et al. 2003; Taylor et al. 2001a). The 1R and
2R can be roughly dated 430 – 750 mya (Gu et al. 2002; Vandepoele et al. 2004) in the
lineage of the Gnathostomata. However, the phylogenetic relationships of the agnathan
lineages to each other and the vertebrates as well the timing of 1R and 2R is not fully
resolved yet (Delsuc et al. 2006). The FSGD (Amores et al. 1998; Wittbrodt et al. 1998)
took place in the lineage of ray-finned fish, after the separation of gars but before the origin
of the Osteoglossomorpha (Hoegg et al. 2004) around 320 mya (Christoffels et al. 2004;
Vandepoele et al. 2004).
Among the first to be discovered and still among the most prominent examples for
duplicated genes through whole genome duplications are the Hox clusters (Holland et al.
1994). The number of Hox gene clusters and their genomic architecture in vertebrate
genomes are an excellent illustration for the vertebrate genomic history of two rounds of
genome duplications (1R, 2R), as well as an additional fish specific genome duplication
(3R/FSGD) (Hoegg and Meyer 2005). One cluster is found in the genome of the
cephalochordate Branchiostoma and one cluster is assumed to be the ancestral state (GarciaFernandez and Holland 1994). Two rounds of genome duplication led to four copies in
sharks and tetrapods and another round of genome duplication along with reciprocal losses
of genes lead to a total number seven Hox clusters in teleost fish (Hoegg and Meyer 2005;
Meyer and Van de Peer 2005). Therefore it might be expected that the genes of the ParaHox
clusters, just as those of the Hox clusters, should reflect the history of the last two genome
duplications in fish as well (Chourrout et al. 2006).
The ParaHox complement in mammals consists, just as the Hox complex, out of four
clusters termed A to D. But only the A cluster still carries all three genes of the predicted
ancestral ParaHox cluster. All other clusters contain only a single ParaHox gene at most.
The ParaHox complex is even more fragmented in teleost fish, and Mulley et al. (2006)
argued that there are no teleost ParaHox clusters at all. However, if the adjoining genes of
the ParaHox clusters are taken into account, the paralogous structure of the genomic region
that contains the ParaHox gene(s) becomes apparent (Ferrier et al. 2005; Minguillon and
Garcia-Fernandez 2003; Prohaska and Stadler 2006, see Figure 4.1) and the evolutionary
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history of the clusters can be reconstructed. Thus, the present study defines the ParaHox
gene(s) of one cluster together with the respective 3’ adjoining genes as a ParaHox
paralogon (Braasch et al. 2006).

Figure 4.1: Schematic of the genomic architecture of the vertebrate ParaHox loci.
a) Structure of the presumed ancestral vertebrate condition and the mammalian ParaHox clusters and
their 3’ adjoining genes (“ParaHox paralogon”).
b) Structure of the derived (post FSGD) teleost fish ParaHox cluster genomic architecture and their 3’
adjoining genes (Ferrier et al. 2005; Minguillon and Garcia-Fernandez 2003; Prohaska and Stadler
2006) The color code is kept throughout this paper: yellow: ParaHox genes, red: pdgfr genes, blue: kit
and csf1r genes, green: vegfr genes, purple: clock genes; the colors red, blue and green also stand for
RTKs type III.

For this study we conducted an analysis of the genomic evolution of vertebrate ParaHox
paralogons. Specifically, we were interested in the ParaHox clusters C and D and the
adjoining type III receptor tyrosine kinase genes (pdgfrα / kit and pdgfrβ / csf1r
respectively) that were shown to be involved in teleost coloration (Braasch et al. 2006;
Parichy et al. 2000; Parichy et al. 1999; Parichy and Turner 2003). To this end, we
determined the DNA sequence of the entire ParaHox C1 paralogon in the East African
cichlid species Astatotilapia burtoni, and compared it to orthologous regions in other
teleosts’ genomes (Danio rerio, Oryzias latipes, Tetraodon nigroviridis, Takifugu rubripes,
Gasterosteus aculeatus) and mammals (Mus musculus, Homo sapiens) as well as to the
Astatotilapia burtoni ParaHox D paralogons (Braasch et al. 2006). This was done to
investigate the genomic consequences of several rounds of genome duplication in the
vertebrate lineage (see Figure 4.2).
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Figure 4.2: Phylogenetic analysis of the RTKs of the C and D ParaHox paralogon.
Bayesian analysis, **: 1.00; *: 0.95 – 0.99 support, nucleotide data, stars mark the postulated points of
genome duplication. Tree taken from the PHYML analysis.
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4.3. Results and Discussion
To investigate the evolution of the vertebrate ParaHox paralogons C and D we shotgun
sequenced a BAC clone of a BAC library of the East African cichlid fish Astatotilapia
burtoni (Lang et al. 2006) that contained the C1 ParaHox paralogon, i.e., the ParaHox gene
gsh2 and its 3’adjoining genes. The obtained BAC contig was then further analyzed and
compared to the sequences of two other BAC clones of the African cichlid Astatotilapia
burtoni, 20D21 (DQ386647) and 26M7 (DQ386648) containing the D1 and D2 paralogons
(Braasch et al. 2006).

Sequence assembly and analysis
This analysis showed that the C1 ParaHox gene locus and its 3’ adjoining genes of
Danio rerio is located on chromosome 20, of Takifugu rubripes on scaffold 13, of
Tetraodon nigroviridis on ‘chromosome1_random’, of Gasterosteus aculeatus on group
VIII, of Homo sapiens on chromosome 4, of Mus musculus of chromosome 5 and of Oryzias
latipes on the scaffolds 1,264 (gsh2, pdgfrα), 578 (kita, kdrb) and 2,436 (clock) (see Figure
4.3/Table S4.1 for details).

Figure 4.3. C1and C2 ParaHox paralogon – overview:
The C ParaHox paralogon of Homo sapiens, Tetraodon nigroviridis, Takifugu rubripes, Oryzias latipes,
Danio rerio, Gasterosteus aculeatus and Astatotilapia burtoni. All teleost fishes except Astatotilapia are
represented with their a- and b-copy. Of Astatotilapia only the a-copy is available at present. The
orientation of the five genes and their respective paralogs are printed above the genes. The locations of
the genes in their respective genome annotation are written on the right side of the name of the species.

Sequences for the C2 and the D ParaHox gene loci and their 3’ adjoining genes were
also retrieved from the aforementioned databases and aligned by hand. The locations of the
different genes in the respective genome assemblies are summarized in Table S4.1.
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Identification and characterization of Astatotilapia burtoni ParaHox paralogon containing
BAC clones
The BAC library was screened for the C1 ParaHox paralogon gene kita as described
previously (Lang et al. 2006). A PCR screen for the presence of the ParaHox gene gsh2 was
subsequently performed to identify BAC clones covering the entire C1 ParaHox paralogon.
The kita and gsh2 positive clone 99M12, which was determined to have an insert length of
154 kb, was chosen for further investigation. The BAC clone was shotgun sequenced and
BAC contigs were assembled into a scaffold and a complete sequence as described earlier
(Lang et al. 2006).
BLAST searches (Altschul et al. 1990) of the assembled contigs against Genbank
(http://www.ncbi.nlm.nih.gov) showed that five genes were at least partially present in the
BAC clone 99M12 (Figure 4.1 and 4.4): genomic screened homeo box 2 (gsh2), the plateletderived growth factor receptor α (pdgfrα), the a - copy of the v-kit Hardy-Zuckerman 4
feline sarcoma viral oncogene homolog (kita), the b - copy of the kinase insert domain
receptor (kdrb) and the circadian locomoter output cycles kaput (clock) (Figure 4.1 and
4.4). The C1 ParaHox paralogon was found to be the paralogon with the highest number of
3’ adjoining genes in teleosts.

Figure 4.5: C1and C2 ParaHox paralogon.
Detailed depiction of the teleost fish C1 and C2 ParaHox paralogons of Figure 4.1b. Homo sapiens and
Mus musculus were left out of the figure to ensure a clear image of the genes. The arrows indicate the
orientation of the genes.

Using cDNAs, annotated and predicted genes of Homo sapiens, Mus musculus and
Danio rerio available on NCBI (http://www.ncbi.nlm.nih.gov), we deduced the coding
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sequences of Takifugu rubripes, Tetraodon nigroviridis, Oryzias latipes, Gasterosteus
aculeatus and Astatotilapia burtoni. We were able to assemble the complete coding
sequences of four of the five genes located on the BAC clone 99M12 of A. burtoni. The
only incompletely assembled gene is kdrb where approximately 200 bp of the coding
sequence are missing.
From the beginning of the gene gsh2 to the end of clock this sequence of the clone
99M12 spans 133.56 kb. This length was used for comparisons of the lengths of the C1
ParaHox paralogons in the different organisms used in this study (H. sapiens, M. musculus,
D. rerio, T. rubripes, T. nigroviridis, O. latipes, G. aculeatus and A. burtoni) because the
real length of the inserted gaps is unknown as of present.
Another BAC clone (26M7) of the A. burtoni BAC library contains the genes caudal
type homeo box transcription factor 1 a (cdx1a), the platelet-derived growth factor receptor

β1 (pdgfr β1) and the colony-stimulating factor 1 receptor a (csf1ra) (Braasch et al. 2006).
Those three genes plus the fms-related tyrosine kinase 4 (flt4) that is not present on the
clone belong to the D1 ParaHox paralogon, whereas the clone 20D21 was found to contain
the genes platelet-derived growth factor receptor β2 (pdgfr β2) and the colony-stimulating
factor 1 receptor b (csf1rb) (Braasch et al. 2006). Those two genes plus the caudal type
homeobox transcription factor 1b (cdx1b) (not contained on this BAC clone) form the D2
ParaHox paralogon. The genes kitb and clock3, belong to the C2 ParaHox paralogon. Figure
4.5 shows the D1 and D2 ParaHox paralogons as defined above.

Figure 4.5: D1and D2 ParaHox paralogon.
The D ParaHox paralogon of H. sapiens, M. musculus, T. nigroviridis, T. rubripes, O. latipes, G. aculeatus
and A. burtoni. The orientations of the genes are indicated by the arrows. The locations of the genes in
their respective genome are written on the right side of the species name.
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The ancestral ParaHox complex fish is fragmented in teleosts (Mulley et al. 2006).
Therefore, we use the expression ParaHox “paralogon” instead of “cluster” since, especially
for the case of the C2 ParaHox paralogon, not a single ParaHox gene is still present and in
the case of the D2 ParaHox paralogon, the data we investigated did not include the ParaHox
cdx1b gene. Possibly the most interesting finding is, that the ParaHox complex of teleost
fish, even after another round of whole genome duplication (WGD), the FSGD, and
subsequent deletion of genes, contains exactly the same number of genes and orthologous
set of ParaHox genes as the mammalian four ParaHox clusters. This is all the more
surprising since in teleosts it is distributed across eight paralogons, and there is no complete
ParaHox cluster left in the fish lineage (Mulley et al. 2006). As outlined above, we still
speak of ParaHox paralogons as we later on want to emphasize the paralogous relationship
of the RTKs and other genes 3’ of the remains of those ParaHox clusters. This is because
the remaining genes of the ParaHox clusters, and the 3’ adjoining RTKs, as well as the
genes clock and clock3 that lie directly 3’ of the RTKs on the C1 and C2 ParaHox clusters
respectively, clearly form paralogous genomic regions.

