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“Put out my eyes, and I can see you still, 
Slam my ears to, and I can hear you yet; 

And without any feet can go to you; 
And tongueless, I can conjure you at will. 

Break off my arms, I shall take hold of you 
And grasp you with my heart as with a hand; 

Arrest my heart, my brain will beat as true; 
And if you set this brain of mine afire, 

Then on my blood-stream I yet will carry you”. 

Rainer Maria Rilke 
(1875-1926)
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Abbreviations

1R One-round of genome duplication 
2R Two-rounds of genome duplication 
7TM Seven transmembrane domain 
Amphi-Trk Amphioxus Trk receptor 
BDNF Brain-derived neurotrophic factor 
Ciona INS-L Ciona insulin-like gene 
Cys Cysteine 
DILP Drosophila insulin-like protein 
FS Ciona free-swimming larva 
GPCR G-protein coupled receptor 
HSA Homo sapiens 
IGF Insulin-like growth factor gene 
INSL Insulin-like peptide gene 
LDL-A Low-density lipoprotein class A 
LGR Leucine-rich repeat containing GPCR 
LIRP Locust insulin-related peptide 
LRR Leucine-rich repeat 
MCL Markov Clustering algorithm 
MIP Molluscan insulin-like peptide 
Myr Million years 
NGF Nerve growth factor 
NT Neurotrophin 
PM Ciona pharyngeal muscle 
RLN Relaxin gene 
RTK Receptor tyrosine-kinase 
Trk Tropomyosin receptor kinase 
X Any given amino acid 
YA Ciona young adult attached 
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Introduction

On the origins of new genes 
One of the fundamental processes in evolution is the origin of new genes. 
Several molecular mechanisms are implicated in the formation of new genes, 
such as exon shuffling, retrotransposition and lateral gene transfer, among 
which the duplication of a gene has been found to be particularly important 
(Ohno 1970; Long et al. 2003; Wolfe and Li 2003; Furlong and Holland 
2004; Wang et al. 2005). Accumulated sequence data from various genome 
projects revealed a rapid increase in the number of gene families in the early 
stages of evolution of the vertebrates (Gu, Wang, and Gu 2002). This period 
coincides with the acquisition of specialized and innovative characters that 
were added to the bodies of pre-vertebrates. These characters include the 
establishment of the neural crest; the origins of sensory and neurogenic pla-
codes that contributed to the formation of the eyes, ears, lateral lines, olfac-
tory organs and cranial ganglia, axial and head skeleton are noteworthy. 
Importantly, the expansion and subsequent divergence of many gene fami-
lies with trophic factor activities paralleled the emergence of an intricate 
complexity in the vertebrate nervous system (Shimeld and Holland 2000). 

Inspired by these dramatic leaps that have been observed at the stem of 
vertebrate evolution, Susumu Ohno courageously postulated that the duplica-
tion of genes or even entire genomes could be one of the major causes re-
sponsible for increasing genetic complexity during the evolution of verte-
brates (Ohno 1970). Ohno reasoned that since duplicated genes are freed 
from the constraining effects of natural selection, they could become fodder 
for large innovations in body plans and other modifications, thus, linking an 
increase in morphological complexity with an increase in genetic complexity 
(Holland et al. 1994; Shimeld and Holland 2000; Pennisi 2001). Ohno pro-
posed that two whole genome duplications occurred at the stem of verte-
brates. The analysis of Hox genes has been used as a primary example in 
favor of Ohno’s reasoning. The observation that protostome invertebrates, as 
well as cephalochordates represented by Amphioxus, have a single Hox clus-
ter (and a single copy of other homeobox genes such as: Otx, Msx, Gsx, Cdx
and Emx), whereas the sarcopterygians (coelacanth, lungfishes, amphibians, 
reptiles, birds and mammals) posses four (Holland and Garcia-Fernandez 
1996; Williams and Holland 1998; Sharman, Shimeld, and Holland 1999; 
Williams and Holland 2000; Holland 2001; Larhammar, Lundin, and Hall-
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book 2002) supports the hypothesis of two rounds (2R) of entire genome 
duplication early in vertebrate evolution. The first genome duplication has 
been proposed to have occurred in the vertebrate lineage after the divergence 
of cephalochordates, and the second after the divergence of jawless fishes 
(Figure 1) (Holland 1999). Furthermore, the accumulated evidence suggests 
that another whole genome duplication preceded the divergence of the major 
extant ray-finned fish lineages, in particular teleosts (Amores et al. 1998; 
Taylor, Van de Peer, and Meyer 2001; Hoegg et al. 2004; Vandepoele et al. 
2004). The teleosts represent the most species-rich class among vertebrates, 
encompassing more than 23,000 taxa. Therefore, it has been proposed that 
genomic complexity acquired by duplication of the entire genome might be a 
reason for the evolutionary success and astounding biological diversity ob-
served among the extant major lineages of the ray-finned fishes (Meyer and 
Van de Peer 2005). 

The hypothesis of two complete genome duplications at the stem of ver-
tebrates is an elegant one and it is also the most parsimonious model to ac-
count for the enormous scale of vertebrate gene duplications, which is re-
vealed by comparisons to the number of homeobox genes in Amphioxus. 
However, parsimony is not evidence. The possibility that the expansion of 
vertebrate gene families occurred by multiple independent small-scale gene 
duplications, or several chromosomal duplications cannot be excluded 
(Hughes and Friedman 2003). 

Figure 1. Schematic phylogeny of the chordate phylum displaying the relative tim-
ings of two whole-genome duplications as proposed by Furlong and Holland (2002). 
The position of Ciona intestinalis in the phylogeny is according to Delsuc et al.
(2006). 

Since the origins of the insulin-relaxin (insulin-RLN) gene family have 
been contentious (Reinecke and Collet 1998; Jin Chan and Steiner 2000; 
Wilkinson et al. 2005a), we analyzed the duplication events that gave rise to 
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the repertoire of insulin-RLN genes in vertebrates (Paper I). Moreover, the 
members of this gene family were used as anchor points to study the history 
of the formation of chromosomal regions in which they reside. This allowed 
us to test whether those regions agree that genome duplication/s shaped the 
overall structure of extant vertebrate genomes. In addition, the information 
gained from this work and from investigated chromosomal regions hosting 
insulin-RLN genes, was utilized to deduce the molecular evolution of neuro-
trophin and Trk receptor families in the human genome (Appendix). 

General overview of types of gene duplication 
Gene duplications may be classified as: tandem (single) gene duplications or 
block duplications (Vision 2005). Tandem duplication occurs when the two 
copies of the duplicated gene are positioned immediately adjacent to one 
another. Unequal crossing-over (between homologous chromosomes at 
meiosis) and unequal sister-chromatid exchange appear to be responsible for 
a generation of tandem arrays of genes such as ribosomal RNA genes (Cronn 
et al. 1996). Segmental or block duplication occurs when a contiguous track 
containing multiple genes is duplicated; two genomic segments that contain 
similar sets of genes are produced by block duplication. Chromosomal and 
entire genome duplications (polyploidizations) are considered as a special 
case of block duplication. At a genome duplication event, all genes will be 
duplicated simultaneously and all resulting proteins will be functional. A 
new gene in its early stages usually undergoes rapid changes in sequence, 
structure and expression. As time passes, only a fraction of the gene family 
members will be preserved; the other copies will degenerate due to an accu-
mulation of deleterious mutations (Nadeau and Sankoff 1997). Thus, exten-
sive gene loss after the first and second rounds of the proposed genome du-
plications decreases the chance of finding four preserved copies of each of 
the duplicated genes. The majority of duplicated families will remain as two- 
or three-member families or just as single genes. 

Homologs, paralogs and orthologs - a few definitions 
All descriptions of the evolution of gene families, gene networks and com-
plete gene repertoires of investigated species, rest on three key concepts of 
evolutionary biology; these are the definitions of homology, paralogy and 
orthology. Genes designated as homologs or homologous are derived from a 
common ancestor. Paralogs and orthologs are two types of homologous 
genes. Paralogs are formed by the duplication of a common ancestral gene 
within the same genome; that is by a tandem, block or whole-genome dupli-
cation event. After this event, two paralogs evolve independently, accumu-
lating mutations at different rates. It can be emphatically stated that two ho-
mologous genes isolated from the same species haplotype are paralogs. 
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Genes that originated from a single ancestral gene in the last common ances-
tor of the compared genomes are designated as orthologs (Figure 2). 

Figure 2. A hypothetical phylogenetic tree illustrating paralogous and orthologous 
relationships between A and B genes and their descendants in three species. The 
figure was taken from the NCBI tutorial on the Blast search 
(http://www.ncbi.nlm.nih.gov) and modified.