The C1, C2, D1 and D2 ParaHox paralogons
Using sequence orthology to Astatotilapia burtoni we were able to determine the C and
D ParaHox paralogons of Homo sapiens, Mus musculus, Danio rerio, Takifugu rubripes,
Tetraodon nigroviridis, Oryzias latipes and Gasterosteus aculeatus (Table S4.1).
We could not find the gene clock in the G. aculeatus genome except for two very short
blast hits. Since each of the genes of the C1 ParaHox paralogon of this species lies on
different contigs within one scaffold, it seems likely that this gene was not correctly
assembled in the current release of the stickleback genome. The entire D2 ParaHox
paralogon of D. rerio and a major portion of the expected paralogon of G. aculeatus could
not be located in the current releases of public genomic databases. The flt4 gene of M.
musculus was relocated to another chromosome and the flt4 of H. sapiens was relocated to a
location 30 Mb 5’ of cdx1. Therefore it was excluded from the following analyses. The
cdx1b of Tetraodon nigroviridis is relocated, as well and the cdx1b of Oryzias latipes is
reversed. All other examined organisms kept the orientation and position unaltered in
reference to the more 5’ genes, but the distance to those is always very large (Figure 4.5).
The orientation and the order of the genes of the C ParaHox paralogons are conserved in
all vertebrates species examined (Figures 4.3 and 4.4), implying that the orientation and
order of these genes have remained unchanged for more than 450 my (Blair and Hedges
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2005). The genes gsh2, pdgfrα and kita with its paralogous gene kitb all have a 5’ – 3’
orientation. The genes kdrb and clock as well as its paralogous gene clock3, show a 3’ – 5’
orientation (Figures 4.3 and 4.4, (Mulley et al. 2006; Prohaska and Stadler 2006)). The
genomics of the D1 and D2 ParaHox paralogons is less conserved. The orientation of the
genes has stayed the same in all species included in this study but one. Yet, in four genomes
the position of a gene compared to pdgfrβa/b and csf1ra/b has changed (Figure 4.5).
Furthermore, the csf1rb gene seems to be lost in Danio rerio (Braasch et al. 2006). The gene
content of all other paralogons examined in this study was completely conserved.
The presumed ancestral condition of the C ParaHox paralogon that can still be found
in mammalian genomes (Ferrier et al. 2005; Prohaska and Stadler 2006), is also conserved
in all teleostean C1(a)-copies of this ParaHox paralogon (Figures 4.1a and 4.3). In all
organisms examined here the C2(b)-copy of the C ParaHox complex has lost genes, namely
gsh2, pdgfrα and kdrb. The remaining genes of this paralogon nevertheless retained their
orientation. A similar scenario can be seen in the D ParaHox paralogon. Here only the b–
copy of the gene flt4, a 2R-paralog of kdrb, was lost. We found no trace of clock-like genes
3’ of the RTKs, so we can not say whether both clock copies were deleted or if the clock
precursor was located in the C ParaHox paralogon after the precursor of the C and the D
ParaHox paralogons was duplicated. This implies that there never was a clock-like gene on
the D1 and D2 ParaHox paralogons.
It seems quite remarkable, that this gene complex maintained both its gene order as
well as gene orientation (with the exception of two genes) over very significant evolutionary
time spans. Only the lengths of the introns and intergenic regions differ between the species
examined. Possible reasons for this conservation might be related to the presence of
promoter, enhancer or inhibitor motifs in that complex that influence more than just one
gene, so that an inversion or a relocation of one gene would possibly destroy the regulation
of the proteins constructed from this and other genes nearby. If such a co-regulation exists,
it might explain the maintenance of the gene order and gene orientation over the course of
vertebrate evolution. Another possibility might be that a regulator is not located
immediately next to its corresponding gene but at a distance, and that other genes exist
between regulator and corresponding gene. A relocation or inversion in such a case could
lead to disruption of the interactions.
In both the C and the D paralogons, only the a-copy retained the ParaHox gene. It was
either lost (C2 copy, “Cb-copy”) or relocated (D2 copy, “Db-copy”, Figure 4.5). So the bparalogon in both cases lost more genes than the a-paralogon. Therefore, when comparing
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the C and the D ParaHox paralogons it is apparent that the a-copies of the ParaHox
paralogons C and D of the teleosts are more conserved and show a higher level of synteny
with the mammalian ParaHox paralogons than the b-copies. Interestingly, this finding is
similar to the pattern previously found in the Hox clusters (Wagner et al. 2005). This finding
implies that one copy of the paralogon pair evolved faster than the other. That this is always
the b-copy is most likely explained by the fact that the more conserved (a) copy is much
more likely to be found and named first.
To further investigate this issue, we performed relative rate tests as described previously
(Braasch et al. 2006). These analyses revealed that the genes of the C paralogons always
evolved slower than that of the D paralogons, compared to the human gene (data not
shown). Also, we found that the a-paralogon genes always evolved more slowly that the bcopy, except cdx1. For the case of cdx1a/b, which are a part of the D1/D2 paralogons did
the b-copy evolve slower than the a-copy, even if the rest of the paralogon follows the
normal trend (see Table 4.1).
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Table 4.1. Nonparametric Relative Rate Tests of the C and D ParaHox paralogons
a

Genes that show statistically significant increase in rate of molecular evolution are indicated in bold.

b

χ2 tests: *P < 0.1, **P < 0.01, *** P < 0.001.

species
T. nigroviridis

paralogons
Ca-Cb

T. rubripes
O. latipes
G. aculeatus
D. rerio
T. nigroviridis
T. rubripes
O. latipes
D. rerio
T. nigroviridis
T. rubripes
O. latipes
T. nigroviridis
T. rubripes
O. latipes
A. burtoni
T. nigroviridis
T. rubripes
O. latipes
A. burtoni
G. aculeatus

Da-Db

gene

a

kita
kitb
kita
kitb
kita
kitb
kita
kitb
kita
kitb
clock
clock3
clock
clock3
clock
clock3
clock
clock3
cdx1a
cdx1b
cdx1a
cdx1b
cdx1a
cdx1b
pdgfrb1
pdgfrb2
pdgfrb1
pdgfrb2
pdgfrb1
pdgfrb2
pdgfrb1
pdgfrb2
csf1ra
csf1rb
csf1ra
csf1rb
csf1ra
csf1rb
csf1ra
csf1rb
csf1ra
csf1rb

Nucleotide Sequence
(first and second codon position)
sites
unique
signifidifferences
canceb
1674
134
*
176
1208
74
***
140
1524
163
0.166
189
1450
168
0.628
177
1864
154
*
192
1574
114
***
217
1635
107
***
222
1562
177
*
143
1592
73
***
203
428
121
***
39
452
116
***
55
224
30
*
17
1966
222
***
328
2032
249
**
323
1999
254
***
405
2025
216
***
301
1864
228
***
692
1842
187
**
258
1810
208
**
279
1856
192
**
247
1782
183
***
306

Amino Acid Sequence
sites
837
603
761
724
931
787
816
780
795
213
225
111
982
1015
998
1011
904
920
904
927
890

unique
differences
43
68
30
75
63
73
64
70
64
93
55
113
51
111
112
67
32
116
62
15
62
22
11
5
90
164
98
173
97
207
72
158
54
323
59
105
67
119
62
93
65
141

significanceb
*
***
0.391
0.604
*
***
***
**
***
***
***
0.134
***
***
***
***
***
***
***
*
***

To search for conserved regions that could possibly be promoter regions, enhancers or
inhibitors, we performed an mVista plot analysis comparing the C1 ParaHox paralogon of
A. burtoni with those of T. rubripes, T. nigroviridis, D. rerio, O. latipes, G. aculeatus, M.
musculus and H. sapiens. The genes of these paralogons were, as already mentioned, gsh2,
pdgfrα, kita, kdrb and clock (Figure 4.6). The results are similar to previous analyses of the
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D ParaHox paralogons (Braasch et al. 2006). Conserved intergenic regions immediately
upstream of the genes gsh2, pdgfrα and kita can clearly be detected. Furthermore, there are
conserved regions also following the gene clock as well as between it and kdrb. Another
conserved region is apparent immediately 3’ of kita as well as between the genes gsh2 and
pdgfrα (Figure 4.6). The conserved elements upstream of the genes gsh2 and pdgfrα and a
region between kdrb and clock are, at least in part, conserved in all vertebrates examined.
Through blasting of a subset of the A. burtoni sequence against the available databases, we
found that the conserved sequences between the genes kdrb and clock, are similar to another
gene, a transmembrane protein called HTP-1. The other conserved intergenic regions are
only conserved in teleost fish examined and BLAST searches of those regions of the BAC
clone 99M12 revealed them to be SINE and LINE elements. As only the fugu specific mask
was available, not all elements could be masked efficiently. The only exception is the region
in Oryzias latipes in the second part of the gene clock. Because of problems in the genome
assembly of this organism these data could not be used in the mVista blot analysis and,
therefore, medaka is missing from this analysis. As already mentioned, the gene clock of
Gasterosteus aculeatus could not be found. Only two short BLAST hits for clock were
found with bl2seq (Figure 4.6).
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Figure 4.6: Shuffle-LAGAN vista blot:
Comparisons of the C1 and C2 ParaHox paralogons from A. burtoni with T. rubripes, T. nigroviridis, D.
rerio, O. latipes, G. aculeatus, M. musculus and H. sapiens. The blue peaks are conserved areas in exons
of the genes and in pink conserved intergenic regions are indicated. The genes shown on the graph are
from left to right: gsh2, pdgfrα
α, kita, kdrb and clock. The blue shaded area indicates the position of the
putative HTP1-like gene.

A comparison between the C1 ParaHox paralogons of Homo sapiens, Astatotilapia
burtoni, Danio rerio, Takifugu rubripes, Tetraodon nigroviridis and Gasterosteus aculeatus
(Figures 4.3 and 4.4) showed that the cichlid sequence is of an intermediate length. It is
considerably shorter that H. sapiens (10%), D. rerio (39%) and O. latipes (34%) but longer
than T. nigroviridis (150%), T. rubripes (141%) and G. aculeatus (135%). In O. latipes only
fragments of clock, the last gene of the paralogon, could be found. Because of seemingly
incomplete assembly in this genomic region 34% might not be the final result, which will
have to wait for the final assembly of the medaka genome (Table S4.2).
A previous study (Braasch et al. 2006) showed that the sequence of the cichlid D1
ParaHox paralogon again is of an intermediate length, being shorter than that of D. rerio
(29%) but longer that the other D1 paralogons of the other species investigated (O. latipes
102%, T. nigroviridis 148%, T. rubripes 140%, G. aculeatus 125%). In both cases the
mammalian sequence is the longest and the sequences of the pufferfishes are the shortest.
To test if that is effect paralogon-specific or an effect of the different genome sizes of the
various organisms, we plotted genome size versus cluster size. Figure 4.7 shows the
comparison between the genome sizes of different organisms and the length of the C1, C2,
D1 and D2 paralogons. The genome sizes of Homo sapiens, Mus musculus, Danio rerio,
Takifugu rubripes, Tetraodon nigroviridis, Gasterosteus aculeatus and Oryzias latipes were
from the animal genome size database (Gregory 2005). The genome size estimate of
Astatotilapia burtoni was obtained from reference (Lang et al. 2006).
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Figure 4.7: Size comparison of genome size and respective cluster length. All genome size estimations,
except A. burtoni, were taken from the animal genome size database (Gregory 2005), A. burtoni
estimation from (Lang et al. 2006). Size estimations of the D1 and D2 clusters were obtained from
(Braasch et al. 2006). The gene flt4 is not included in this analysis.

While the C1 paralogons of teleosts are showing a similar genome size to cluster size
relation ship as the mammalian clusters, the C2 clusters are much more condensed but also
show a trend, that the cluster size is linked to genome size (Figure 4.7). The D1 paralogons
are also much more condensed than the C1 paralogons, but they also display a linear
relationship between genome and cluster size, including also the mammal sequences.
Obvious deviations from the so far observed patterns can be seen in the D2 paralogons of
the pufferfishes. Relative to their very compact genome size, the D2 paralogon is very large.
A possible reason for this could be that the maximal condensation of this cluster has already
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been reached and a further condensation might be detrimental in terms of selection. We can
only speculate on this, but the minimum absolute size of the ParaHox paralogons might be
determined by the necessary spatial relationships of the individual transcriptional units
within these gene complexes and regulatory regions might need to be maintained at a
minimal distance in the intergenic regions of adjacent genes in order to maintain the proper
function of these genes. The Astatotilapia burtoni D2 ParaHox paralogon could not be
included in this comparison because the gene cdx1b is not on the investigated BAC clone.

Gene cluster breakup and gene retention after genome duplications
The FSGD affords the opportunity to study genomes following a whole genome
duplication event (Meyer and Van de Peer 2005 and references therein). For the Hox gene
clusters of teleosts, it has been observed before (Hoegg and Meyer 2005 and references
therein) that, although all fish genomes studied so far vary in the gene content and even
number of Hox gene clusters, the total number of Hox genes contained in their genomes, is
about the same as in the genomes of tetrapods, which did not experience this WGD. It has
been suggested that particularly the Hox gene clusters are, typically, maintained more or
less intact, because they are likely to be strongly regulated by sequential activation and
cluster completeness is necessitated by corrected interdigitated gene control (McGinnis
1994).
What seems remarkable as well is that the evolutionary forces keeping Hox gene
number rather constant seem to be stronger than those that maintain the cohesion and
physical linkage on chromosomes of individual clusters following a WGD. Mulley et al.
(Mulley et al. 2006) had noted before that the ParaHox cluster stayed intact in ancestral fish
lineages such as Amia and Polypterus, yet noted the fragmentation of the ParaHox clusters
in teleosts. The FSGD duplicated all genomic regions including the clustered sets of
homeobox genes such as Hox, ParaHox and NK. The selection pressures that maintained
those clusters intact in part of the metazoans, seem to be relaxed, as for many of these gene
clusters, several genes seem to have been lost (Garcia-Fernandez 2005a), despite the fact
that these, often apparently co-regulated arrays of genes, seem to share enhancers and are
regulated in an interdigitated fashion (Figure 4.1). Our analysis of the ParaHox clusters in
teleosts supports these ideas in so far as the ParaHox clusters are broken up yet that the total
number of six ParaHox genes is maintained in post-duplication teleost genomes. If the
comparison is extended to a larger paralogon than the set of ParaHox genes alone, as was
done in this study, it becomes clear, that for larger genomic regions, there is no constancy of
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gene numbers. Our analysis shows that some, although not all, additional genes flaking the
ParaHox clusters are retained following a WGD (Figure 4.1), implying different selective
forces as increased tolerance to more gene product or functional changes (sub-,
neofunctionalization) of those genes. This finding might argue that although differential
gene loss on different chromosomal regions is permitted following a WGD through genetic
redundancy of cis-regulatory elements, the overall constancy of gene number is strongly
selected for in ParaHox genes, possibly through trans-regulatory mechanisms. Moreover,
possibly weaker selective forces against duplicate genes might permit the retention of
probably not co-regulated genes outside of gene clusters after a WGD on one hand. On the
other hand other selective pressures might act more strongly in bringing about the loss of
interdigitated genes within cluster following a WGD to maintain a modal gene number per
genome of these clustered homeobox genes.
Recently Negre and Ruiz (2007) have discovered a surprising diversity of Hox gene
cluster architectures in different species of Drosophila. Since breaks and inversions were
found not too infrequently, they argue that not integrity and organization of Hox clusters is
the stronger selective force, but rather that functional constraints on individual Hox genes
might be acting more forcefully on genomes so that functional sets of homeobox genes are
maintained in the genome, but not necessarily physically linked with unbroken colinearity.
Other studies showed that an unbroken cluster is only important for temporal and not for
special colinearity (Monteiro and Ferrier 2006). In Drosophila where the development is so
rapid, that all the Hox genes are basically activated at the same time, the cluster is
interrupted. (Monteiro and Ferrier 2006 and references therein). By extension to our data on
ParaHox paralogons, their fixed gene content and orientation in teleost genomes but
distribution over seven instead of four paralogons would support the hypothesis that overall
gene content is more strongly selected to be maintained than cluster integrity.
.

4.4. Conclusions
We were able to demonstrate the orthologous relationship of the genes of the C and D
ParaHox paralogons (Figure 4.2). Relative rate tests revealed that with the exception of one
gene the a-copy always evolves more slowly than the b-copy, the exception being the
ParaHox gene cdx1, where the b-copy evolves significantly slower. With relative rate tests
we also demonstrated, that the C paralogons evolve slower that the D paralogons.
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A mVista analysis of the D clusters was performed in an earlier study (Braasch et al.
2006). We found a number of conserved genomic regions in the C1 ParaHox paralogon that
were located in intergenic regions. One conserved sequence block, located at the position
119-130kb on the A. burtoni BAC clone 99M12, was confirmed to be another gene, the
transmembrane protein HPT-1, by BLAST search. We also found evidence that the ParaHox
paralogon of the pufferfishes is apparently close to the maximal possible reduction in size.
Despite having undergone a WGD the total number of ParaHox genes in teleost fish is
maintained at six genes with eight paralogous chromosomal regions instead of four as in the
genome of tetrapods. Other genes that are physically associated with the ParaHox genes in
the same paralogon were also reduced in number following the FSGD. However, while
typically nine receptor tyrosine kinases are found in tetrapods, twelve are maintained in
teleost fish genomes. We discuss possible selective reasons for keeping modal numbers of
homeobox genes throughout hundreds of millions of years of evolution while permitting to
differentially loose ParaHox genes on some ParaHox paralogons.
Future research should include the description of possible binding sites in the conserved
elements and a functional study of those found by in silico analyses.

4.5. Methods
BAC Library screening and Shotgun Sequencing
We previously constructed a BAC library of the East African haplochromine,
Astatotilapia burtoni (Lang et al. 2006). This library was screened for kita positive clones
with the kita specific primer set Burt-Kit-F-474/Burt-Kit_R-672 according to (Braasch et al.
2006). Using universal primers (gsh2_Ex1_For (AGAYCCCAGRAGATACCACT) and
gsh2_Ex2_R (GTGCGCGCTCCTCTGGGTG)) designed on known teleost sequences, we
confirmed the presence of the gsh2 gene on the BAC clone. The BAC plasmids of the
recovered clones were extracted using the Large-Construct Kit (Qiagen) according to the
manufacturer’s manual and then sheared by sonification. The fraction of 2-3kb was
recovered from an agarose gel and blunt-end-ligated into the pUC18 vector of Roche and
later electro-transformed into “Electro Max DH10B T1 Phage Resistant Cells” (Invitrogen).
The subclones were grown in standard LB-medium (0.5mg/ml ampicillin). The plasmid
DNA was recovered using standard methods. The clones were sequenced directly using a
standard M13F/M13R primer set on an ABI3100 automatic DNA sequencer (Applied
Biosystems).
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Contig Assembly
The obtained sequences were quality trimmed by hand and checked for vector sequences
using the Sequencher software (Gene Codes Corporation). The same software was used for
the contig assembly at the setting “dirty data”, with a sequence similarity of 85% and an
overlap of 20bp. The full sequence of the genome of E. coli from the GENBANK database
(http://www.ncbi.nlm.nih.gov) was added to the analyses, so that all E. coli contaminated
reads were filtered out of the assembly. Gaps between contigs were closed with gap
spanning primers, designed with Primer3 (Rozen and Skaletsky 2000). For further analyses
the remaining gaps were closed by 33 N’s each.
The contigs of the BAC clone 99M12 were checked for corresponding forward/reverse
clones in other contigs and a contig map was drawn. To check this map, the contigs were
assembled into one single sequence according to the contig map. Using the tool bl2seq
(align two sequences) (GENBANK database, http://www.ncbi.nlm.nih.gov), the contigs
were BLAST-searched against chromosome 11 of Tetraodon nigroviridis containing its C1
ParaHox cluster. The contig map was then corrected using the information from the bl2seq
analysis

Sequence Annotation
The ontology of the genes sequenced were determined by sequence comparisons with
the available genomes of Takifugu rubripes (http://www.jgi.doe.gov/), (version 4.0),
Tetraodon nigroviridis (www.genoscope.cns.fr/externe/tetranew/), (version 1-64), Oryzias
latipes (http://dolphin.lab.nig.ac.jp/medaka/), (version 200506), Gasterosteus aculeatus
(http://www.ensembl.org/index.html), (version 41) and already annotated genes from Danio
rerio, Mus musculus and Homo sapiens were taken from http://www.ncbi.nlm.nih.gov/. The
provided annotations of the Homo sapiens, Mus musculus and Danio rerio sequences from
GENBANK database (http://www.ncbi.nlm.nih.gov) were used to help to identify the
intron/exon structure of the respective genes in Takifugu rubripes, Tetraodon nigroviridis
and Oryzias latipes. In some cases the Danio rerio sequence could not be included into the
analyses due to apparent misassemblies.

Phylogenetic and Sequence Analyses
For phylogenetic analyses, Nexus files were processed via PAUP* (Rogers and
Swofford 1998) to eliminate positions that could not be aligned. The appropriate models of
molecular evolution were estimated using the program modelgenerator (Keane et al. 2004).
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Maximum likelihood trees and bootstrapping (1000 replicates) were calculated in PHYML
(Guindon and Gascuel 2003). Bayesian Inference was performed in Mr. Bayes 3.1
(Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) (1,000,000 generations,
5000 burnin).
Vista plots were obtained via the mVista option on the Vista homepage (Mayor et al.
2000). The alignment program used was LAGAN (Global multiple alignment of finished
sequences) (Brudno et al. 2003). For Homo sapiens the human/primate-specific
RepeatMasker and for Mus musculus the mouse/rat/rodent specific RepeatMasker was used.
For all other sequences the fugu-specific RepeatMasker was used as a stand in.
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5. Comparative phylogenomic analyses of teleost fish Hox gene
clusters: lessons from the cichlid fish Astatotilapia burtoni
5.1. Abstract
Background
Teleost fish have seven paralogous clusters of Hox genes stemming from two complete
genome duplications early in vertebrate evolution plus an additional genome duplication
during the evolution of ray-finned fish, followed by the loss of one cluster. Gene
duplications on the one hand, and the evolution of regulatory sequences on the other, are
thought to be among the most important mechanisms for the evolution of new gene
functions. Hox genes are key developmental genes that are establishing the primary body
axis in early animal embryos. Sharing of regulatory elements by neighboring genes seems to
be the mechanism how their cluster arrangement on different chromosomes is maintained in
vertebrates. Putative regulatory sequences can be identified by cross-species comparisons,
so called phylogenetic footprinting. Cichlid fish, with about 2,500 species the largest family
of vertebrates, are famous examples of speciation and morphological diversity. Since this
diversity could be based on regulatory changes, we picked Hox clusters as a study object.

Results
We sequenced and characterized the Hox clusters of the Astatotilapia burtoni, a
haplochromine cichlid. Comparative analyses with data from other teleost fish as Danio
rerio, Takifugu rubripes, Tetraodon nigroviridis, Gasterosteus aculeatus, and Oryzias
latipes were performed. We traced loss events of genes and microRNAs of Hox clusters and
found out that so far, each teleost studied has a unique set of genes. We could show that the
hoxb7a gene was lost independently several times during the teleost evolution, the most
recent event being within the East African cichlids. The conserved non-coding sequences
(CNS) encompass a large part of the clusters studies, especially in the HoxAa, HoxCa, and
HoxDa cluster. Across all clusters, there is a trend towards an increased content of CNS
towards the anterior end.

Conclusions
The gene content of Hox clusters in teleost fishes is more variable than expected with
each species studied so far being different. Although the highest loss rate of Hox genes was
already immediately after this duplication, our analyses showed that gene loss is still
85

Chapter 5: Cichlid Hox clusters
continuing in all teleost lineages. Along with the gene content, also the CNS content varies
across clusters. The maximum peak of CNS at the anterior end of clusters could imply a
stronger conservation of anterior expression patters than towards more posterior areas of the
embryo.

5.2. Introduction
Genome duplications (Ohno 1970; Sidow 1996) and regulatory evolution (Carroll et al.
2001; Davidson et al. 2003; Levine and Tjian 2003) are thought to be two major genomic
evolutionary mechanisms that are, at least partly, responsible for the diversity of
invertebrates and vertebrates. Genome and gene duplications can provide raw material for
evolution to act on, since they lead to redundant gene copies that are relatively free to
evolve novel gene functions (Force et al. 1999; Lynch and Force 2000a).
Sequence data from complete genomes of tetrapods such as mouse, frog and humans as
well as from invertebrates as Caenorhabditis elegans and Drosophila melanogaster showed
that many gene families tend to have more members in vertebrates (Furlong and Holland
2002; Holland 2003; Meyer and Schartl 1999). Synteny data demonstrated that the most
likely scenario for the increased size of gene families are two consecutive rounds of genome
duplication, the so-called 2R-hypothesis (Dehal and Boore 2005; Larhammar et al. 2002;
Lundin et al. 2003). Genomic data from zebrafish and pufferfish showed that many genes
were duplicated before the divergence of those two species representing the major fish
orders Neoteleostei and Ostariophysii (Taylor et al. 2003; Taylor et al. 2001a). Syntenic
data from zebrafish, medaka and pufferfish further confirmed the existence of an additional
genome duplication event within the ray-finned fish lineage, the fish-specific genome
duplication (FSGD) (Jaillon et al. 2004; Naruse et al. 2000; Postlethwait et al. 2000).
Molecular estimates found that the majority of genes was duplicated around 320-350 mya
(Christoffels et al. 2004; Vandepoele et al. 2004) and studies on individual nuclear genes
and gene families propose a timing of the duplication preceding the diversification of
teleosts (Crow et al. 2006; de Souza et al. 2005; Hoegg et al. 2004).
One of the earliest and best-studied examples for duplicated chromosomal regions is the
clusters of Hox genes (Acampora et al. 1989; Crow et al. 2006; Garcia-Fernandez and
Holland 1994). Hox genes are transcription factors, characterized by their DNA binding
domain, the homeodomain. They were first discovered in Drosophila as the target of
homeotic mutation, meaning the change of the segmental identity, as in the bithorax
phenotype (Lewis 1978). One special feature of Hox genes is their arrangement in genomic
86

Chapter 5: Cichlid Hox clusters
clusters. While invertebrates have a single cluster that can be interrupted as in Drosophila
species (Negre et al. 2005) or dissolved as in urochrodates (Ikuta et al. 2004; Seo et al.
2004). Tetrapods such as human or frogs all have four clusters (reviewed in Hoegg and
Meyer 2005), so do cartilaginous fish (Powers and Amemiya 2004b). Even invertebrates
closely related to vertebrates, such as the cephalochordate Branchiostoma (GarciaFernandez and Holland 1994; Mahadevan et al. 2004) have a single cluster, which in case of
the sea urchin, is also rearranged (Cameron et al. 2006). Due to the fish-specific genome
duplication, extant fish have seven Hox clusters, with alternate cluster loss in Ostariophysi
(zebrafish) (Amores et al. 1998) and Acanthopterygii (pufferfish, medaka, cichlid) (Jaillon
et al. 2004; Kurosawa et al. 2006; Lee et al. 2006; Malaga-Trillo and Meyer 2001; Santini
and Bernardi 2005). The additional clusters, however, are not exactly equivalent with the
homologous genes of tetrapods, but have experienced the loss of genes (Hoegg and Meyer
2005), making the teleost clusters much more variable in gene content than the tetrapod
clusters. So far, all of the fish that have been studied showed differences in gene content
among their Hox clusters (Amores et al. 2004; Hoegg and Meyer 2005; Jaillon et al. 2004;
Kurosawa et al. 2006).
Individual gene loss after gene or genome duplication events is a common event, and
can occur even long after the duplication (Aury et al. 2006; Steinke et al. 2006a; Taylor et
al. 2001b). Interestingly, some functional categories such as signal transducers and
transcriptional regulators tend to retain more members than most gene families created by
duplication (Blomme et al. 2006; De Bodt et al. 2005; Maere et al. 2005). The reasons for
these differences in rate of gene loss among different functional groups remain incompletely
understood, but current theories propose a link of equimolar amounts of different regulatory
genes (gene balance hypothesis) which are necessary to keep the system in working
condition (Teichmann and Babu 2004).
The other main genomic source for evolutionary change is thought to be evolution of
regulatory sequences, so called regulatory evolution (Carroll 2005). Also for this major type
of evolutionary change, Hox genes are an often-studied example (Chiu et al. 2004; Prohaska
et al. 2004a; Prohaska et al. 2004b; Wagner et al. 2004; Wagner et al. 2005). The clustered
nature of Hox genes facilitates comparison of orthologous and paralogous sequences and the
high degree of conservation allows for identification and detailed analyses of evolutionary
events in regulatory sequences. Vertebrate Hox clusters are almost free of repetitive
elements (Fried et al. 2004), which adds further tractability for the study of regulatory
evolution. Hox genes play an important role in specification of the primary axis (Kessel and
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Gruss 1990) as well as in later ontogenetic processes such as limb development (Nelson et
al. 1996) making highly specific regulation necessary.
Conserved Non-coding Sequences (CNS) in Hox clusters have been intensely studied
previously, both in terms of content and cluster identity (Chiu et al. 2002; Prohaska et al.
2004a; Santini et al. 2003) as well as their evolutionary rates in duplicated clusters (Wagner
et al. 2004; Wagner et al. 2005). The intergenic regions of Hox clusters are enriched for
CNS and it has been argued that this abundance of cis- and trans-regulatory elements is the
main reason for cluster conservation since neighboring genes share regulatory elements.
However, it is unclear how strong this “gluing effect” of regulatory elements is for the
cohesion of Hox genes in clusters. Hox clusters in at least some invertebrates can be split
without apparent loss of function (Negre et al. 2005).
Actinopteryigan (ray-finned) fishes not only encompass more than half of all vertebrate
species (about 27,000) (Nelson 2006), but also display a huge variety of morphology. 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; Inoue
et al. 2004; Miya et al. 2003; Nelson 1994). The Euteleostei comprise approximately 25,000
species, of which 17,000 are Neoteleosts (e.g., pufferfishes, medaka, cichlids, and
stickleback) and 8,000 Ostariophysi (e.g. zebrafish)(Nelson 2006). Among the Neoteleostei,
most species are classified as Perciformes (about 10,000 species), this however is a
polyphyletic assembly, with at least five lineages (Miya et al. 2003). One family of the
Perciformes is cichlid fishes (Family Cichlidae), with more than 2,500 species; almost ten
percent of all fish species are cichlids. Particularly interesting is the immense species
richness of the adaptive radiations of the East African Lakes Victoria, Malawi and
Tanganyika which are comprised of several hundred endemic species each (Salzburger et al.
2005; Salzburger and Meyer 2004). The species flocks of Lake Victoria as well as of Lake
Malawi are monophyletic and hundreds of species arose within less than 100,000 years in
the case of the Lake Victoria species flock – the fastest known speciation rates (Salzburger
et al. 2005; Verheyen et al. 2003). One of the most intriguing questions now is the genetic
basis of this speciation rate and the enormous morphological diversity cichlids show. Since
these events occur very rapidly, change and fine-tuning of regulatory pathways seem to be
reasonable candidates. Hox clusters provide a good start point as a genomic study region,
due to their clustered structure, which can be easy homologized with other species and their
high content of CNS, together with their key role in early and later development.
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During the last few years, complete genomic sequences have become available for many
species, including teleost fishes. Species were selected either for their small genome size
(e.g., the pufferfishes Takifugu rubripes and Tetraodon nigroviridis) (Aparicio et al. 2002;
Jaillon et al. 2004) or because they are model organisms of developmental research (Danio
rerio, Oryzias latipes) or speciation (Gasterosteus aculeatus)(McKinnon and Rundle 2002).
The construction of large insert libraries such as those in BAC or fosmid vectors, make it
possible to study genomic regions also for species for which a genome project is (not yet)
available (Braasch et al. 2006; Chiu et al. 2004; Mulley et al. 2006).
In this study, we sequenced the Hox-cluster containing BAC clones from the East
African cichlid Astatotilapia burtoni. We performed a phylogenetic analysis with
concatenated coding sequences and investigated gene and microRNA loss in the clusters as
well as content of conserved non-coding sequences in the A. burtoni clusters in comparison
with all available teleost Hox gene clusters. The clusters show a tendency to preserve a
higher amount of CNS towards the anterior end of the cluster, the region most involved in
development of the head, while the posterior part contains more variation.