The insulin-RLN gene family - vertebrate (human) and 
invertebrate homologs 
The insulin-RLN gene family in the human genome is comprised of 10 
paralogs: insulin, two insulin-like growth factors (IGF1 and -2), four insulin-
like peptides (INSL3, -4, -5, and -6) and three relaxins (RLN1, -2, -3). These 
proteins share just a few conserved amino acid motifs mainly in the region of 
the cysteine knot (Chan, Cao, and Steiner 1990; Conlon 2000; Conlon 2001). 
The mature molecules of insulins, RLNs and probably also INSLs are de-
rived from single chain precursors in which B and A domains are linked by a 
connecting C-peptide (Smit et al. 1998; Lu et al. 2006). During maturation, 
the N-terminal part of the precursors containing a signal sequence is re-
moved. Thereafter, dibasic amino acid residues positioned at the borders of 
B-C and C-A domains are recognized by endoproteolytic convertases that 
remove the C-peptide. Thus, insulin/INSL/RLN proteins have a two-peptide 
chain structure of covalently linked B and A domains. On the contrary, due 
to a loss of the endoproteolytic processing site, the C-peptide of IGFs is not 
removed (Smit et al. 1998). Moreover, the A domains of IGFs are terminally 
extended to D and E domains [see review by Reinecke and Collet (1998)]. 
The members of the vertebrate insulin-RLN family play a variety of roles in 
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growth and reproduction (Table 1). Some of these members exhibit neuro-
trophic factor activities (Torres-Aleman 2000). 

Table 1. Scrutinized functions of the human insulin-RLN gene family according to: 
de Pablo and de la Rosa (1995); Reinecke and Collet (1998); Chan and Steiner 
(2000); Bathgate et al. (2003); and Hsu (2003).

The family of insulin-related peptides in invertebrates constitutes a very 
diverse group of sequences, which are encoded by large multi-gene families. 
The members of the invertebrate insulin-related family were characterized in 
Bombyx moori (Adachi et al. 1989) and Samia cynthia (Kimura-Kawakami 
et al. 1992); Locusta migratoria (Lagueux et al. 1990); Lymnea stagnalis
(Smit et al. 1988); Drosophila melanogaster (Nasonkin et al. 2002); and 
Caenorhabditis elegans (Kimura et al. 1997; Duret et al. 1998; Kawano et al. 
2000) (Table 2). 

Table 2. Summarized functions of the selected invertebrate insulin-like peptides [see 
review by Smit et al., (1998) and references therein]. Numbers of the corresponding 
insulin-like peptide genes are displayed in the parenthesis. LIRP-locust insulin-
related peptide; DILP-Drosophila insulin-like peptide; MIP-molluscan insulin-like 
peptide.

These peptides preserved a basic insulin structure that includes amino acid 
residues that maintain the insulin-type hydrophobic core. They all possess 
preserved spacing between the conserved cysteine residues that are required 
for the formation of inter- and intra-chain disulphide bonds, but otherwise 
the peptide sequences are highly divergent. The unusual characteristics of 
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invertebrate insulin-like peptides encompass different receptor binding mo-
tifs. Moreover, these peptides display a high variability in the length and the 
amino acid composition of B-like domains and also an inability to form 
dimers or hexamers (Adachi et al. 1989; Smit et al. 1991). Furthermore, al-
though these peptides appear to function as growth factors in the periphery, 
they are also expressed in the brain, where they are released as neurohor-
mones/neurotransmitters (Table 2) (Smit et al. 1998). 
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Aims of the studies 

The aim of these studies was to analyze the molecular evolution of the mem-
bers of the insulin-RLN gene family and chromosomal regions in which they 
reside.

Specific aims 
Paper I 

- to delineate the duplication events that gave rise to the repertoire of 
the insulin-RLN genes in vertebrates 

- to outline the chromosomal regions of two paralogons in the human 
genome, which host the family members 

- to test statistically the distribution of genes of the proposed 
INSL/RLN paralogon 

- to search for conserved synteny between Ciona and human genomes 
in the regions harboring the insulin-RLN genes 

- to infer molecular evolution of neurotrophin and Trk-receptor gene 
families (Appendix)

Paper II 
- to characterize the novel Ciona insulin-like genes (INS-Ls) and to 

determine if they could be considered as bona fide members of the 
insulin-RLN family 

Paper III 
- to search for syntenic segments of the human insulin/IGF and 

INSL/RLN paralogons in the Drosophila melanogaster genome 
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Results and discussion 

Toward understanding the evolution of the insulin-RLN 
family - the phylogenetic approach 
Phylogenetic analysis of 60 chordate insulin-RLN proteins clearly divides 
the members of the family into two major clades (Paper I). One clade 
grouped together insulins with IGFs and another INSLs with RLN sequences 
(bootstrap support >80% per 500 re-samplings of matrix data). The inferred 
topology of the insulin/IGF branch received better bootstrap support than the 
INSL/RLN clade. Interestingly, a single insulin-like protein identified in 
Amphioxus (Chan, Cao, and Steiner 1990) was associated with the verte-
brate IGF-clade, however, this topology did not receive significant support 
(Paper I). Since Amphioxus INSL displays structural characteristics that are 
common for insulin and IGFs (Chan, Cao, and Steiner 1990; Chu et al. 1994; 
Guo et al. 2002; Wang et al. 2003), this peptide has been proposed as an 
extant representative of an ancestral gene from which the vertebrate insulin-
IGF subfamily emerged (Jin Chan and Steiner 2000). This implies that the 
duplication event that gave rise to vertebrate insulin and IGF genes occurred 
in the common ancestor of jawless fishes, as two separate genes are present 
in hagfish (Nagamatsu et al. 1991). Strikingly, immunohistochemical reac-
tivity for both insulin and IGF was found in gut mucosal cells and neurons of 
Amphioxus (Reinecke et al. 1993). Based on this finding, it has been sug-
gested (Reinecke and Collet 1998) that Amphioxus INSL is rather a proto-
IGF gene that is not ancestral to insulin (Patton, Luke, and Holland 1998). 
Thus, Amphioxus may have another gene with similarity to insulin. The fact 
that this gene has not been identified by Chan et al. (1990) may reflect the 
greater level of sequence divergence correlated with increased phylogenetic 
separation. This finds support in that several genes with similarity to the 
insulin-relaxin-like family are present in the recently released draft assembly 
of the Amphioxus genome (http://genome.jgi-
psf.org/Brafl1/Brafl1.home.html). On the other hand, two genes, an insulin-
like and IGF-like one, have both been identified in the urochordate Che-
lyosoma productum (McRory and Sherwood 1997). Due to shortness of se-
quences, none of the Chelyosoma proteins is suitable for phylogenetic analy-
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sis. It has been speculated (Jin Chan and Steiner 2000) that these genes are a 
result of a recent, species-specific gene duplication. Hence, their orthologous 
relations to vertebrate insulin/IGFs remain controversial. Therefore, the tim-
ing of the gene duplication event(s) that gave rise to the insulin-IGF subfam-
ily is not yet resolved. 

The time of duplication that gave rise to IGF1 and IGF2 is clearer. Phy-
logeny indicates that prototypical IGF was duplicated in a gnathostome an-
cestor, thus giving rise to IGF1 and -2 (Paper I). These two genes have been 
cloned in elasmobranch, dogfish Squalus acanthias (Duguay et al. 1995) and 
a number of teleosts as well as in tertrapods (Reinecke and Collet 1998). 

In accordance with the findings by Wilkinson et al. (2005a), none of the 
phylogenetic tree reconstruction methods was able to completely resolve the 
relations between the members of the INSL-RLN subfamily (Paper I). Only 
the relationships between the orthologs, but not between the paralogs (see 
Fugu RLN3s, Paper I), were resolved according to established species phy-
logeny. It has been demonstrated on several occasions (Bajaj, Blundell, and 
Wood 1984; Conlon 2000) that phylogenetic inference based on protein se-
quences of distantly related members of the insulin-RLN gene family, pro-
duce trees that are in a conflict with the current phylogenetic consensus on 
the branching order of species. We propose that the high degree of sequence 
divergence within the INSL-RLN subfamily, and also the short sequence 
length combined with the small number of informative characters may ac-
count for the low resolution of the tree (Dores, Rubin, and Quinn 1996; Wil-
kinson et al. 2005a) (Paper I and II). 

Given the data, phylogenetic reconstructions are limited in their useful-
ness when a deeper understanding of evolution of the insulin-RLN family is 
desired. Even today, there is no accepted model that satisfactorily describes 
in which periods of animal evolution insulin-RLN homologs were generated. 
Therefore, in order to gain further insight into the molecular evolution of the 
insulin-RLN family in chordates, we turned our attention to the chromoso-
mal localization of the insulin/IGF/INSL/RLN paralogs in the human ge-
nome (Paper I). 
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What can we learn from analyses of the regions that 
host the members of the insulin-RLN gene family in the 
human genome? 
Positions of insulin, IGFs, INSLs and RLNs in the human 

genome 

The 10 human paralogs of the insulin-RLN family are positioned on five 
chromosomes in the human genome (Figure 3). IGF1 is on human chromo-
some (HSA) 12q23.2. The insulin gene and IGF2 are located in tandem on 
HSA 11p15.5. INSL5 is alone on 1p31.1. INSL6, INSL4, RLN2, and RLN1
form a cluster on HSA 9p24.1. RLN3 and INSL3 are located on 19p13.2 but 
are separated by several other genes. This chromosomal localization hints 
that various gene duplication events generated the extant insulin-RLN family 
(Paper I). 