5.3. Materials and Methods
DNA extraction and PCR
DNA was extracted from muscle tissue or fins from specimens stored at –80°C
following a standard phenol-chloroform protocol. PCRs were performed in 25 µl reactions
using 0.5-1 units of RedTaq (Genaxxon, Germany) and the corresponding reaction buffer
(10 mM Tris-HCI (pH 9.0 at 25°C), 50 mM KCl, 1.5 mM MgCl2, 0.1% Triton X-100), 1
mM additional MgCl2, 0.6 mM dNTPs (Genaxxon, Germany), 0.4 µM primers and for long
fragments 0.1 unit of Pwo polymerase (Fermentas, Germany) was added. PCR used an
initial denaturation step at 94°C for 3 minutes, followed by 35 cycles with 20 sec at 94°C,
40 seconds at 58°C and 2.5 minutes at 68°C, and a final extension step at 68°C for 7
minutes. PCR products were checked on 1% agarose gels running in 1x TAE buffer
containing 0.05% ethidium bromide. PCR fragments were purified directly via spin columns
(PEQLAB, Germany) or were cut from preparative agarose gels (1%) using the gel
extraction kit (QIAGEN, Germany).

Primer design
Primers were designed in conserved regions of the coding sequence, preferably the
forward primer at the beginning of the first exon and the reverse primer in the second exon
89

Chapter 5: Cichlid Hox clusters
outside the homeodomain, so the PCR fragment would cover the intron and yield specific
fragments for screening of the BAC library. (For primer sequences see Table S5.1).

Screening of the Astatotilapia burtoni BAC library and plasmid preps
The BAC library was spotted on four filters containing 18,432 clones each. The
screening using chemiluminescence was conducted according to Lang et al. (2006). Positive
clones were picked from the library and grown overnight in Luria Broth Base medium
(Invitrogen™) containing 12.5 µg/ml chloramphenicol. Plasmids were isolated using a
modification of a standard plasmid miniprep protocol (Sambrook et al. 1989). Gene content
of the BAC clones was confirmed by PCR for 5’ and 3’ most Hox/Evx genes. For size
estimation, BACs were digested with NotI and ran on a pulse-field gel apparatus.

Shotgun sequencing of BAC clones
BAC clone DNA was isolated from each preparation, and then sheared into random
fragments of approximately 3 kb by repeated passage through a narrow aperture using a
Hydroshear device. These fragments were repaired to blunt ends using T4 polymerase and
Klenow fragment, and then a narrow distribution of sizes was selected from an agarose gel.
These fragments were ligated into plasmid vector, introduced into E. coli by electroporation,
then plated on nutrient agar. A random selection of these clones was processed for
sequencing reads from each end using rolling circle amplification of the plasmids,
sequencing reactions using BigDye terminators (ABI), cleanup using solid phase reversible
immobilization (SPRI), then sequence determination on an ABI 3730xl automated DNA
sequencer.

Sequence assembly
Raw sequences were trimmed for vector sequences and sequence quality was scored
with Phred. Contigs were assembled automatically using Sequencer™ using a minimal
overlap of 17 nucleotides and a minimal identity of 85% and refined and corrected
manually. Sequence gaps were closed by PCR using sequence specific primers designed
with Primer3.

Annotation
Genes were annotated manually by pairwise BLAST (Altschul et al. 1990) and based on
alignments of available sequences from other species. We also performed BLAST searches
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against the EST sequences available for A. burtoni as well as two other haplochromine
cichlids

(Haplochromis

chilotes,

Haplochromis

sp.

'red

tail

sheller')

(http://tigrblast.tigr.org/tgi/), especially for a better annotation of adjacent non-Hox genes.

Database searches and phylogenetic analyses
Complete Hox cluster sequences were downloaded from Genbank (Homo sapiens,
Oryzias latipes, Takifugu rubripes), the Joint Genome Institute (Xenopus tropicalis),
Ensemble (Danio rerio (Zv6), Gasterosteus aculeatus (BROAD S1)), and Genoscope
(Tetraodon nigroviridis).

Coding sequences were aligned based on their amino acid

sequences with their respective orthologs using ClustalW as implemented in Bioedit.
Regions that could not be aligned with confidence were omitted from the phylogenetic
analyses. For the concatenated datasets, only genes that were available for both tetrapod
outgroup species were used (H. sapiens and X. tropicalis) as well as for all seven fish
species (A. burtoni, O. niloticus, O. latipes, G. aculeatus, T. rubripes, T. nigroviridis, D.
rerio). For genes with two paralogs in fish we selected the slower evolving copy to avoid
additional noise in the dataset. We performed a Maximum Likelihood analysis using
PhyML with 500 bootstrap replicates as well as an analysis based on Bayesian Inference
with the MrBayes 3.1 software for 1,000,000 generations and a burn-in of 5,000 with
sampling every 10th generation.

Analyses of non-coding sequences
Genomic regions were prepared for analyses including 3 kb of sequence upstream of the
first Hox gene and downstream of the 3’-most Hox gene. For HoxBb clusters, sequences
between ndp52 (5’) and scap1 (3’) were used since D. rerio also has a Hoxb8b gene, which
was lost in all neoteleosts for which this genomic information is available, since we wanted
to avoid losing sequence information. In both pufferfish HoxCa clusters, sequences up to the
next downstream gene (cbx5) were used since they lost hoxc3a. For species that had lost the
hoxd11b gene (Astatotilapia burtoni, Oryzias latipes) sequence data until lnb (lunapark b)
were included. For an overview as well as for a visual display, we used mVISTA based on
LAGAN multiple alignments. For more detailed analyses, we used the program Tracker
(Prohaska et al. 2004b), using more stringent than default parameters since the sequences
analyzed here are more closely related than those used in previous studies. Phylogenetic
footprint cliques obtained through Tracker were checked carefully for double hits of the
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same alignments and microsatellites that were eliminated. Footprint cliques containing
microRNAs were identified.

5.4. Results
We screened the BAC library of Astatotilapia burtoni (Lang et al. 2006) for clones
containing Hox clusters using specific-probes. Fragments spanning the intron to avoid nonspecific cross-reactions were used as probes. Positive clones, obtained by these screens,
were checked with specific primers for the 5’ and 3’ most genes of a cluster (e.g. evx-2 and
hoxd3a) to confirm that they contain complete clusters. Clones containing all Hox genes of
a cluster were shotgun sequenced. In this way, we obtained seven BAC clones which
contain complete HoxAa, HoxAb, HoxBb, HoxCa, HoxDa and HoxDb clusters as well as the
5’ part of the HoxBa cluster spanning the region from hoxb13a to hoxb5a (Figure 5.1).

Figure 5.1 Sequenced BAC clones and the annotated genes drawn up to scale. Hox and Evx genes are
shown in color; neighboring genes are drawn in black. Abbreviations used are according to Lee et al.
(2006), the surrounding genes are identical to those found in Takifugu rubripes. The HoxBa cluster is
incomplete, sequence data stops at 12 kb downstream of hoxb5a. Sequence data for the remaining four
Hox genes has been gathered by PCR as well as non-coding regions of remaining part of the cluster,
implying that the clustered structure still exists, but we were not able to find it in the BAC library.
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The clone 116-M8 (149.6 kb) contained the complete HoxAa cluster from hoxa13a to
hoxa1a plus the related evx1 gene. 5’ to evx1 also the complete coding sequence of Hibadha
(3-hydroxyisobutyrate dehydrogenase a) was identified. This is in agreement with the gene
order in Takifugu rubripes. The complete Hox containing region of the HoxAa cluster
(including evx1) spans 86 kb.
For the HoxAb cluster, we selected clone 150-O18 (164.6 kb) for sequencing. The genes
in this genomic region are tightly packed; this is true for the Hox genes as well as the
surrounding genes. Also here the adjacent genes are orthologous to pufferfish sequences.
(cpv1 (carboxypeptidase vitellogenic-like), creb5b (cAMP responsive element binding
protein 5), jazf1b (juxtaposed with another zinc finger protein 1), tax1bp1b (Tax1 binding
protein 1), hibadhb (3-hydroxyisobutyrate dehydrogenase b), and skap2 (Src family
associated phosphoprotein 2)). The HoxAb cluster is a small cluster both in terms of number
of genes as well as intergenic regions and has a size of only 27 kb.
The HoxBa cluster is the largest one of the genome of A. burtoni and we sequenced
clone 170-E12 (160.1 kb), which contains the 5’ part of the cluster from hoxb13a to hoxb5a.
Despite intense screening of the BAC library with probes for the 3’genes (hoxb4a, hoxb3a,
hoxb2a, hoxb1a), we could not identify a BAC clone containing this region in our library.
We were able to amplify those genes from genomic DNA together, so they are not lost but
rather not contained in the BAC library. Similar to Gasterosteus aculeatus, also
Astatotilapia burtoni has a large intergenic regions (63 kb) containing repetitive elements
between hoxb13a and hoxb9a. While this region looks ”normal“ in both pufferfish species
as well as in medaka and zebrafish, this region in tetrapods also appears to be ”decaying“.
So far, no hoxb13 gene from the frog could be identified (Hoegg and Meyer 2005; Mannaert
et al. 2006) and in human cluster, two non-hox genes are situated between HoxB13 and
HoxB9 (PRAC, LOC729146). In general, the increase in size relative to the other Hox
clusters also affects the size of the intergenic and the intronic regions. Although the hoxb7a
gene of Astatotilapia burtoni was identified and annotated without problems, the coding
sequence contains a stop codon at the beginning of the coding sequence, rendering it a
pseudo gene. However, in another cichlid species studied so far, Oreochromis niloticus,
hoxb7a has a completely intact coding sequence indicating that the nonfunctionalization of
this gene in A. burtoni occurred within only the approximately last seven million years since
the two species last shared a common ancestor.
The paralogous cluster of the “giant” HoxBa, is the “dwarf” HoxBb cluster, which was
identified on clone 34-B18 (152.2 kb). It contains four genes (hoxb6b, hoxb5b, hoxb3b, and
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hoxb1b) and spans only about 20 kb. Apart from the Hox genes themselves, the genes
surrounding the HoxBb cluster are also densely packed. The clone contains also a partial
sequence of ndp52 (nuclear domain 10 protein 52) and the complete sequences of TTLL6
(tubulin tyrosine ligase-like family member 6), scap1 (Src family associated phosphoprotein
1), snx11 (sorting nexin 11), cbx1 (chromobox-like 1), nfe2l1 (nuclear factor erythroid
derived 2-like 1), and cdk5rap3 (CDK5 regulatory subunit associated protein 3) (Figure
5.1).
Clone 103-K21 (182.8 kb) contains the complete HoxCa cluster and three additional
genes 3’ of the cluster (cbx5 (chromobox-like 5), hnrpa1 (heterogeneous nuclear
ribonucleoprotein A1), and nfe2 (nuclear factor erythroid-derived 2)). Also here the order of
the neighboring genes is the same as in Takifugu rubripes. This also confirms that there are
no further Hox genes downstream of hoxc3a in cichlids, while in zebrafish hoxc1a was
retained. The complete length of the HoxCa cluster in Astatotilapia burtoni from hoxc13a to
hoxc3a is 91 kb.
The HoxDa cluster was sequenced from clone 32-B18 (182.2 kb). While the Hox cluster
only spans 53 kb from evx2 to hoxd3a, the surrounding sequences contain only one more
gene, lnpa (lunapark a).
From clone 19-E16 (186.2 kb), the sister cluster HoxDb was sequenced. Two upstream
genes (chrna1b (cholinergic receptor nicotinic alpha polypeptide) and lnpb (lunapark b))
confirm that there are only two Hox genes in this cluster, hoxd9b and hoxd4b, and that
hoxd11b, which is present in HoxDb clusters of stickleback and the two pufferfishes was
lost. Downstream of hoxd4b, we identified the complete coding region of mtx2 (metaxin 2).
In general, the neighboring genes that were identified were the same as those in
Takifugu rubripes. From other fish genomes, the neighboring genes were not identified in
such detail. Based on BLAST hits adjacent to the Hox genes, it appears that gene order is
conserved generally in teleost species.

Phylogenetic analyses
Since there is no phylogenetic study that used all of the model organisms that were
included in our study, we performed a phylogenetic analysis in order to be able to trace gene
loss events and the evolutionary history of the Hox clusters in an accurate phylogenetic
framework. Based on alignments of coding regions, we selected 24 Hox genes (Table 5.1)
for which orthologs had been identified both in human and Xenopus tropicalis and the
complete dataset for seven teleost species: two cichlids (Astatotilapia burtoni, Oreochromis
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niloticus), medaka (Oryzias latipes), stickleback (Gasterosteus aculeatus), two pufferfishes
(Tetraodon nigroviridis, Takifugu rubripes) and zebrafish (Danio rerio). We excluded
positions that could not be aligned and concatenated 24 genes for a complete dataset of nine
species and 20,009 basepairs. Modelgenerator (Keane et al. 2004) proposed GTR + G (alpha
= 0.53) as the best fitting model. With this parameters we ran PhyML (Guindon and
Gascuel 2003) with 500 bootstrap replicates and MrBayes 3.1 for 1,000,000 generations,
sampling every 10th generation and a burnin of 5000. We obtained a fully resolved tree with
maximal support for all nodes using both methods (Figure 5.2).

Table 5.1: Genes included in the phylogenetic analyses of teleost model species and the number of
positions. We used only genes of which an ortholog in Xenopus tropicalis and H. sapiens was available, as
well as the full sequences set for all teleost fishes for one paralog. Regions that could not be aligned were
excluded from the analyses.

Positions included

Cluster

Fish paralog

HoxA

evx1

675

a13a

791

a11a

737

a9a

639

a5a

768

a4a

624

a3a

1106

HoxB

b1b

625

HoxC

c13a

921

c12a

780

c11a

915

c10a

885

c9a

783

c8a

729

c6a

630

c5a

642

c4a

762
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HoxD

total

evx2

1236

d12a

774

d11a

700

d10a

975

d9a

633

d4a

624

d3a

1167

24 genes

20,009

Danio rerio, the only ostariophysian species for which a complete set of Hox clusters is
currently available, is the sister group of the Neoteleosts, including all other species studied
here. Within the Neoteleosts, two clades were recovered: first the pufferfishes forming a
monophyletic group and second, a clade consisting of stickleback, medaka and the cichlids,
with a sister group relationship of O. latipes and the two cichlids. A close relationship of
cichlids of medaka has been previously described based on nuclear genes (Chen et al. 2004)
and on ESTs (Steinke et al. 2006b).

96

Chapter 5: Cichlid Hox clusters

Figure 5.2: Maximum likelihood tree based on 20,009 nucleotide positions of Hox genes. Values above
branches are Maximum Likelihood bootstraps; two asterisks indicate posterior probabilities of 1.00 as
obtained by MrBayes 3.1.

Gene loss and loss of microRNAs in the teleost Hox cluster
We identified 46 functional coding sequences for Hox genes and one recent pseudogene
in Astatotilapia burtoni. Based on the tree obtained, we traced events of gene loss and loss
of microRNAs among these major fish model systems (Figure 5.3). The most salient gene
losses that can be traced with confidence without complete data on basal teleosts and nonduplicated actinopterygians happened after the divergence of Ostariophysii and Neoteleostei
while the most pronounced gene losses probably immediately followed the FSGD. Danio
rerio lost seven genes since its lineage shared the last hypothetical common ancestor with
the Neoteleosts. During the evolution of the Neoteleosts eight Hox genes were lost.
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Figure 5.3: Hox cluster of teleost model fish species and the event of gene loss plotted on a phylogeny.
Hox and Evx genes are shown as arrows, pseudogenes are shown without coloration and missing
delineation indicates missing sequence data but most likely existing genes. MicroRNAs are drawn as
small rhombuses and were added according to our analyses. Data for H. sapiens were copied from
(Tanzer et al. 2005) and the mir-10-db of Danio rerio according to (Woltering and Durston 2006).

The pufferfish lineage lost three genes in the common lineage leading to Takifugu and
Tetraodon (Figure 5.3). Gasterosteus aculeatus has the most complete Hox gene
complement, only the hoxb6b gene has not been identified so far, most likely due to a large
sequence gap in the genomic contig, suggesting that it has possibly not been lost. The loss
of hoxd11b in both medaka and cichlids supports their monophyletic grouping in a
parsimony framework. Both species also lost the hoxb7a gene, but due to independent loss
events, as the existence of a functional hoxb7a gene in another cichlid species (Oreochromis
niloticus) implies.

98

Chapter 5: Cichlid Hox clusters
The sets of microRNAs in ostariophysians and neoteleost is similar, an equivalent to the
mir196-Cb could not be identified in neoteleosts, which lost the genes of the HoxCb cluster.
So far, the assembly of the D. rerio genome is still incomplete and the HoxCb cluster is not
contained in a single contig, therefore the identification of its neighboring genes and thus,
the corresponding regions in neoteleosts is not possible at the moment. D. rerio has retained
the mir10-Db copy between the lunapark b and metaxin2 genes, even though the hox genes
on this genomic sections were lost (Woltering and Durston 2006). In medaka, we were not
able to identify mir196-Ab, mir196-Ba and mir10-Bb, even though sequences were
complete and without gaps in these intergenic regions. In contrast to a previous study, we
were able to identify mir196-Ab and mir196-Ba in the zebrafish clusters (Tanzer et al.
2005).

Analyses of Conserved Non-coding Sequences (CNS)
We performed analyses of CNS using the program Tracker (Prohaska et al. 2004b) with
orthologous teleost Hox clusters, preparing datasets with 3 kb of additional sequence on
both ends of the cluster. This rule was only changed for HoxCa clusters of both pufferfishes,
where we used the complete genomic sequence up to the next downstream gene, cbx5, in
order to include the pseudogene hoxc3a. In the analysis of the HoxBb clusters we included
upstream sequences until the end of the TTLL6 coding sequence to identify possible
conserved sequences that surround hoxb8b in Danio rerio and still exist in other fish, where
this gene was lost. Also for HoxDb clusters in Oryzias latipes and Astatotilapia burtoni, the
5’ region was extended until the beginning of the lnb gene, since we were not able to find a
gene or pseudogene of hoxd11b with other methods in this species and we wanted to ensure
to include any possible CNSs. For the pufferfishes, the 3’ overlap had to be shortened
because the intergenic region between hoxd4b and mtx2 is shorter than 3 kb.
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Figure 5.4: Proportional analyses of the Hox clusters of Astatotilapia burtoni. Starting from the complete
length of analyzed sequence, we calculated the relative amounts of genes (including introns), PFC (as
identified by Tracker) and marked the remaining sequence as “junk”. The footprint cliques were
further divided as shared by all six fish species included (teleost), shared by all species except zebrafish
(neoteleost), shared by medaka, cichlid and stickleback (Ol-Ab-Ga) or shared by cichlid and stickleback
(Ab-Ga). Against our expectations there were usually no or only very few cliques shared only between
cichlid and medaka except for HoxDb.
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For the HoxAa cluster, we obtained a total of 192 footprint cliques, which add up to a
total length of 34.4 kb (37%) in A. burtoni (total cluster length 92.2 kb) (Figure 5.4). The
sequence included all hox genes plus evx1. For the most part these identified CNS are
teleost specific, i.e. present in all fish species included, (14%) or neoteleost specific (15%,
present in all species except zebrafish) (Figure 5.4). One of the teleost specific cliques
contains the mir196-Aa. However, we found more CNS shared only between A. burtoni and
Gasterosteus aculeatus than between A. burtoni and Oryzias latipes. This is in interesting
disagreement with the phylogenetic hypothesis (Figure 5.2). Comparisons of the lengths of
CNS relative to sequence length in intergenic regions along one cluster show a tendency to
increase towards the anterior end of the cluster (Figure 5.5).

Figure 5.5: Percentage of CNS within intergenic regions of the Hox clusters of Neoteleost fishes. Large
error bars for anterior regions of HoxCa cluster are explained by missing data from the pufferfish,
which lost the hoxc3a gene.

The HoxAb cluster is smaller (total length in A. burtoni: 33.2 kb) than the HoxAa
cluster, contains only five genes and we identified 53 PFCs which cover a total of 7.6 kb
(23%) of the A. burtoni HoxAb cluster. The average content of cliques in intergenic regions
is lower than in the HoxAa cluster (Figure 5.4). While the proportion of coding sequence is
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the same as in the HoxAa cluster, the CNS take up a much smaller portion of the total
cluster length (37% in Aa, 23% in Ab). Most of the CNSs are evolutionarily conserved and
shared between all teleosts or at least between the neoteleosts. Also here we find more
similarities between cichlid and stickleback than between cichlid and medaka. The footprint
clique containing mir196-Ab did not yield a sequence for medaka, suggesting a lineagespecific loss of this microRNA in medaka.
For the HoxBa cluster, we included the partial cluster of A. burtoni (total length 135.0
kb) that we obtained in this study, for the statistical analyses we also compared data from
stickleback (total length 233.3 kb), since it showed more similarities in terms of CNS to the
cichlid than medaka. For all species except A. burtoni, the compared HoxBa cluster
sequence included the sequence from hoxb13a to hoxb1a. In total, the analyses identified
311 footprint cliques, adding up to a total length of 13.3 kb in A. burtoni (10%) and 26.7 kb
in G. aculeatus (11%). Comparing the relative proportions of coding sequences, CNS and
“junk” are similar between G. aculeatus and A. burtoni, implying that the partial cluster is
representative of the rest of this Hox gene cluster. Also the distributions of CNS in the
intergenic region along the cluster are similar in both species (Figure 5.4). In both species,
there is a long stretch of sequence between hoxb13a and hoxb9a that does not contain any
footprint but gives BLAST hits to repetitive elements from the same species. The analyses
showed the existence of mir196-Ba in all teleosts but medaka, and mir10-Ba was found in
all species but A. burtoni, due to missing sequence data. While in terms of gene number, the
cluster is still complete, the CNS content is low (in comparison to other clusters), probably
also an effect of the large intergenic regions.
The small HoxBb cluster had a total length of 29.2 kb, Tracker identified 70 PFC, and
the CNS covered 8.7 kb in A. burtoni. In contrast to his big “sister” HoxBa cluster, the CNS
are making up a higher percentage of the cluster than the coding regions and also the
distribution of CNS in the intergenic regions display a high density of conserved sites. The
extremely short intergenic region between hoxb6b and hoxb5b results in the high peak in
figure 5.5e. The mir10-Bb could be identified in all species except O. latipes.
The HoxCa cluster contains 10 genes and has a complete length of 96.5 kb in A. burtoni.
38% of these are CNS (37.0 kb), which were identified in the Tracker analysis, and make up
more than the complete length of coding sequences (22%). The CNS were mainly teleost
and neoteleost specific, and we could identify two microRNAs in all species: mir196-Ca
and mir10-Ca. In comparison with other clusters, the CNS density is high and there is also a
slight increase in CNS length towards the anterior end of the cluster (Figure 5.4f).
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For the HoxDa cluster, we also included the evx-2 gene and we could identify 113
footprint cliques. The sequence has a complete length of 53.9 kb in A. burtoni and the CNS
take up 18.2 kb (34%) of it. Most of these are teleost specific (21%). The distribution shows
a peak 5’ of evx-2, where a highly conserved sequence has been described before
(Sabarinadh et al. 2004). Otherwise there is a noticeable trend for more CNS towards the
anterior end of the HoxDa cluster.
The HoxDb cluster fragment analyzed for A. burtoni spanned 38.8 kb, reaching from the
end of lnpb to 3 kb downstream of hoxd4b. We obtained 60 footprint cliques, the conserved
sequences in A. burtoni have a total length of 5.3 kb (14%). The CNS are mainly neoteleost
specific, due to the loss of the Danio rerio Hoxdb cluster, teleost specific CNS could not be
detected. Our analysis also recognized the mir10-db in all species.
In order to recognize general trends of sequence conservation in Hox clusters, we
calculated the percentage of CNS for each intergenic region. Figure 5.5 shows the average
of that percentage within the neoteleosts. We excluded zebrafish from this calculation, since
the values were much lower due to evolutionary distance and the different gene setup of
clusters made it difficult to include the data. Based on our analyses, the clusters with the
highest percentage of CNS in their intergenic regions are HoxAa, HoxBb, HoxCa, and
HoxDa (Figure 5a,d-f). HoxAa, HoxCa and HoxDa are also the clusters where most of the
genes are conserved, while HoxBb only has retained four. Here, the high percentage of CNS
(Figure 5d) is caused by the density of the cluster and the short intergenic regions. The long
intergenic regions of HoxBa dilute the CNS in this cluster (Figure 5.5c). The anterior part of
the HoxCa gene is very heterogenic in terms of CNS content due to gene loss in the
pufferfishes (Figure 5e). HoxAb and HoxDb lost as well genes (in comparison to their
paralogous clusters) as CNS (Figure 5b,g). A general trend for all clusters (except HoxAb)
is a maximal peak of CNS towards the anterior end of the cluster.