Figure 3. Diagram displaying chromosomal localization of the ten insulin-RLN 
paralogs in the human genome. 

Paralogous regions (paralogons) - historical remnants of 
whole genome duplication events 
The signatures of large-scale duplication events, such as whole genome dou-
blings that involve the simultaneous duplication of entire chromosomes, can 
be identified by delineation of blocks in the genome that share homologous 
gene pairs, which belong to different, often unrelated gene families. These 
duplicate chromosomal segments with linked paralogs are denoted as
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paralogons or paralogous regions (Coulier et al. 2000). Multiple paralogous 
regions have previously been uncovered (Lundin 1993; Pebusque et al. 1998; 
Gibson and Spring 2000; Popovici et al. 2001a; Abi-Rached et al. 2002; 
Larhammar, Lundin, and Hallbook 2002; McLysaght, Hokamp, and Wolfe 
2002; Lundin, Larhammar, and Hallbook 2003; Vienne et al. 2003; Dehal 
and Boore 2005) and used as compelling evidence for the 2R hypothesis. 

In order to test whether the regions harboring the INSL/RLN members 
could be related by the presence of the similar gene families, we analyzed 
4069 neighboring genes with respect to (1) whether they belonged to a gene 
family and (2) where the family members are positioned in the human ge-
nome. All genes on HSA 19p were analyzed, and initially gene families with 
at least a second paralog on HSA 1 and 9 were delineated. Furthermore, 
many families had paralogs on HSA 1, 6p/15q and/or on 9/5, in addition to 
the one on 19p. 

It is worthwhile to note that more than 500 Myr (million years) of evolu-
tion separate humans from the last common invertebrate ancestor (Chen et 
al. 2003; Blair and Hedges 2005; Benton and Donoghue 2007). During this 
period, our genome experienced extensive gene losses and underwent multi-
ple chromosomal rearrangements (Bailey et al. 2002). Knowing this, the 
direct comparison of genes between segments of two chromosomes may 
reveal only a small fraction of homologous gene pairs. Therefore, we applied 
a transitive homology approach (Simillion et al. 2002; Vandepoele, Simil-
lion, and Van de Peer 2002; Van de Peer 2004) in which the comparison of 
two genomic segments (e.g. blocks of HSA 9 and 5) with a third segment 
(e.g. HSA 1) allowed more extensive similarities to be detected (Paper I). 
Transitive homology is based on a simple assumption; it states that if the 
regions on HSA 9, 5 and HSA 1, 9 share paralogs of different gene families 
then blocks of HSA 1 and 5 must also harbor common gene families. 

In order to date the duplication times relative to the speciation events, the 
identified gene families were subjected to robust phylogenetic analysis (Pa-
per I, Supplementary Table S1, S2). We demonstrated that 17 segments of 
four chromosomal regions: HSA 1, 6p/15, 9/5 and 19p all share similar con-
stellations of two, three or four paralogs. Thereby, the entire region complies 
with the definition of paralogon. One hundred and seventy four families or
subfamilies had at least 2 paralogs on HSA 1, 6p/15q, 9/5, or 19p. The de-
fined regions span 545,5 Mb (16,9% of the human genome). We will refer to 
these regions as the INSL/RLN paralogon (Figure 4 and Paper I). 

Similar analysis uncovered multiple paralogous segments confined to the 
regions harboring insulin/IGF genes on HSA 11 and 12. Additionally, the 
application of the transitive homology allowed us to include the regions on 
HSA 1/2p/20p, 14q/15q, and 19q that were confined to 22 non-overlapping 
segments. This extended region covered 595 Mb (18,4% of the human ge-
nome) and it was designated as an insulin/IGF paralogon (Figure 5 and Pa-
per I). 
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Figure 4. Schematic representation of selected gene family paralogs within the 
INSL/RLN paralogon spanning human chromosomes 1, 6p/15q, 9/5 and 19p. The 
complete list of gene families of the INSL/RLN paralogon can be found in Paper I, 
Supplementary Table 1.
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Figure 5. Schematic representation of selected gene family paralogs within the insu-
lin/IGF paralogon spanning human chromosomes 1/2p/20p, 11, 12/14q/15q and 19q. 
The complete list of gene families of the insulin/IGF paralogon can be found in 
Paper I, Supplementary Table 2.

Although the paralogons are postulated to result from the genome dupli-
cation events, some authors proposed alternative mechanisms for their for-
mation (Hughes 1998; Hughes 1999; Hughes, da Silva, and Friedman 2001; 
Hughes and Friedman 2003). These authors remained unconvinced that two 
rounds of total genome duplication provided substantial genetic material 
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early in the evolution of vertebrates. In view of the evolution of the insulin-
RLN family, these contentious issues will be presented and discussed in the 
following sections of this thesis. 

Paralogous regions as the evidence of whole genome 
duplications - an ongoing debate 
Although the simplest explanation for the presence of the identified 
INSL/RLN-, insulin/IGF- and other paralogous regions in the human ge-
nome is that they are indeed historical remnants of whole genome duplica-
tion/s, several questions must be answered before the paralogons can be un-
ambiguously assigned as an evidence in favor of the genome duplication 
(polyploidization) hypothesis. 

The first question concerns the issue of the distribution of duplicated 
segments observed within paralogous regions. It was Hughes (1998) who 
proposed that paralogons are rather the result of smaller independent dupli-
cations such as multiple tandem duplications. According to Hughes, exten-
sive translocations assembled single-duplicated genes into paralogous re-
gions for adaptive reasons; that is, they were favored by natural selection 
(Hughes 1998). Maybe there is indeed a selective advantage for a set of par-
ticular gene types to be neighbors in a genome. Although this proposal can-
not be completely excluded, we agree with McLysaght et al. (2002) that this 
is a less likely scenario. Several independent duplications would require a 
greater number of duplication events, whereby; more rearrangements and 
deletions are expected after one or two successive whole genome duplication 
events. It has been demonstrated in plant- (Song et al. 1995) and vertebrate 
genomes (Smith, Knight, and Hurst 1999; Popovici et al. 2001a; McLysaght, 
Hokamp, and Wolfe 2002) that a high number of rearrangements and dele-
tions occurred subsequently after polyploidization. These events affected not 
only small clusters of the duplicated genes, but strikingly involved large 
chromosomal segments. Therefore, during such extensive gene loss, entire 
groups of duplicated genes can be eradicated simultaneously. These results 
support the theory that successive genome duplication and not multiple sin-
gle duplications formed the extant paralogons in the human genome. Conse-
quently to this, the half-life of a duplicated gene has been estimated to only 
be of the order of 4,0 Myr (Lynch and Conery 2000; Lynch 2002). In addi-
tion, it has been inferred that the genes generated by single duplications are 
retained in the genome for a shorter time as compared to paralogs formed by 
genome duplication events (Lynch and Force 2000; Postlethwait et al. 2000; 
Spring 2002; Maere et al. 2005). Therefore, if the INSL/RLN- and insu-
lin/IGF paralogous regions were formed by means of the continuous small 
duplications, their signal would probably not be detectable until after mil-
lions of years of evolution. This is due to the short half-life and a relatively 
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high rate of gene loss. Strikingly, the chromosomal regions identified in our 
study (HSA 1, 6p/15, 9/5, 19p and 1/2p/20p, 11, 12/14q/15q, 19q) still dis-
play the organization of quadruplicate paralogy, that is indeed expected if 
the entire genome was duplicated synchronously (Paper I). All data point 
towards that this has probably happened twice at the stem of vertebrates. 

The paralogon region - a question of parsimony? 
As already stated in the first section of this thesis, two complete genome 
duplications at the root of vertebrates have often been used as the most par-
simonious explanation to account for the generation of large chromosomal 
segments, which are organized in sets of the quadruplicate paralogy regions 
(Lundin 1993; Lundin, Larhammar, and Hallbook 2003). The parsimony 
analysis has been used by Hughes et al. (2001) in order to test whether a 
tandem duplication- versus the polyploidization-based model could better 
explain the present distribution of genes on the human chromosomes. The 
minimum number of genetic events has been counted under each of two 
competing models. The author examined 20 gene families and demonstrated 
that in 70% of the cases the single duplication hypothesis was more parsi-
monious than 2R (Hughes, da Silva, and Friedman 2001). However, it has 
been illustrated mathematically (Gu and Huang 2002; McLysaght, Hokamp, 
and Wolfe 2002; Hokamp, McLysaght, and Wolfe 2003) that the parsimony 
test will always favor tandem duplications. This occurs when the density of 
the paralogs in the paralogon region is low. This is indeed the case in the 
INSL/RLN paralogon (15,4%) (Paper I), in the paleopolyploid yeasts (12%) 
(Kellis, Birren, and Lander 2004) and in the genome of the plant Arabidopsis 
thaliana (28%) which underwent three complete genome duplications 
(Simillion et al. 2002; Vandepoele, Simillion, and Van de Peer 2002). There-
fore, in accordance with Hokamp et al. (2003), we agree that parsimony 
statistics as utilized by Hughes et al. (2001) are not appropriate to examine 
the evolutionary trajectory that shaped the paralogous regions. 

Statistical test of the distribution of paralogs in the INSL/RLN 
paralogous region 
Even if we assume that there were no genome duplications at the stem of the 
vertebrates, the possibility that the identified paralogous genes would be 
located near one another simply by chance cannot be excluded, unless a ro-
bust statistical test is applied to the analyzed region. One of the most 
straightforward ways to test the non-random distribution of paralogon gene 
content is a permutation test. In this test the order of the analyzed genes in 
the genome is artificially re-shuffled, for example 1000 times (McLysaght, 
Hokamp, and Wolfe 2002). First, the threshold for a minimum size of a 
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segment that must contain pairs of paralogous genes is established. Then, the 
number of clusters containing the paralogous genes obtained from the real 
data set and generated by reshuffling the order of all the genes is compared. 
The randomizations of genes are easy to implement, however, they are also 
extremely computer intense (Van de Peer 2004). Gene order is reshuffled 
and this process is repeated hundreds of times. Then, the artificially created 
genome must be scanned for groups of paralogous genes. 

Another test that examines the possibility of finding genes that reside in 
the paralogous region ‘by chance’ employs the binominal distribution 
(Danchin et al. 2003; Vienne et al. 2003; Danchin and Pontarotti 2004a). 
Binominal distribution is based on the assumption that the probability for a 
gene or a family to belong to a region of the genome is proportional to the 
number of genes in that region. This statistical test was performed for the 
entire INSL/RLN paralogon. In addition, the seventeen chromosomal subre-
gions were tested separately (Paper I). Families were only counted once for 
the statistical validation even if they were represented by several paralogs in 
the same chromosomal segment. The rationale for this is that duplications 
that produced paralogs locally are usually relatively recent events, which 
occur quite frequently. This is in agreement with the finding that many tan-
dem and small segmental duplication events occurred late in the primate 
lineage (Eichler 2001; Bailey et al. 2002). Our result of the statistical valida-
tion strongly argued against a model where the pattern of genes in the
INSL/RLN paralogon was a result of a selection from random distribution of 
genes in the genome (p< 0,0001) (Paper I). This was consistent with similar 
results obtained from the analysis of the another paralogous region (Vienne 
et al. 2003) and also from the reconstructed ancestral chromosomal segments 
(Abi-Rached et al. 2002; Danchin and Pontarotti 2004a; Danchin and Pon-
tarotti 2004b). 

Dating the duplication events in the INSL/RLN 
paralogon indicates a rapid accumulation of gene 
duplications at the stem of vertebrates 
The phylogenetic analyses can give a reliable prediction of duplication 
events only if they are based on true homologous sequences. Based only on 
the criterion of local similarity between the sequences, gene families with 
members that do not share a common ancestry may be generated. Therefore, 
it is of crucial importance that sequences within one gene family share a 
similar composition and architecture of their protein domains. In our analy-
sis, all initially identified gene families with at least two paralogs residing in 
the regions hosting the insulin-RLN paralogs, were subjected to Markov 
Clustering (Enright, Van Dongen, and Ouzounis 2002; Enright, Kunin, and 
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Ouzounis 2003) as implemented in the Ensembl database 
(http://www.ensembl.org/) (Paper I). This novel approach does not suffer 
greatly from the problems caused by multi-domain proteins, promiscuous 
domains, and fragmented proteins. Therefore, reliable clusters of protein 
sequences that share overall domain architecture were generated (Paper I). 

If the INSL/RLN paralogon was formed by the proposed polyploidization 
events at the root of the vertebrates, the gene family members residing 
within related chromosomal segments should have been created at about the 
same time. The phylogenetic inference can determine whether a gene was 
duplicated before or after a particular speciation event. If the majority of the 
duplicated genes were created within the time separating two speciation 
events, this would point to large-scale or perhaps even genome duplication/s 
that occurred in-between these speciations. This type of relative dating has 
been successfully applied to pinpoint the timing of large-scale duplications 
in the genomes of rice (Vandepoele, Simillion, and Van de Peer 2003) and 
actinopterygian fishes (Hoegg et al. 2004; Vandepoele et al. 2004). It was 
also implemented to date the origins of the paralogs positioned in the 
INSL/RLN paralogous region (Paper I). The invertebrate orthologous se-
quences from insects: Drosophila melanogaster/Apis mellifera/Anopheles 
gambiae, flatworm: Caenorhabditis elegans and urochordate: Ciona intesti-
nalis (http://www.ensembl.org/) were used as an outgroup for the analysis. 
As the corresponding sequences from Amphioxus and jawless fishes were 
not in a form that could be utilized, our analysis demonstrated that the ma-
jority of the identified paralogs have been duplicated prior to the split of 
bonyfishes, but after the split of Ciona from the common chordate linage 
(see Paper I, Supplementary Table S1 and S2). This is compatible with the 
time when 2R has been proposed to occur (Holland 1999). 

The topology of phylogenetic trees is in agreement with the 2R 
hypothesis
The observation that the majority of genes residing in the paralogous regions 
of the human genome were generated early in vertebrate evolution, as exem-
plified by our phylogenetic analysis (Paper I), has been treated as an insuffi-
cient evidence for the hypothesis of the vertebrate-specific whole-genome 
duplication/s (Hughes 1999). It has been argued that if quadruplicate paral-
ogy regions, such as the INSL/RLN paralogon, are a result of 2R, this should 
be reflected by a symmetrical topology of phylogenetic trees reconstructed 
from the genes that constitute the paralogons. After the 2R events, topology 
of the form ((AB)(CD)) should be expected where the time of the split be-
tween AB paralogs equals the age of the CD split (Figure 6A) (Hughes 1999; 
Smith, Knight, and Hurst 1999; Hughes, da Silva, and Friedman 2001; 
Hughes and Friedman 2003). These topologies have rarely been found in 
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trees (Hughes 1999; Gibson and Spring 2000; Martin 2001; Furlong and 
Holland 2002) (Paper I, Supplementary Table S1). Instead, the majority of 
trees displayed a (A(B)(CD)) configuration, thereby favoring a sequential-
mode of gene duplication (Figure 6B). Although these findings may be used 
as evidence against 2R, the issue of time that elapsed between the first round 
(1R) and the second (2R) round of polyploidization must be considered. 
Several authors (Nadeau and Sankoff 1997; Gibson and Spring 2000) have 
suggested that the time interval separating two genome duplications could 
have been as short as 10 Myr. During this period, diverging sequences of 
paralogs would not accumulate enough informative substitutions in order to 
generate a strong signal in the phylogeny. 

Figure 6. Alternative tree topologies of four-membered (A-D) gene families. 
Hughes (1999) has argued that the ((AB)(CD)) topology (panel A) is in agreement 
with two rounds of genome duplication at the stem of vertebrates (d1, d2), whereas 
the tree with (A(B)(CD)) topology (panel B) could be explained only by three se-
quential duplications (d1-d3). The (A(B)(CD)) tree topology is in agreement with 
the 2R hypothesis when the issues of time between both genome duplication, rate of 
evolution of compared paralogs and a mode of polyploidization and diploidization 
are considered. 

In such cases, and when the sequences were duplicated more than 500 Myr 
ago (Abi-Rached et al. 2002; Gu, Wang, and Gu 2002; Vandepoele et al. 
2004), gene branches will not be resolved. In this case the order of the in-
ferred tree topologies will indeed be random (Gibson and Spring 2000; Fur-
long and Holland 2002; Larhammar, Lundin, and Hallbook 2002) as was 
observed in the INSL/RLN paralogous region (Paper I). Furthermore, a re-
duced probability of recovering a symmetrical tree can also occur when the 
compared paralogs evolve with different evolutionary rates. This was exactly 
the case discovered by several authors (Zhang, Gu, and Li 2003; Kellis, Bir-
ren, and Lander 2004). 