5.5. Discussion
We screened the library of A. burtoni for Hox-containing clones and identified clones
with complete clusters by PCR of the 5’ and 3’ most genes. Since obtained sequence data
included surrounding genes for most clusters, we can be certain that we are missing only
four genes of the HoxBa cluster. Through PCR sequence data for those genes (hoxb4a,
hoxb3a, hoxb2a and hoxb1a) and partial non-coding data of this region were obtained as
well, we can safely assume that these genes are clustered also in A. burtoni. Our analyses of
the non-coding area of the partial HoxBa cluster of A. burtoni in comparison with the
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complete cluster of G. aculeatus shows that the cluster features of these two species are
similar. The Hox gene content is almost identical to that in Oreochromis niloticus (Santini
and Bernardi 2005). There are two exceptions: we were not able to identify any trace of a
hoxd11b gene. A previous described presumed cichlid sequence (Santini and Bernardi 2005)
is also highly similar to Tetraodon nigroviridis (169 of 171 base pairs identical), including a
part of in the additional intron this gene has acquired. This suggests that this Oreochromis
sequence (AY757355) is more likely false.
The other difference is the existence of a stop codon in the sequence of hoxb7a of A.
burtoni while the coding sequence of Oreochromis niloticus is still intact (Santini and
Bernardi 2005, unpublished data). This implies not only that hoxb7a was lost independently
in different lineages of fish such as in the lineages leading to pufferfish, medaka and now as
well in at least part of the cichlid fish radiation suggesting that it is not essential and can
easily be lost. However, some factor prevented it from being deleted for probably hundreds
of millions of years since the fish-specific genome duplication (Vandepoele et al. 2004).
More detailed analyses of its expression, the exact phylogenetic timing of gene loss and its
possible implications for speciation in Haplochromine cichlids will need to be further
investigated.

Differences in gene content of the Hox gene clusters, the essential

developmental toolkit, that differentiate two species of closely related African cichlid fish
species is a rather unexpected finding.
We performed a phylogenetic analysis based on a dataset of 24 Hox genes from seven
fish species and two outgroup species (human and frog) and obtained a single, highly
supported tree (Figure 5.2), which shows a monophyletic group of G. aculeatus, O. latipes
and the cichlids A. burtoni and O. niloticus. The close relationship of Beloniformes (O.
latipes) and Perciformes (A. burtoni/O. niloticus) is in agreement with recent molecular
phylogenies (Chen et al. 2004; Steinke et al. 2006b), which rejects the monophyly of
Smegmamorpha, a clade that contains Beloniformes and Gasterosteiformes but not
Perciformes. Even though the Order Perciformes is not monophyletic itself (Miya et al.
2003), more data including more species will be required to solve the complete phylogeny
which will be necessary in the future to make correct assumptions about genomic evolution
in the Neoteleost fishes. Especially a new phylogeny and a new classification of the highly
diverse clade Percomorpha is required. For our species set used, we are confident in the tree,
especially since it is also fully congruent with the inferred gene loss patterns (Figure 5.2).
Only the position of G. aculeatus cannot be confirmed by the parsimonious approach of
gene loss events.
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Also the Hox phylogeny indicates a close relationship of cichlids and medaka to the
exclusion of other orders in the Percomorpha such as the pufferfishes and the sticklebacks.
Interestingly, the analyses of CNS, however, show consistently a higher similarity between
G. aculeatus and A. burtoni than between O. latipes and A. burtoni (Figure 5.4). CNS shared
only between O. latipes and A. burtoni where consistently too few to show, except for
HoxDb. Also of nine miRNAs, contained in the other neoteleostean species, three were lost
in the O. latipes cluster (Figure 5.3). The finding of more similarity between sticklebacks
and cichlids in regulatory elements shows however, that medaka diverged at higher
evolutionary rates in terms of non-coding sequences. Why this should be so deserves further
attention. Also the coding sequences show a slightly accelerated rate of evolution in
comparison to the other neoteleost species (Figure 5.2). The increase in evolutionary rate
rather seems to be a hox-specific trend, a study on duplicates with differential rates more
often identified slower evolutionary rate in medaka than accelerated (Steinke et al. 2006a)
Since the sequences of the O. latipes Hox clusters are not directly taken from a genome
sequencing project but from sequenced BAC clones with only few, small gaps, possible
artifacts due to gaps in the data can be excluded.
The analyses of CNS of A. burtoni showed as well that the major part, or at least the
longest part, of the potential regulatory elements is conserved between all teleosts or at least
between neoteleost. This can also be seen as an indication that the analysis parameters have
been chosen correctly, being conservative and do not overestimate the number of
phylogenetic footprints. This also indicates that even though the gene content in Hox
clusters in fish is more variable than previously thought, the main regulatory elements are
highly conserved. We could also show that there is a trend towards more CNS in the
anterior portion of the cluster (Figure 5.5) which has been described before for the HoxAa
cluster based on a different analytical method (Santini et al. 2003). Knockout studies on
other vertebrates showed that a complete knockout for paralogy group 1 in Xenopus results
in serious effects (McNulty et al. 2005), and mutations in HoxA1 in humans are linked with
Bosley-Salih-Alorainy syndrome effecting delayed development, eye movement, formation
of the cranial nerve VIII (Tischfield et al. 2005). Several mutation for posterior genes have
been described as HoxA13 (Hand-foot-genital syndrome (Mortlock and Innis 1997)) and
HoxD13 (Synpolydactyly (Muragaki et al. 1996)) This implies that less mutations for
anterior Hox genes are described because they are usually buffered by functional
redundancy of paralogs or due to severe effects leading to early abortions. Therefore the fine
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regulation of anterior genes could be more important for the surviving of an embryo than in
posterior genes, which are not affecting the brain to the same extent.
This study also shows that different Hox clusters are evolving with distinct patterns in
different evolutionary lineages, even though a trend can be observed that after the
duplication one cluster is retaining more genes and also the regulatory elements to go with it
while the paralogous cluster is losing genes and conserved elements concomitantly. We
could also show here clearly that the loss of Hox genes in teleost clusters is an ongoing
process, even within the last 7 million years within the cichlid family (hoxb7a). A closer
comparison among different closely related genes might also provide insight into speciesspecific differences and the potential influence of regulatory evolution on different cichlid
species.

5.6. Conclusions
Hox clusters in fish are more variable in gene content as expected and also each cluster
has its own characteristics in terms of absolute length and content of CNS. While genes
continuously get lost, the microRNAs remain intact, except in medaka. The CNSs form a
large percentage of Hox clusters, usually more than the coding regions. Their distribution is
not constant along the cluster but the maximum is usually towards the anterior end,
implying stronger selection on the anterior expression patterns.
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The traditional view on the evolution of novel gene functions was divided in two groups,
those who believed that genome duplication is more important and those who promoted the
primary importance of regulatory evolution. Already before the genomic era, the idea
emerged that new gene functions would only evolve after a duplication event, so that one
copy continues with the original function while the other one changes. Some researchers
claimed that major transitions in evolution have only been possible through an increase in
gene number due to gene or genome duplications. The finding of a series of genome
duplications that occurred during vertebrate evolution was taken as support for this
hypothesis. Currently two rounds of genome duplications are assumed to have happened
during the evolution of vertebrates (2R-hypothesis) and an additional duplication occurred
in fishes (fish-specific genome duplication or 3R). However, vertebrates have neither
substantially more genes than “simpler” organisms such as ciliates, nor does the lack of
ancient genome duplications in invertebrates limit those species in terms of the evolution of
complex morphologies. Regulatory evolution is the change of regulatory elements by
mutations followed by a changed expression pattern and possibly a new function. A new
research field, evolutionary development (EvoDevo) that joins gene expression with
evolutionary aspects was able to bring together gene duplication and regulatory evolution
during recent years.
Chapter 1 presents a study on the evolution of a biochemical pathway, glycolysis, and
the duplication history of the genes involved. We investigated ten enzymes for which we
obtained sequences from genomic and EST (expressed sequence tags) databases for
different vertebrate species. Even though many of the genes involved follow a pattern of
2R/3R in vertebrates and show subfunctionalization in terms of tissue specialization, a
general trend for the retention of paralogs could not be deduced. We did not find a link
between retention rate and the formation of multimeric enzymes, implying that the genes
that interact in pathways as old and universal as glycolysis do not evolve as a unit. Instead,
every gene is evolving to some degree independently.
Among the most cited examples of duplicated genes, as well as of regulatory evolution,
are Hox clusters - an ideal study object for comparative genomics. Hox genes code for
transcription factors that are usually arranged in uninterrupted clusters on a chromosome.
Their expression is collinear in respect to their position in the cluster, i.e. the genes that are
more anterior in the cluster (3’) are expressed earlier and more anterior, while posterior
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genes (5’) are expressed later and in the more posterior body parts. Hox genes establish
positional information during embryonic development and in this way determine, which
structure develops at which position. Therefore, a very precise regulation of those genes is
essential. In Chapter 2, the advantages of the Hox clusters system for studying conserved
non-coding sequences (CNS) is discussed, together with a review on recently published
papers using a new method to identify CNS. We also present data on the Hox cluster
complement of the diploid frog Xenopus tropicalis, which, according to current data, lost
two genes that still exist in mammals (human, mouse). This implies that the Hox gene setup
of tetrapods might also be more variable that previously thought.
Hox genes are expressed in a temporally and spatially limited manner and therefore
require a high number of regulatory elements. In Chapter 3, another multigene family was
studied, the KCNA genes that code for voltage-gated potassium channels (shaker-related).
In tetrapods, eight genes were identified and of those, six are organized in two 3-geneclusters. Teleost fish have four clusters with only one gene lost and an additional 2-3 genes
that are located elsewhere in the genome. A PCR-based approach identified six genes in gar
(Lepisosteus platyrhynchus), which are orthologs of the tetrapod genes found in clusters.
This confirmed the results of our previous study on the timing of the fish-specific genome
duplication (FSGD). Even though the clustered structure has been conserved over a long
evolutionary period, we could not identify clear candidates of CNS that would link cluster
conservation to regulatory elements. Since those proteins are active as tetramers, the cluster
arrangement is probably related to simultaneous transcription.
Apart from the Hox genes already mentioned, there are many other homeobox proteins
that are also transcription factors and some of them are also arranged in conserved clusters.
This is true for the ParaHox genes which resulted from a duplication of the same ProtoHox
cluster that also gave rise to the Hox cluster. The ParaHox cluster consists of three genes
(gsh, pdx/xlox, cdx) and this genomic region was also subject to a series of duplications. In
contrast to the rather well conserved Hox clusters, the ParaHox clusters are often not
recognizable as such anymore and only the neighboring receptor tyrosine kinases (RTKs)
provide supporting evidence of large scale duplication events. While tetrapods have one
cluster with three genes (and three additional genomic regions with one ParaHox gene
each), the situation in fishes is even more complicated. Each of the eight genomic regions
that resulted from genome duplications, the so-called paralogons, contain at maximum one
ParaHox gene. To the contrary, RTKs exist in multiple copies. In Chapter 4, we compare
the ParaHox paralogons of several fish species in terms of gene order and the size the
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clusters cover within a genome. Additionally, we characterize the C1-paralogon of
Astatotilapia burtoni, an East-African cichlid. Cichlids are among the most prominent
examples for rapid speciation and have undergone adaptive radiations in several East
African Lakes such as Lake Victoria (~500 endemic species) and Lake Malawi (~1000
endemic species). Those species are specialized for different ecological niches and, hence,
display a wide variety of morphological characteristics. Their coloration, that plays a key
role in mate choice, especially stands out. Some of the RTKs are known to be involved in
coloration of fishes and these characteristics make the ParaHox paralogon highly
interesting. We could show that duplicated ParaHox genes not only were eliminated from
fish genomes that now have the same number of ParaHox genes as tetrapods, but that the
gene order was rearranged several times in the case of the D paralogon. The surrounding of
the RTKs contains only very few CNS, while we were able to detect conserved areas
surrounding the ParaHox genes. In contrast to the Hox genes, the cluster arrangement in this
case seems not to be required for correct gene expression.
In Chapter 5 we present the genomic sequences of Hox clusters in the haplochromine
cichlid Astatotilapia burtoni. One possible source for the amazing variation of cichlids is
regulatory change of developmentally important genes. We compared the Hox cluster setup
with other teleost fishes and found that relative high percentages (11-38%) of the intergenic
regions are made up of CNS. A. burtoni shares more CNS with stickleback (Gasterosteus
aculeatus) than with the more closely related medaka (Oryzias latipes). A curiosity of the
medaka clusters is that it also lost three of the nine microRNAs which still exist in the other
teleost clusters. Neoteleost clusters show a trend towards more CNS at the anterior (i.e. 3'
end) of the clusters. This could be directly linked with the anterior expression of those
genes, in particular in the head and brain region. Disturbed expression and resulting
malformations usually have lethal effects in the head region, while posterior changes are
often tolerable as the repeated loss of hind limbs in tetrapods shows. After this first
description of complete sequences of Hox clusters, future comparative studies could render
interesting results on cichlid morphological diversity.
Regulatory evolution offers an easy and fast possibility for genes expressed in a very
specific pattern to evolve new functions, while for genes that are expressed more widely, at
least in a temporal sense such as potassium channels, duplication and subsequent evolution
of protein sequences might provide enough variety for adaptations.
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Traditionell gab es zwei Erklärungsansätze, wie neue Funktionen von Genen entstehen
können: zum einen durch die Gen-/Genomduplikationstheorie, die Susumo Ohno (1970) in
seinem Buch beschrieb und zum anderen durch regulatorische Evolution.
Schon sehr früh, bereits vor der Aufklärung der Struktur von Genen, entstand die Idee,
dass neue Funktionen von Genen nur dann entstehen können, wenn eine Duplikation
stattfindet und eine der beiden Kopien die ursprüngliche Funktion weiterführt, während die
andere sich verändert und eine neue Aufgabe übernimmt. Später wurde argumentiert, dass
die großen Übergänge in der Evolution, wie z.B. der Übergang vom Einzeller zum
mehrzelligen Lebewesen, von einem Anstieg der Genmenge begleitet werden musste. Die
Entdeckung von mehreren Genomduplikationen während der Wirbeltierevolution passte
sehr gut in dieses Bild. Momentan werden zwei Genomduplikationen während der
Wirbeltier-Evolution angenommen (2R-Hypothese), und eine weitere Duplikation ereignete
sich in Fischen (fischspezifische Genomduplikation, FSGD oder 3R). Allerdings haben die
Wirbeltiere weder notwendigerweise mehr Gene als Einzeller (z.B. Ciliaten), noch haben
fehlende, alte Genomduplikationen Invertebraten in ihrer Formenvielfalt eingeschränkt.
Regulatorische Evolution ist ein Konzept, nach dem Mutationen regulatorische
Elemente (z.B. Transkriptionsfaktor-Bindestellen) verändern und daher die Expression des
zu regulierenden Gens geändert wird. Dadurch kann es auch zu einer neuen
Expressionsdomäne kommen und damit ein neuer Phänotyp entstehen. Die neue
Forschungsrichtung