Additionally, Furlong and Holland (2002) proposed that the two genome-
wide duplications were caused by two closely spaced autotetraploidization 
events (endogenous duplication of a genome). Autotetraploidization may 
happen when an error during meiosis leads to the production of unreduced 
(e.g. diploid) gametes. If two diploid gametes fuse, each gene will be repre-
sented by four alleles that will be able to form a quadrivalent during meiosis 
and exchange the information freely. This phenomenon will lead to tertra-
somic inheritance (Furlong and Holland 2002; Comai 2005). Several viable 
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autotetraploids have been identified in the animal kingdom (e.g. salamander 
Pleurodeles waltlii, salmonid fishes, dark-spotted frog Rana nigromaculata,
pacific oysters Crassostrea gigas) (Deparis and Jaylet 1975; Allendorf and 
Thorgaard 1984; Kondo 2002; Curole and Hedgecock 2005) and also in 
plants (Mahy et al. 2000; Nuismer and Cunningham 2005; Luo et al. 2006). 
With sufficient time, different chromosomes are expected to diverge, so the 
disomic inheritance at all loci can be reinstalled. This diploidization will 
occur randomly and does not affect all chromosomes simultaneously (Li 
1980; Wolfe 2001). Some chromosomes will diverge at a sufficient level, 
thus, they will prefer pairing with only one partner during meiosis; in paral-
lel, the others will be able to form quadrivalents and pair randomly. These 
peculiarities of meiosis, where divalents and quadrivalents are present in a 
cell nucleus, have been described in the autotertraploid salmonid fishes 
(Allendorf and Thorgaard 1984). If the diploidization was complete before 
the second round of the proposed genome duplications, the phylogenetic 
trees of genes that constitute the paralogous regions should have symmetri-
cal topologies ((AB)(CD)). However, if genome duplications happened in a 
close succession (Gibson and Spring 2000), the uncompleted diploidizations 
will generate trees with sequential topologies, exactly as was observed in the 
phylogenetic analysis of the gene families in the INSL/RLN paralogon (Pa-
per I) and the other paralogous regions (Katsanis, Fitzgibbon, and Fisher 
1996; Hughes, da Silva, and Friedman 2001; Martin 2001). In conclusion, 
the arguments used as evidence against genome duplication are in agreement 
with the 2R hypothesis, assuming the genome was duplicated by two closely 
spaced autotetraploidizations. 

Did whole genome duplications occur at the root of 
vertebrates? Species with a pre-duplicative genome state 
may provide the answer 
If the INSL/RLN- and insulin/IGF paralogons have been generated by ge-
nome duplication/s before radiation of the main groups of the vertebrates, 
then, the genes belonging to them must already have been linked before 
these duplications occurred. Thus, the quadruplicate paralogy regions un-
covered in the human genome should correspond to a common chromosomal 
segment in the species that diverged before the postulated 2R events. There-
fore, by comparing the organizations of genomes the cephalochordates rep-
resented by Amphioxus and the urochordates represented by Ciona intesti-
nalis, alongside the genomes hosting paralogous regions in the vertebrates, 
evolutionary conserved syntenies may be found. If these syntenies are exten-
sive, there should be sufficient evidence for whole-genome or large-scale 
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duplications in vertebrates, regardless of the topologies of phylogenetic trees 
(Panopoulou and Poustka 2005). 

I will elaborate on this topic in the next sections of this thesis. 

What is Ciona intestinalis?
Ciona is a sessile marine invertebrate organism, usually 10 cm long that lives 
in shallow waters around the world. The adult sac-like body is encased in a 
fibrous tunic. Thanks to two siphons, the Ciona filters water, thereby collect-
ing algae through perforations in the pharynx (Figure 7A). The Ciona adult 
develops from free-swimming larva (Figure 7B) that resembles a tadpole, as 
is observed in the development of frogs. During metamorphosis, the body of 
Ciona larva is remodeled. This reshaping includes: resorption of the tail, 
modification of the nervous system and transformation of the digestive sys-
tem (Dehal et al. 2002; Holland 2002; Canestro, Bassham, and Postlethwait 
2003).

Figure 7. Two developmental stages of Ciona intestinalis. (A) Two adults of Ciona 
with clearly distinguishable siphons. The image is provided courtesy of Adriaan 
Gittenberger from the National Museum of Natural History, Leiden, Netherlands. 
(B) Ciona free-swimming larvae that represent the most simplified chordate body 
plan. The notochord is displayed by blue staining. Image was taken from Ciona JGI 
database (http://genome.jgi-psf.org/ciona4/ciona4.home.html).

Ciona intestinalis - our ‘long-lost’ cousin 
Ciona belongs to urochordates, one of the three subphyla of chordates; to a 
genus of sea squirts or ascidians. Although, the phylogenetic position of 
Ciona in the chordate tree has been under dispute (Blair and Hedges 2005; 
Philippe, Lartillot, and Brinkmann 2005; Zeng and Swalla 2005; Bourlat et 
al. 2006; Delsuc et al. 2006; Vienne and Pontarotti 2006), based on the re-
cent molecular data, urochordates have been placed closer to the vertebrate 
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branch than cephalochordates (Figure 1). It was Alexander Kowalevsky, the 
19th century biologist, who noted that a Ciona free-swimming larva has fea-
tures similar to vertebrates. The presence of a conspicuous notochord 
flanked by a dorsal tubular nerve cord indicated that Ciona is a legitimate 
relative of vertebrates. Thus, it has been concluded that the configuration of 
Ciona larva represents the most simplified and basic chordate body plan 
(Wada and Satoh 1994; Satou et al. 2002a; Satou et al. 2002b; Satoh 2003). 

The Ciona genome harbors three insulin-like genes within a 
single chromosomal region 
With the aim of answering the question of whether or not whole genome 
duplications formed the human INSL/RLN- and insulin/IGF paralogous 
regions identified in this study (Paper I) we searched the Ciona genome for 
the members of the insulin-RLN gene family. We identified two genes, 
namely: Ciona insulin-like 2 and 3 (Ciona INS-L2, Ciona INS-L3) (Paper I) 
in addition to the previously discovered Ciona INS-L1 (Satou et al. 2003). 
These genes were located on chromosome 2 in the Ciona genome (Shoguchi 
et al. 2006). The predicted Ciona INS-Ls were supported by ESTs. Addition-
ally, the expression levels were studied with quantitative real-time PCR ex-
periments in three Ciona life stages. Our results demonstrated that three 
Ciona genes are transcribed (Paper II). The structural similarity of Ciona 
INS-Ls to other insulin-RLN proteins was confirmed by the presence of 
conserved cysteine residues. These residues are a prerequisite for the forma-
tion of inter- and intra-chain disulphide bonds (Jin Chan and Steiner 2000). 
Furthermore, the majority of the amino acid residues that maintain the hy-
drophobic core of the insulin-RLN proteins were identified in three predicted 
Ciona INS-Ls (Paper II). Sequences of the identified Ciona INS-Ls did not 
contain sufficient informative characters and were too short for a reliable 
phylogenetic inference (Paper I and II). Therefore, in order to assign the 
relationship between novel Ciona INS-Ls and vertebrate insulin-RLN genes, 
we compared the position of three INSLs relative to the genes flanking ver-
tebrate insulin/IGFs/INSLs/RLNs. Ciona INS-L2 and -L3 were positioned in 
tandem (Paper I) exactly as insulin and IGF2 genes in mammalian and 
chicken genomes. Moreover, a member of the aromatic amino acid hydroxy-
lase gene family, PAH, was identified next to Ciona INS-L3 (Paper I). Inter-
estingly, the linkage between aromatic amino acid hydroxylases (PAH;
TPH1, -2; TH) and IGF genes is conserved throughout the vertebrate sub-
phylum (Patton, Luke, and Holland 1998). Accordingly, and based on the 
similarity in the adjacency of Ciona INS-L2 with INS-L3 and the insulin with 
IGF2 genes in mammalian and chicken genomes, we propose that Ciona 
INS-L2 and -L3 are putative orthologs of the vertebrate insulin-IGF subfam-
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ily. Ciona INS-L1 is a probable ortholog of the INSL-RLN subfamily (Paper 
I).

A chromosomal segment hosting three Ciona INS-Ls is syntenic 
to the INSL/RLN and insulin/IGF paralogous regions 
Next, we evaluated the orthologous relations between the genes positioned 
near three Ciona INS-Ls and human genes. We found that out of 50 analyzed 
genes in Ciona; 27 corresponded to the orthologs that resided within the 
INSL/RLN- and/or insulin/IGF paralogous regions in human. The number of 
discovered human orthologs residing in the chromosomal segment in Ciona 
was different from random distribution (Paper I). This analysis revealed the 
presence of conserved synteny between two distantly related species. This 
indicates that the Ciona chromosomal segment shares common origins with 
the two human paralogons discussed in this thesis. Since the genes that con-
stitute two quadruplicate paralogy regions in the human genome can be 
found on a single chromosomal segment in Ciona, the INSL/RLN and insu-
lin/IGF paralogons should also share different paralogs of the same gene 
families. Interestingly, we found that a number of large gene families be-
longing to the INSL/RLN paralogon shared a distantly related paralog lo-
cated in the insulin/IGF paralogous region and vice versa. Out of 174 gene 
families located in the INSL/RLN paralogon, 24% of families shared a dis-
tantly related paralog, positioned in the chromosomal regions of the insu-
lin/IGF paralogous region. In addition, 27% of 134 gene families in the insu-
lin/IGF paralogon had at least one paralog confined to the INSL/RLN 
paralogous region (Paper I, Supplementary Table S3). These results demon-
strate that the INSL/RLN- and insulin/IGF paralogons have been linked on a 
single chromosomal segment in the ancestor of Ciona and human. We pro-
pose that this segment was duplicated at least once early in the chordate evo-
lution and that this duplication occurred before the Ciona-human split (Paper 
I). The resulting ancestral chromosome not only hosted intermediate ances-
tors of INSL/RLN and insulin/IGF genes, but also the ancestors of genes that 
can be found in the two paralogon regions described in our study. This con-
dition is still discernible in the Ciona genome after more than 550 Myr of 
independent evolution along the lineage of urochordates (Figure 8) (Chen et 
al. 2003; Blair and Hedges 2005). We proposed that this chromosomal seg-
ment underwent large-scale duplications, most likely two rounds of genome 
duplications, before the vertebrate radiation (Paper I) (Lundin 1993; Spring 
1997; Pebusque et al. 1998; Ohno 1999; Coulier et al. 2000; Popovici et al. 
2001a; Abi-Rached et al. 2002; Gu, Wang, and Gu 2002; McLysaght, Ho-
kamp, and Wolfe 2002; Lundin, Larhammar, and Hallbook 2003; Vienne et 
al. 2003; Dehal and Boore 2005). 
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These events gave rise to two quadruplicate paralogy regions, which to-
day constitute the INSL/RLN and insulin/IGF paralogons in the human ge-
nome. Single- and segmental gene duplications together with gene losses 
superimposed on the major duplication events gave rise to the extant gene 
families in the vertebrate genomes. Our scenario supports the fact that both 
paralogons remained linked via HSA 1 and 19. Moreover, the reconstructed 
chromosomes of putative Euarchontoglires-, which is based on the identifi-
cation of synteny blocks between chicken, rat, mouse and human, (Hillier et 
al. 2004; Froenicke et al. 2006) and bonyfish ancestors (Jaillon et al. 2004) 
place the remaining portions of both human paralogons together. The puta-
tive ancestral Euarchontoglires chromosome links HSA 11 of the insulin/IGF 
paralogon with HSA 9, 5 and 19p of the INSL/RLN paralogon. The linkage 
has also been found in the reconstructed ancestral bonyfish chromosome 
(Jaillon et al. 2004). Furthermore, HSA 12 is kept together with HSA 6 in 
the genome of the putative Euarchontoglires ancestor and additionally with 
HSA 15 in ancestral chromosomal regions of bonyfish (Paper I). 