„evolutionäre

Entwicklungsbiologie“

(EvoDevo),

welche

Genexpression mit evolutionären Aspekten verbindet, hat es in den letzten Jahren auch
geschafft, die Konzepte der Genduplikation und der regulatorischen Evolution
zusammenzubringen.
In Kapitel 1 wird die Evolution eines biochemischen Stoffwechselweges, der
Glykolyse, und die Duplikationsgeschichte der beteiligten Gene untersucht. Wir
analysierten zehn Enzyme, deren Gene wir aus genomischen und EST (expressed sequence
tags) Daten für verschiedene Wirbeltierarten heraussuchten. Aber obwohl viele der
involvierten Gene einem Muster der 2R/3R folgen, konnte kein allgemeiner Trend für die
Beibehaltung von Paralogen abgeleitet werden. Es wurde keine Verbindung zwischen der
Retention von Genen und der Bildung von multimeren Enzymen gefunden. Dies lässt den
Schluss zu, dass Reaktionswege, selbst wenn sie so alt und universell sind wie die
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Glykolyse, nicht als eine Einheit evolvieren, sondern dass sich jedes Gen bis zu einem
bestimmte Grad eigenständig verhält.
Eines der meist genannten Beispiele sowohl für duplizierte Gene als auch für
regulatorische Evolution sind Hox-Cluster - ein ideales Forschungsobjekt für vergleichende,
genomische Studien. Hox-Gene kodieren für Transkriptionsfaktoren, die normalerweise in
ununterbrochenen Clustern auf dem Chromosom vorkommen. Ihre Expression ist kolinear
in Bezug auf ihre Position auf dem Cluster, d.h. Gene, die am anterioren Ende (am 3’-Ende)
des Clusters liegen, werden früher und am anterioren Ende des frühen Embryos exprimiert
als posteriore Gene (5’-Ende), welche später und posterior aktiv werden. Hox-Gene
etablieren die positionelle Identität während der Embryoentwicklung, und bestimmen daher,
welche Struktur sich an welcher Stelle entwickelt. Dazu ist eine sehr exakte Regulierung der
Expression notwendig. In Kapitel 2 werden die Vorteile des Hox-Cluster-Systems für die
Erforschung von konservierten, nichtkodierenden Sequenzen (CNS) hervorgehoben. Ein
neues Programm „Tracker“ wird, zusammen mit einigen Veröffentlichungen, besprochen.
Außerdem werden Daten der Hox-Cluster Zusammensetzung des diploiden Frosches
Xenopus tropicalis vorgestellt, der - laut dem momentanen Stand des Genomprojektes zwei Gene verloren hat, die in Säugetieren (Mensch, Maus) noch vorhanden sind. Dies
impliziert, dass auch in Landwirbeltieren Hox-Cluster möglicherweise variabler sind als
bisher angenommen.
Die zeitlich und räumlich hochspezifische Expression von Hox-Genen benötigt eine
Vielzahl von regulatorischen Elementen. Kapitel 3 beschreibt die Situation in einer anderen
Genfamilie (KCNA), die für spannungsgesteuerte Kaliumkanäle (shaker-related) kodieren.
In Landwirbeltieren wurden acht KCNA-Gene identifiziert und von diesen sind sechs in
zwei 3-Gen-Clustern organisiert. Teleostei haben vier Cluster, wovon ein Gen verloren
gegangen ist und 2-3 zusätzliche Gene, die einzeln im Genom verteilt sind. Über einen
PCR-basierenden Ansatz konnten wir sechs Gene von dem Knochenhecht Lepisosteus
platyrhynchus isolieren. Diese entsprechen den Orthologen in Landwirbeltieren und damit
werden die Ergebnisse einer vorhergehenden Studie über den Zeitpunkt der FSGD bestätigt.
Obwohl die Cluster-Struktur über lange Zeit konserviert ist, konnten vergleichende
genomische Analysen keine größeren konservierten Bereiche außerhalb der kodierenden
Regionen identifizieren. Die Beibehaltung von Clustern ist nicht offensichtlich mit der
Existenz von regulatorischen Elementen verknüpft. Da diese Proteine als Tetramere aktiv
sind, ist die Anordnung in Clustern eher mit gleichzeitiger Transkription zu verbinden.
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Neben den bereits erwähnten Hox Genen, gibt es noch eine Vielzahl anderer
Homeobox-Proteine - ebenfalls Transkriptionsfaktoren - und auch sie liegen zum Teil in
konservierten Clustern vor. Dies trifft auch auf die ParaHox Gene zu, die aus einer
Duplikation des ProtoHox Clusters hervorgegangen sind. Durch diese Duplikation entstand
auch der Hox Cluster. Der ParaHox Cluster besteht aus drei Gene (gsh, pdx, cdx) und auch
hier erfolgte durch die Genomduplikationen eine Vervielfältigung der Region. Anders als
bei den Hox-Cluster, sind die ParaHox Cluster oft nicht mehr als solche zu erkennen und
nur die benachbarten Rezeptor-Tyrosin-Kinasen (RTKs) weisen auf umfassende
Duplikationen hin. Während bei Tetrapoden ein Cluster mit drei Genen vorhanden ist (und
drei weitere genomische Regionen mit jeweils einem ParaHox Gen), ist die Situation in
Fischen sogar noch ausgeprägter. Jede der acht aus Duplikation entstandenen, genomischen
Regionen (Paralogons) enthält höchstens ein ParaHox Gen. Im Gegensatz dazu sind die
RTKs in mehrfachen Kopien vorhanden. In Kapitel 4 werden die ParaHox Paralogons von
mehreren Fischarten in Bezug auf die Anordnung der Gene und die Größe, die diese Cluster
im Genom einnehmen, verglichen. Außerdem wird das C1 Paralogon von Astatotilapia
burtoni, einem ostafrikanischen Buntbarsch, charakterisiert. Buntbarsche sind eines der
bekanntesten Beispiele für schnelle Artbildung und in mehreren ostafrikanischen Seen, wie
dem Viktoriasee (~500 endemische Arten) und dem Malawisee (~ 1000 endemische Arten),
kam es zu adaptiven Radiationen. Diese Arten haben sich auf verschiedene ökologische
Nischen spezialisiert und zeigen daher eine große Vielzahl an morphologischen Merkmalen.
Vor allem ihre Farbgebung, die die Partnerwahl stark beeinflusst, ist sehr auffällig. Für
einige der RTKs ist es bekannt, dass sie bei der Farbgebung von Fischen eine wichtige Rolle
spielen. Auch vor diesem Hintergrund sind die ParaHox Paralogons interessant. Wir
konnten zeigen, dass duplizierte ParaHox Gene nicht nur aus den Genomen eliminiert
wurden, sondern dass es gerade auch bei den D Paralogons wiederholt zu Veränderungen in
der Anordnung der Gene gekommen ist. Es ist auffällig, dass die RTKs trotz geringer
umgebender CNS in ihren Clustern erhalten geblieben sind, während ParaHox Gene, die
von konservierten Bereichen umgeben sind, verloren gegangen sind. Im Gegensatz zu Hox
Genen scheint hier die Clusteranordnung für eine korrekte Expression nicht nötig zu sein.
In Kapitel 5 präsentieren wir die genomische Sequenz von Hox-Clustern des
haplochrominen Buntbarsches Astatotilapia burtoni. Eine mögliche Quelle für die immense
Variation von Cichliden ist eine veränderte Regulation von entwicklungsbiologisch
wichtigen Genen. Der Hox-Cluster Aufbau wurde mit anderen Teleostei verglichen und wir
fanden, dass ein relativ hoher Anteil (11-38%) der intergenischen Regionen von CNS
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eingenommen wird. A. burtoni hat mehr CNS gemeinsam mit dem Stichling (Gasterosteus
aculeatus) als mit dem näher verwandten Reiskärpfling (Oryzias latipes). Dies ist
möglicherweise durch eine Eigenheit der Oryzias-Cluster begründet, in denen auch drei der
neun microRNAs verloren gegangen sind, welche in allen anderen Fischen noch vorhanden
sind. Für Neoteleostei ist auch ein Trend festzustellen, dass die größte Dichte an CNS am
anterioren Ende zu finden ist. Dies kann möglicherweise mit der anterioren Expression (im
Kopf/Hirnbereich) der anterioren Gene zusammenhängen. Eine abweichende Expression
und verbundene Missbildung hat im Kopfbereich meist letale Folgen, während posteriore
Abweichungen weniger drastische Effekte zeigen, wie beispielsweise der Verlust von
Extremitäten bei einigen Landwirbeltiergruppen (Schlangen, Wale, Blindwühlen) zeigt.
Diese erste Beschreibung der genomischen Sequenz von Hox-Clustern ermöglicht
zukünftige vergleichende Studien von verschiedenen Buntbarscharten, um interessante
Erkenntnisse zur morphologischen Diversität dieser Fischgruppe zu liefern.
Regulatorische Evolution stellt für Gene, die in einem sehr spezifischen Muster
exprimiert werden wie beispielsweise Hox-Gene, vermutlich die schnellste und einfachste
Methode dar, neue Funktionen zu entwickeln. Hingegen können Genduplikationen und
anschließende Modifikation von Proteinsequenzen genug Variabilität für Anpassungen bei zumindest im zeitlichen Sinn - beständig exprimierten Genen wie Kaliumkanälen liefern.
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Table S2.1: Accession numbers of nucleotide sequences that were analyzed in chapter 2.
Homo sapiens

Mus musculus

Gallus gallus (v34)

Xenopus tropicalis (v3.0)

KCNA6

gi|25952089

gi|32452041

chr1: 185587080-185585539

KCNA1

gi|4557684

gi|31560569

chr1: 185492855-185491380

scaffold10: 1288101-1289570

KCNA5

gi|25952086

gi|22122428

chr1: 185406436-185404541

scaffold10: 1358457-1359849

KCNA3

gi|25952081

gi|6680515

chr26: 164200-163003

scaffold393: 402314-403786

KCNA2

gi|25952079

gi|31543023

chr26: 142347-140848

scaffold393: 458881-460380

KCNA10

gi|27436997

gi|38076943

chr26: 111058-109530

scaffold393: 555784 557283

KCNA4

gi|25952084

gi|31543025

chr3: 44030931-44032383

scaffold331: 184400-187000

KCNA7

gi|25952091

gi|6754413

Hydrolagus colloi
KCNA6

XXXX

KCNA5

XXXX

KCNA10

XXXX

Amia calva

XXXX

KCNA3
KCNA2

scaffold832: 78000-102000 (1 Intron)

Acipenser baerii

XXXX

KCNA1

XXXX

scaffold10: 1215167-1216612

Lepisosteus platyrhynchus
XXXX

XXXX

XXXX

XXXX

XXXX

XXXX

XXXX

XXXX

XXXX

XXXX

XXXX

KCNA4
KCNA7
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Table S2.2: Accession numbers of nucleotide sequences that were analyzed in chapter 2.
Tetraodon nigroviridis
KCNA6a

chr13: 9752300-9758799

Takifugu rubripes v3.0
scaffold4318: 1-2000

Gasterosteus aculeatus (v1.0)
groupXIX: 6035602-6037038

GENSCAN00000121207

groupXIX: 6030303-6031778

GENSCAN00000121206

scaffold5974: 900-2500

KCNA6b
KCNA1a

chr13: 9752000-9753999

KCNA1b

chrUn: 19138000-19139849

scaffold4318: 4880-6700

Oryzias latipes (v1.0)

GENSCAN00000042680
GENSCAN00000116362

KCNA5a
KCNA5b

chrUn: 19146900-19148753

scaffold3280: 16000-17900

KCNA3a

chr9: 4744106-4745683

scaffold54: 206200-208000

groupXII: 12262938-12264526 GENSCAN00000014176
groupXVII: 3447975-3449423 HdrR_200510_scaffold1830
_contig117233: 1677018187
groupXII: 12251007-12252509 GENSCAN00000067038