Figure 8. Schematic diagram displaying the proposed duplication events during the 
formation of the Ciona and human insulin-RLN gene family. For simplicity, only 
four main chromosomal regions of the identified human paralogons harboring the 
insulin-RLN- and aromatic amino acid hydroxylase members are exhibited. 

The fact that HSA 1 has been postulated to represent an ancestral configu-
ration within mammals (Murphy, Stanyon, and O'Brien 2001; Murphy et al. 
2003; Hillier et al. 2004) supports our suggestion that the ancestral chromo-
some that carried both paralogy regions was once duplicated as a continuous 
segment and that one of the copies remained linked (HSA 1) (Paper I). 

In conclusion, the conserved synteny between the regions of Ciona and 
human genomes revealed a case of chromosomal linkage between unrelated 
gene families over half of a billion years of evolutionary divergence. Our 
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findings corroborate the hypothesis that large-scale genome duplications 
occurred in early stages of vertebrate evolution (Paper I). 

Prediction of orthology of three Ciona INS-Ls based on 
positional versus structural information 
The tandem position together with the linkage of Ciona INS-L2 and -L3 with 
the Ciona PAH argues that both Ciona genes are orthologous to the verte-
brate insulin-IGF subfamily (Paper I). This is in accordance with the analysis 
based on the compilation of information of crucial amino acid residues, 
structural motifs and posttranslational modifications of the insulin/IGF 
members (Paper II). In the case of Ciona INS-L2, the conservation of critical 
amino acids points to orthology with insulin. Several amino acid residues 
such as: ValA3, TyrA19, GlyB23, GlyB8, LeuB11 and PheB25 are con-
served in INS-L2 (Paper II). These residues are extremely important for the 
biological activity of vertebrate insulin (Conlon 2001). However, the se-
quence does not contain PheB24; this is striking, as PheB24 is essential for 
insulin-like activity (Conlon 2000). The C-peptide of Ciona INS-L2 is 
probably cleaved between B and A domain. This cleavage displays the matu-
ration mode found in insulin and several members of the INSL-RLN sub-
family (Bathgate et al. 2002; Bullesbach and Schwabe 2002; Sherwood 
2004; Lu et al. 2006). In the case of Ciona INS-L3, sequence similarities to 
vertebrate insulins were also identified (Paper II). Similar to IGFs, the pre-
dicted C-peptide of INS-L3 is probably not subjected to cleavage by conver-
tase. On the other hand, Ciona INS-L3 has two additional cysteines in a very 
long putative C-peptide region; this stands in contrast with other members of 
the family. By providing sulfur residues, these cysteines may be used for the 
formation of additional disulphide bonds between the B and A domains. In 
such a case, the structure of Ciona INS-L3 may differ from vertebrate IGFs, 
however, this remains to be demonstrated (Paper II). 

The problem with assigning Ciona INS-L1 to the INSL-RLN subfamily is 
that structure-activity relationships are not fully elucidated among inverte-
brate insulin-like peptides and even among the mammalian INSL/RLN pep-
tides. Our analysis predicted that the C-peptide of Ciona INS-L1 pro-protein 
is probably not cleaved (Paper II). Moreover, due to absence of a stop codon 
at the end of the putative A domain, Ciona INS-L1 was extended to D and E 
domains. The dibasic residues recognized by convertase were found in the 
C-terminal part of the protein, thereby indicating that INS-L1 could be proc-
essed in a similar way to IGFs. Consequently, the INS-L1 precursor was 
found to be similar to IGF from hagfish in the blastp search with 32% of 
sequence identity (Paper II). 

It has been demonstrated that the Ciona genome experienced an acceler-
ated rate of evolution (Dehal et al. 2002; Canestro, Bassham, and Pos-
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tlethwait 2003; Holland and Gibson-Brown 2003), and therefore some au-
thors (Furlong and Holland 2004; Hughes and Friedman 2005) suggested 
that Ciona is not suitable for evolutionary comparisons ranging across dis-
tantly related phyla. Although this can be true to a certain extent, the Ciona 
genome also harbors segments with a sufficient conservation to the verte-
brate genomes. This was exemplified by the region of conserved synteny 
identified in our studies (Paper I). This is further supported by the discovery 
of another chromosomal regions in Ciona that are syntenic to a well-
characterized MHC-paralogous region in the human genome (Azumi et al. 
2003). Therefore, it seems plausible that other Ciona genomic regions are 
related to other human paralogons. Moreover, in line with our ideas, Leveu-
gle et al. (2004) demonstrated that even if the Ciona genome underwent 
multiple lineage-specific duplications and gene losses, it was still useful for 
prediction of rapid expansion of gene families which postdated separation of 
urochordates from common chordate lineage (Leveugle et al. 2004). 

Even though urochordates branched at least 550 Myr ago from the lineage 
leading to vertebrates (Chen et al. 2003; Blair and Hedges 2005), it is impor-
tant to pinpoint that the Ciona genome is unlikely to represent an ancestral 
state to the genome of the vertebrates. The Ciona genes evolved independ-
ently along lineage-specific trajectories, sometimes experiencing accelera-
tion in the rate of substitutions. This implies that the similarity between 
Ciona INS-Ls and insulin/IGF/INSL/RLN genes should be expected to be 
low (Paper II). In spite of this, we argue that the three novel genes, Ciona 
INS-L1, -L2 and -L3, are indeed authentic members of the insulin-RLN fam-
ily (Paper I and II). 

Evolution of the insulin-IGF subfamily 
The three divergent Ciona INS-L genes argue that both duplications, firstly 
the segmental duplication that produced an ancestral insulin/IGF and 
INSL/RLN gene, followed by single-gene duplication that gave rise to sepa-
rate insulin and IGF genes, both predate the split of Ciona from the common 
chordate lineage (Figure 8 and Paper I). These findings are in agreement 
with a suggestion by Reinecke and Collet (1998) that the duplication, which 
produced two distinct insulin/IGF genes, occurred before vertebrate radia-
tion. Therefore, the single INSL identified in Amphioxus is indeed not the 
direct descendant of the ancestor of insulin and IGF genes. Insulin and IGF 
genes are positioned on two out of four paralogous regions in the human 
genome (HSA 11 and 12). Since a similar pattern is discernible in all se-
quenced vertebrate genomes, we suggest that one of the ancestral insu-
lin/IGF clusters must already have been lost after the first genome duplica-
tion (1R) (Paper I). 



36

Evolution of the INSL-RLN subfamily 
Because Ciona harbors three divergent members of the insulin-RLN-like 
family on a single chromosomal segment, we propose that a single ancestor 
of the INSL-RLN gene subfamily was duplicated twice during two rounds of 
genome duplication at the root of vertebrates. These events gave rise to four 
gene copies that resided in the ancestral regions, which today constitute the 
INSL/RLN paralogon (Paper I). One copy has evolved to INSL5 that is lo-
cated on HSA 1. This is in accordance with phylogenetic analysis performed 
by Wilkinson et al. (2005a). This analysis suggests that INSL5 could have 
emerged early during vertebrate evolution and probably prior to the ray-
finned fish-specific genome duplication event, since several fish homologs 
(for example Fugu RLN3e) associate with human INSL5 (Paper I) 
(Wilkinson et al. 2005a). 