KCNA3b

chr11: 7777500-7779299

scaffold785: 75150-76950

KCNA2a

chr9: 4732317-4735322

scaffold54: 194300-196150

KCNA2b

chr11: 7785600-7787799

scaffold785: 84000-86000

KCNA10a

chr9: 4721648-4720997

KCNA10b

chr11: 7799900-7801645

scaffold54: 180400-182150
scaffold785: 100200102400

KCNA4a

chr5: 11139300-11141799

scaffold290: 72369-74675

GENSCAN00000033005

chr2: 5339100-5342249 (1
Intron)

scaffold824: 33500-37000

HdrR_200510_scaffold19
contig16462: 2922-2027
HdrR_200510_scaffold19
contig16463:
2374-1687 (1 Intron)
HdrR_200510_scaffold89
contig45354:
2272-6929 (1 Intron)

Danio rerio (Zv5)

Oreochromis niloticus

Gnathonemus petersii

groupXVII: 3437445-3438929 GENSCAN00000091086
groupXII: 12234307-12236019 GENSCAN00000081198
groupXVII: 3419379-3421067
GENSCAN00000028002

KCNA4b

KCNA7a

KCNA7b

KCNA6a

scaffold1486: 31895-30468
XXXX

KCNA6b
KCNA1a

scaffold1486: 23617-22139

XXXX

KCNA1b

NA8390: 11630-10149

XXXX
XXXX

KCNA5a
KCNA5b

Chr6 10133090-10134709

KCNA3a

Chr19: 64644158-64645182

KCNA3b

Chr6: 21807665-21806214

KCNA2a

NA4674: 94468-95955

KCNA2b

Chr6: 31810420-31811876

KCNA10a

Chr19: 61270244-61271950

KCNA10b

Chr6: 31735930-31737615

KCNA4a

Chr7: 22628554-22630032

XXXX
XXXX
XXXX
XXXX
XXXX

XXXX
XXXX
XXXX

KCNA4b
KCNA7a
KCNA7b

XXXX Sequences will be submitted to Genbank upon manuscript acceptance
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Table S4.3: List of the genes used for the computation of the trees via PHYML and
MrBayes analyses, including the orientation of the gene ( means 5’-3’;  means 3’-5’
orientation) and the database the DNA sequence was taken from.
All

sequences

from

NCBI

(National

Center

for

Biotechnology

Information;

http://www.ncbi.nlm.nih.gov/) were taken as annotated there; the sequences from the other
databases [(MGP, Medaka Genome Project; http://dolphin.lab.nig.ac.jp/medaka, v200506)
and Ensembl (http://www.ensembl.org/index.html), T. nigroviridis (version Tetraodon7), T.
rubripes (version Fugu4.0), O. latipes (version Medaka1), G. aculeatus (version BroadS1),
D. rerio (version Zv6)] were annotated by hand.
gene
locus

organism

Homo sapiens

Mus musculus

Danio rerio
C1

Tetraodon
nigroviridis

Takifugu rubripes

Oryzias latipes

gene

location

orientation

annotation

database

gsh2

chr4



gi|50960714

NCBI

pdgfrα

chr4



gi|61699224

NCBI

kit

chr4



gi|4557694

NCBI

kdrb

chr4



gi|11321596

NCBI

clock

chr4



gi|25777594

NCBI

gsh2

chr5



gi|18921209

NCBI

pdgfrα

chr5



gi|6755011

NCBI

kit

chr5



gi|10947120

NCBI

kdrb

chr5



gi|27777647

NCBI

clock

chr5



gi|2114487

NCBI

gsh2

chr20



gi|92097946

NCBI

pdgfrα

chr20



gi|34916051

NCBI

kita

chr20



gi|18858926

NCBI

kdrb

chr20



gi|109254770

NCBI

clock

chr20



gi|18858444

NCBI

gsh2

chr1r



scaf15025

Ensembl

pdgfrα

chr1r



scaf15025

Ensembl

kita

chr1r



scaf15025

Ensembl

kdrb

chr1r



scaf15025

Ensembl

clock

chr1r



scaf15025

Ensembl

gsh2

scaff13



scaffold_13

Ensembl

pdgfrα

scaff13



scaffold_13

Ensembl

kita

scaff13



scaffold_13

Ensembl

kdrb

scaff13



scaffold_13

Ensembl

clock

scaff13



scaffold_13

Ensembl

gsh2

scaff1264



scaffold1264

MGP

pdgfrα

scaff1264



scaffold1264

MGP
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kita

scaff578



scaffold578_1

MGP

kdrb

scaff578



scaffold578

MGP

clock

scaff2436



scaffold2436

MGP

gsh2

groupVIII



scaff71, contig 10998

Ensembl

pdgfrα

groupVIII



scaff71, contig 11000

Ensembl

kita

groupVIII



scaff71, contig 11002

Ensembl

kdrb

groupVIII



scaff71, contig 11007

Ensembl

kitb

chr1



gi|68354367

NCBI

clock3

chr1



gi|30231241

NCBI

Tetraodon

kitb

chr18



scaf9219

Ensembl

nigroviridis

clock3

chr18



scaf9219

Ensembl

kitb

scaff563



scaffold_563

Ensembl

clock3

scaff563



scaffold_563

Ensembl

kitb

chr1



scaffold147

Ensembl

clock3

chr1



scaffold147

Ensembl

kitb

groupIX



scaff31, contig 8222

Ensembl

clock3

groupIX



scaff31, contig 8223

Ensembl

cdx1

chr5



gi|4502762

NCBI

pdgfrβ

chr5



gi|68216043

NCBI

csf1r

chr5



gi|27262658

NCBI

flt4

chr5



gi|33667110

NCBI

cdx1

chr18



gi|46559385

NCBI

pdgfrβ

chr18



gi|6679258

NCBI

csf1r

chr18



gi|6681044

NCBI

flt4

chr11



gi|6679812

NCBI

cdx1

chr14



scaffold2007

Ensembl

pdgfrβ

chr14



scaffold2007

Ensembl

csf1r

chr14



scaffold2007

Ensembl

flt4

chr14



scaffold2002

Ensembl

cdx1a

chr1



scaf14944

Ensembl

Tetraodon

pdgfrβ1

chr1



scaf14944

Ensembl

nigroviridis

csf1ra

chr1



scaf14944

Ensembl

flt4

chr1



scaf14573

Ensembl

cdx1a

scaff203



scaffold_203

Ensembl

pdgfrβ1

scaff203



scaffold_203

Ensembl

csf1ra

scaff203



scaffold_203

Ensembl

flt4

scaff89



scaffold_89

Ensembl

cdx1a

chr10



scaffold147

Ensembl

pdgfrβ1

chr10



scaffold147

Ensembl

Oryzias latipes

C1
Gasterosteus
aculeatus

Danio rerio

C2

Takifugu rubripes

Oryzias latipes
Gasterosteus
aculeatus

Homo sapiens

Mus musculus

Danio rerio
D1

Takifugu rubripes

Oryzias latipes
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Oryzias latipes

D1
Gasterosteus
aculeatus

Tetraodon
nigroviridis

D2

Takifugu rubripes

Oryzias latipes

csf1ra

chr10



scaffold147

Ensembl

flt4

chr10



scaffold18

Ensembl

cdx1

groupIV



scaff17, contig 5889

Ensembl

pdgfrβ

groupIV



scaff17, contig 5889

Ensembl

csf1r

groupIV



scaff17, contig 5889

Ensembl

flt4

groupIV



scaff17, contig 5932

Ensembl

cdx1b

chr7



scaf14536

Ensembl

pdgfrβ2

chr7



scaf14536

Ensembl

csf1rb

chr7



scaf14536

Ensembl

cdx1b

scaff352



scaffold_352

Ensembl

pdgfrβ2

scaff51



scaffold_51

Ensembl

csf1rb

scaff51



scaffold_51

Ensembl

cdx1b

chr14



scaffold86

Ensembl

pdgfrβ2

chr14



scaffold86

Ensembl

csf1rb

chr14



scaffold86

Ensembl

Table S4.4: Comparison of the genome size and the size of the C1, C2, D1 and D2 ParaHox
paralogons. All genome size estimations, except A. burtoni from the animal genome size
database (www.genomesize.com), A. burtoni estimation from (Lang et al. 2006); size
estimation of the D1 and D2 cluster from (Braasch et al. 2006). The gene flt4 is not
included in this analysis.
organism

genome

cluster size (kb)

size
(pg) (Mb)

C1

C2

% of genome

D1

D2

C1

C2

D1

D2

H. sapiens

3.50

3,423

1379.36

-

129.6

-

0.040

-

0.0038

-

M. musculus

3.30

3,227

1159.62

-

94.81

-

0.036

-

0.0029

-

D. rerio

1.98

1,936

340.04

76.68

165.14

-

0.018

0.0040

0.0085

-

T. rubripes

0.40

391

94.46

17.27

34.45

1034.54

0.024

0.0044

0.0088

0.2646

T. nigroviridis

0.43

421

89.26

23.09

32.71

902.56

0.021

0.0055

0.0078

0.2144

O. latipes

1.08

1,056

387.71

44.10

47.55

294.39

0.037

0.0042

0.0045

0.0279

A. burtoni

0.97

949

133.56

-

48.33

83.37

0.014

-

0.0051

(0.0088)

G. aculeatus

0.58

567

98.65

22.92

38.57

0.017

0.0040

0.0068

-
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Table S5.1: Primers used in chapter 5:
Name

Cluster

Gene

Sequence

Hoxa13a.Ex1.For2

Aa

a13a

AGT GAG CAA GAA CAT GGA GG

Hoxa13a.Ex2.Rev2

Aa

a13a

ACC ATA TCG TGA CCT GTC GC

Hoxa1a.Ex1.For2

Aa

a1a

TGC AGC TCT AAC TAT GGA CC

Hoxa1a.Ex2.Rev2

Aa

a1a

CTG ACT GCT GTC CGA GGA TG

Hoxa13b.Ex1.For

Ab

a13b

CAA GGA GCA ACC ACA GTC AA

Hoxa13b.Ex2.Rev

Ab

a13b

GTC ACT TGT CTC TCT GTC AGG

Hoxa9b.For.Ex1

Ab

a9b

CCT GTG TTT GAC GGG ATT ACC

Hoxa9b.Rev.Ex2

Ab

a9b

GTT GCA GGA TTT GAT GCT TTG T

Hoxa2b.Ex1.For

Ab

a2b

CTC GCT GAG TGC CTG ACA TC

Hoxa2b.Ex2.Rev

Ab

a2b

TTT CCA CTC GCC TCG GTC TG

Hoxb13a.Ex1.For2

Ba

b13a

CGT GCC GCA YCA RAG CTC

Hoxb13a.Ex2.Rev

Ba

b13a

TGC TCT TCA CTT TGG CCA CG

Hoxb5a.Ex1.For2

Ba

b5a

ATG AGC TCT TAC TTT GTA ACT CG

Hoxb5a.Ex2.Rev

Ba

b5a

TTG ATC TGG CGC TCC GTG AG

Hoxb3a.Ex2.For2

Ba

b3a

AGT GTC TTA CTC CAT GTC CAC TGC CTA

Hoxb3a.Ex2.Rev1

Ba

b3a

CTA CAG GTG AGT GAG CTT GG

Hoxb2a.Ex1.For

Ba

b2a

CCC GTC GTC AAC TGC CTC TG

Hoxb2a.Ex2.Rev

Ba

b2a

GCT CAA AGC CTC CCG TGT CG

Hoxb1a.Ex1.For4

Ba

b1a

CCG GGG CCT ACT GCG GG

Hoxb1a.Ex2.Rev2

Ba

b1a

GAG TGG TCA GTG TCC TCC A

Hoxb6b.Ex1.For

Bb

b6b

CGT GGA TGC AGA GGA TGA AC

Hoxb6b.Ex2.Rev

Bb

b6b

CCT AAA TAA ACG CAC GAG CAC

Hoxb1b.Ex1.For

Bb

b1b

ACT GGA TGA AAG TSA AGA GGA

Hoxb1b.Ex2.Rev

Bb

b1b

AAC CAG ATK TTW ACC TGC GT

Hoxc13a.Ex1.For

Ca

c13a

CAC CAG GGC TCC GTC TAC TC

Hoxc13a.Ex2.Rev

Ca

c13a

CTT GCT GCA TAC TCT TTC TCC

Hox.c9a.Ex1.For

Ca

c9a

GAC CTA CAC GGA TTA TCT GTA

Hox.c9a.Ex2.Rev

Ca

c9a

TCT TGT AAG GTA CAT ATT GAA C

Hoxc3a.Ex1.For

Ca

c3a

CAT GAC CTC CTC TTC TCG TGT

Hoxc3a.Ex2.Rev

Ca

c3a

GGT GAT GAC TAT CTA TGC TTG

Evx2.Ex2.For

Da

evx2

GAG AAC AAA TCG CAA GAC TGG

Evx2.Ex3.Rev

Da

evx2

ATG GAA GTG GCG AAA GGT GAC

Hoxd9a.Ex1.For

Da

d9a

AAT GTC TTC CAG TGG CAC TC

Hoxd9a.Ex2.Rev

Da

d9a

CAG ATC TTC ACT TGT CTC TC

Hoxd3a.Ex1.For2

Da

d3a

TAC ACC TAC CCC AAA CCA GAC

Hoxd3a.Ex2.Rev2

Da

d3a

GAT CTG AGC GGC ACA GCT G

Hoxd4b.Ex1.For2

Db

d4b

CGC TCA GGT GCA GAG GAA

Hoxd4b.Ex2.Rev2

Db

d4b

CAC ACC TTC ACC TGC CGC TC
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