The tandem position of INSL6, INSL4, RLN2 and RLN1 implies that the 
ancestor of all these genes was singly duplicated, thereby generating the 
entire cluster of four paralogs on HSA 9. Since all four genes could be found 
in the chimpanzee genome, but only one RLN (an ortholog of human RLN2)
and INSL6 are present in other mammals, we inferred that single duplication, 
giving rise to INSL6 and RLN2, occurred before the diversification of mam-
mals. Furthermore, as the orthologs of INSL4 and RLN1 have not been iden-
tified outside the primate order, these two genes probably resulted from a 
recent, single duplication event in a primate lineage (Paper I). 

RLN3 and INSL3 are positioned on HSA 19p (Figure 3). These two genes 
are each flanked by the different paralogs that belong to the same nine gene 
families (e.g. janus kinases JAKs; juns and calreticulins), which are arranged 
into two segments (Figure 9A). This organization implies that the entire re-
gion hosting RLN3/INSL3 ancestor, together with the ancestors of nine 
neighboring gene families, was formed by segmental duplication. In order to 
date this event, we used the genome assembly of teleost Tetraodon nigrovir-
idis (Jaillon et al. 2004). Tetraodon chromosome 1 is suggested to be 
syntenic to the region of HSA 19p that hosts RLN3 and INSL3. Two JAK-
family orthologs are separated on chromosome 1 and the INSL-RLN sub-
family ortholog is located proximally to one of them, thereby displaying 
organization that is similar to HSA 19p (Figure 9B). This finding implies 
that the segmental duplication, which formed the cluster containing RLN3
and INSL3, occurred before the divergence of bonyfishes from vertebrate 
lineage and after the second postulated genome duplication. Alternative hy-
pothesis implying a translocation of the one of the RLN3- or INSL3 segments 
constituting the cluster within HSA 19p has been proposed (Wilkinson 
2006), however, based on our findings (Paper I) this is an unlikely scenario. 
The fourth copy, which resulted from two genome duplications of the 
INSL/RLN ancestor positioned on ancestral chromosome 6p/15q, must have 
been lost. 
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Our results on the evolution of the INSL-RLN subfamily (Paper I) further 
support the proposal that the 2R hypothesis is indeed compatible with single- 
and small segmental duplications occurring before and after the proposed 
whole-genome duplications (Larhammar, Lundin, and Hallbook 2002). 

Figure 9. Local segmental duplication on HSA 19p gave rise to RLN3 and INSL3.
(A) Diagram of the duplicated region within HSA 19p that hosts RLN3 and INSL3.
Paralogs of nine gene families (kruppel-like factors; endothelial differentiation 
GPCRs; egf-like module containing, mucin-like, hormone receptors-like; ras-related
proteins Rab; myosins; janus kinases; juns; phosphodiesterases cAMP-specific and 
calreticulins) could all be linked to the RLN3- and INSL3- segments indicated by the 
arrows. (B) As the organization of Tetraodon chromosome (chr) 1 implies, this seg-
mental duplication likely occurred before the divergence of bonyfishes and after the 
second of the postulated genome duplications. 

Innovations and co-evolution of the INSL and RLN 
ligands opened the possibility for the putative receptor 
change
Susumu Ohno postulated that one of the mechanisms responsible for the 
increase in complexity is gene duplication. Duplicate gene copies, via a 
process of modification, may provide certain advantages for a species living 
in a specific niche. Ohno proposed that the duplication of complete gene 
networks would be greatly influential on the course of evolution, if they 
occurred contemporaneously with a changing environment (Ohno 1969; 
Ohno 1970). 

The INSL-RLN subfamily has been expanded by multiple gene duplica-
tions (Paper I). These gene expansions were probably tailored to specific 
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vertebrate branches. This is reflected by the divergent numbers of 
INSL/RLN orthologs in different species. It was demonstrated that the 
INSL/RLN genes bind and activate two members of class I (rhodopsin-like) 
G-protein coupled receptors (GPCR); namely leucine-rich repeat GPCRs 
type C that are: LGR7 (RXFP1) and LGR8 (RXFP2) (Hsu et al. 2000; Hsu et 
al. 2002; Kumagai et al. 2002; Bullesbach and Schwabe 2006). Additionally 
RLN3 specifically interacts with GPCR135 (RXFP3) and GPCR142 
(RXFP4). The latter is also a cognate receptor for INSL5 (Liu et al. 2003a; 
Liu et al. 2003b; Liu et al. 2005; Sutton et al. 2005; Bathgate et al. 2006). 
This finding was surprising because insulins and IGFs utilize the tyrosine 
kinase type of receptors (RTK) (de Pablo and de la Rosa 1995). Since the 
insulin/IGF and INSL/RLN ligands are structurally related, and they bind 
and activate different types of receptors, it is plausible that one of the ligand 
subfamilies switched receptor. It seems that the switch occurred after each 
subfamily was formed. We suggest that this happened after the ancestral 
segmental duplication that gave rise to the insulin/IGF and INSL/RLN an-
cestors, but before the first of the postulated genome duplications. Further-
more, the data on the presence of the LGR7/8, GPCR135/142 in the se-
quenced invertebrate and vertebrate genomes together with the structural 
analysis of Ciona INS-L1 estimate when this receptor-switch occurred. In 
Drosophila and Caenorhabditis, genetic evidence implies functional linkage 
between insulin-like proteins and the insulin-RTK (Brogiolo et al. 2001; 
Pierce et al. 2001; Li, Kennedy, and Ruvkun 2003). However, the direct 
interaction between the insulin-like protein(s) and the RTK remains un-
proven (Leevers 2001; Claeys et al. 2002). Both types of receptors, insulin-
RTK-type (Ciona Ghost gene model grail.1277.1.1) and the homolog of 
LGR7/8 (Ciona JGI gene model ci0100148288) were found in the Ciona 
genome (Satou et al. 2003; Campbell, Satoh, and Degnan 2004). Although, 
RLN-like activity has been found in the Ciona ovary (Reinecke et al. 1999), 
the B domain of Ciona INS-L1, which is a putative ortholog of the INSL-
RLN subfamily, does not contain a motif (Arg-X-X-X-Arg-Val/Ile) (Paper 
II) that is essential for the interaction with vertebrate LGR7 and -8 
(Wilkinson et al. 2005a; Halls et al. 2007). Moreover, the extracelluar ecto-
domain of vertebrate LGR7 and -8 contains a low-density lipoprotein class-
A (LDL-A) module that is not present in other LGR subtypes. This module 
is followed by ten leucine-rich repeats (LRRs) (Figure 10) (Hsu et al. 2000; 
Halls et al. 2007). Importantly, human RLN2 requires interaction with both 
the ectodomain and 2nd exloop of the transmembrane domain for full binding 
with LGR7 and signal transduction (Sudo et al. 2003). In the ligand-receptor 
complex, the LRRs form the primary and high-affinity binding site whereas 
the transmembrane region contains a secondary low-affinity binding site 
(Sudo et al. 2003). It seems that the LDL-A module is obligate for receptor 
activation since deletion of its sequence abolishes cAMP production upon 
binding of RLN2 to LGR7 (Bathgate et al. 2005; Scott, Tregear, and Bath-
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gate 2005; Hopkins et al. 2007; Kern, Agoulnik, and Bryant-Greenwood 
2007).

Figure 10. Schematic structures of vertebrate and Ciona LGR type C receptors are 
displayed. Among the vertebrate LGR type C receptors, the LDL class A domain 
and LRRs maintain a large ectodomain followed by seven transmembrane-spanning 
domain (7TM). 

Interestingly, the LDL-A module is absent in the Ciona LGR7/8 homolog 
(Figure 10 and Paper II). Therefore, it is less likely that Ciona INS-L1 inter-
acts with the candidate Ciona LGR7/8 homolog unless this interaction in-
volves another domain. 

Moreover, recent findings (Liu et al. 2003a; Liu et al. 2003b; Liu et al. 
2005) on the interaction between members of the INSL-RLN subfamily and 
non-LGR receptors, add another dimension to the unresolved issue of inter-
action between Ciona INS-L1 and its receptor. Several homologs of human 
RLN3 and INSL5 have been identified in bonyfishes (Hsu 2003). Based on 
this finding, it has been proposed that RLN3 and INSL5 represent the most 
ancient form of the vertebrate INSL-RLN subfamily (Hsu et al. 2005). Inter-
estingly, their corresponding receptors, GPCR135 and GPCR142, have not 
been found in the invertebrate genomes, and data indicate that they have 
originated prior to the emergence of fish. Therefore, it has been suggested 
that LGR7, and possibly LGR8, were co-opted as the RLN receptors at a 
latter time, likely during mammalian evolution. Thereby, GPCR135 was 
probably the main receptor for RLN-system in early vertebrates (Wilkinson 
et al. 2005b). Furthermore, all three Ciona INS-Ls share similar constraints 
on the amino acids that participate in the interaction with vertebrate insulin-
RTK receptor (Paper II). Considering this, it is plausible that the putative 
Ciona RLN-like peptide, Ciona INS-L1, mediates actions via non-
GPCR/LGR-type of receptor, but possibly via RTK-type. Thus, the switch of 
the RLN receptor from RTK-type to GPCR-type probably occurred after 
split of Ciona from a lineage leading to vertebrates, but before two postu-
lated genome duplications at the stem of vertebrates (Figure 11). 

Chromosomal position and phylogeny suggest that the formation of the 
INSL/RLN paralogs together with their receptors are linked in time. This 
might facilitate co-evolution of the INSL/RLN ligands and their receptors. 
The RLN receptors, LGR7 and -8, reside on HSA 4 and HSA 13. Although, 
these chromosomes are not a part of the paralogous regions discussed in this 
thesis, they are linked with the insulin/IGF paralogon via HSA 11 in the pre-
dicted ancestral Euarchontoglires chromosome 8 (Hillier et al. 2004). The 
GPCR135 and GPCR142 genes, as well as three paralogs of the insulin-RTK 
family, are all located in the chromosomal regions that are a part of the 
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INSL/RLN paralogon (Paper I, Supplementary Table S1). Given the data, we 
propose that the ancestral homologs of the insulin-RLN genes and their cor-
responding receptors were all present in the suggested prechordate segmental 
chromosomal segment, which was duplicated twice at the stem of verte-
brates. These results suggest that the formation of the INSL-RLN subfamily 
and their receptors were linked, thus allowing co-evolution of specific 
ligand-receptor pairs, receptors switches and also supplying the substrate for 
ligand interactions with new receptors (Hallbook 1999). 

Figure 11. Schematic phylogram portraying the timing of the proposed receptor 
switch from RTK- to GPCR-type and co-option of the LGR type C receptors for the 
INSL-RLN subfamily. This receptor switch is indicated relative to phylogenetic 
time. 

In conclusion, the combination of the chromosomal localization of the 
many gene family paralogs in the human genome, and the phylogenetic evi-
dence that places their origins at the base of vertebrates together with the 
phenomenon of conserved synteny between Ciona and human found in our 
research, provide support that vertebrate genomes are indeed products of 
genome duplications of an ancestral prechordate genome (Paper I). 

Species-specific duplications of INSL/RLN genes have 
probably contributed to diversification of functions 
within the subfamily 
It is noteworthy that the number of the LGR7 and -8 receptor genes for the 
INSL-RLN subfamily remained constant during vertebrate evolution (Hsu 
2003; Kawamura et al. 2005). However, the four ancestral copies of the 
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INSL/RLN genes resulting from the two whole-genome duplications were 
further duplicated on several occasions in a vertebrate branch-specific man-
ner (Hsu 2003; Wilkinson et al. 2005a). These lineage-specific gene duplica-
tions of the INSL/RLN genes likely tailored functional adaptation of species 
to different environments, and benefited the precise regulation of newly 
evolved physiological processes in vertebrates. 

Parallel to the emergence of viviparity within mammalian class, dupli-
cated INSL/RLN genes undertook regulatory roles in newly established re-
productive organs such as the uterus and mammary glands. Because human 
RLN2 and INSL3 participate in the softening of the cervix, uterine contrac-
tion, and preparation of the mammary gland for lactation as well as in the 
regulation of testis descent (Bathgate et al. 2003), the importance of 
INSL/RLN homologs in non-mammalian vertebrates remains unclear. Stain-
ing for RLN3-like proteins has been detected in testes and/or ovaries of car-
tilaginous fishes (Bullesbach, Schwabe, and Lacy 1997; Steinetz et al. 1998) 
and frog Rana esculenta (de Rienzo et al. 2001). Therefore, it has been sug-
gested that the reproductive function of an ancestral INSL/RLN gene 
emerged before the divergence of bonyfishes (Wilkinson et al. 2005c). Al-
ternatively, the INSLs/RLNs might participate in physiological processes 
that were not directly associated with reproduction in ancient vertebrates. It 
has been demonstrated that the mammalian RLN exerts a chronotropic effect 
on the heart, regulates renal function and is able to remodel the extracelluar 
matrix by stimulation of collagen breakdown (Bathgate et al. 2003; Baccari 
and Calamai 2004). Therefore, it is plausible that non-mammalian ancestors 
of INSL/RLN peptides triggered processes that are associated with tissue 
remodeling and general metabolism common to all vertebrates. 

As has been already concluded, the majority of bonyfish RLNs corre-
spond to mammalian RLN3. Moreover, it has been shown that a strong puri-
fying selection acts on RLN3 and RLN3-like protein sequences (Wilkinson 
et al. 2005a). This may explain high amino acid conservation between dis-
tantly related RLN3 and RLN3-like orthologs. Furthermore, based on phy-
logenetic evidence, it has been proposed that RLN3 approximates the ances-
tral INSL/RLN gene (Hsu 2003; Wilkinson et al. 2005a; Wilkinson et al. 
2005c). RLN3 and GPCR135 are expressed in discrete brain regions, such as 
the nucleus incertus in the pons (Bathgate et al. 2002; Burazin et al. 2002; 
Sutton et al. 2005; Tanaka et al. 2005; Ma et al. 2007). Moreover, the major-
ity of neurons with RLN3 and GPCR135 expression are known to express 
corticotropin-releasing factor receptor 1 and recently, it has been demon-
strated that these neurons are also GAD65-positve suggesting a GABA phe-
notype (Ma et al. 2007). In view of these findings, it has been proposed that 
the RLN3-GPCR135 pair could be involved in behaviors such as learning 
and memory, arousal, stress and locomotion (Bathgate et al. 2003; Baccari 
and Calamai 2004; Ma et al. 2007). Therefore, the authors suggested that 
ancestral RLN was a neuropeptide in the brain and the new reproductive 



42

properties of the INSL/RLN peptides were acquired later in the evolution of 
vertebrates.

Evolution of neurotrophin and Trk receptor gene 
families by the vertebrate-specific whole genome 
duplications
Neurotrophins belong to the family of neurotrophic factors that are essential 
for the development of a vertebrate nervous system. Neurotrophins promote 
neuronal survival and growth and influence nervous system plasticity (Chao 
2003). The neurotrophin gene family constitutes of four paralogs in the hu-
man genome: nerve growth factor (NGF), brain-derived neurotrophic factor 
(BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) (Hallbook 
1999). Two kinds of receptors interact with neurotrophins, these are: three 
Trk-receptors (Tropomyosin receptor kinase) of tyrosine kinase-type and 
p75 neurotrophin receptor (Kaplan and Miller 2000). TrkA is a receptor of 
NGF, TrkB binds and interacts with BDNF and NT-4/5, whereas TrkC is a 
receptor for NT-3 (Hallbook 1999). 

At the beginning of these studies the neurotrophin gene family had only 
been retrieved from vertebrate genomes and could not be found in inverte-
brate genome assemblies, suggesting that this family was indeed a vertebrate 
innovation (Jaaro et al. 2001). This was inferred from the genome assemblies 
of Ciona intestinalis and several protostomes that contained neither the neu-
rotrophins nor their receptors. Therefore, it was necessary to answer ques-
tions of how and when they were formed and what kind of genes could be 
regarded as invertebrate orthologs. With the genomic trace data from ge-
nome of the hemichordate Saccoglossus kowalevskii and the genome of the 
echinoderm Strongylocentrotus purpuratus (Burke et al. 2006), it became 
clear that the neurotrophin gene family already existed in the common ances-
tor of deuterostomes and maybe even earlier (Appendix). This finds support 
in the presence of the trophic factors acting in the nervous system of the 
Drosophila melanogaster embryo (Hidalgo et al. 2006). However, evidence 
for a genuine neurotrophin ortholog in the fly must be verified. 

A single Trk receptor has been isolated from Amphioxus, and denoted as 
Amphi-Trk (Benito-Gutierrez et al. 2005). This receptor displays the basic 
structural features of vertebrate Trks. Moreover, a sequence with high simi-
larity to neurotrophin has been found and annotated in the Amphioxus ge-
nome (Appendix). Interestingly, the human neurotrophin paralogs are posi-
tioned in the insulin/IGF paralogon, whereby their Trk receptors reside in the 
chromosomal regions of the INSL/RLN paralogon. In similarity to the mem-
bers of insulin-RLN gene family, the molecular evolution of families flank-
ing the neurotrophin- and Trk-genes provides guidance on the duplication 
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events that shaped the neurotrophin-system. Therefore, the paralogous or-
ganization indicates that the extant repertoire of neurotrophins and their cog-
nate Trk receptors is a product of the two whole genome duplications at the 
base of vertebrates. Moreover, three pairs of additional members of the neu-
rotrophin and Trk gene families have been identified in the bonyfish ge-
nomes. These novel, fish-specific members are: NGF and NT6/7 (Gotz et al. 
1994; Nilsson et al. 1998) that are co-orthologs of the tetrapod NGF; TrkB1
and -2; and TrkC1 and -2 (Martin et al. 1995; Benito-Gutierrez, Garcia-
Fernandez, and Comella 2006). These paralogs were generated at the third 
whole genome duplication event that occurred at the base of the teleosts 
(Christoffels et al. 2004; Jaillon et al. 2004; Vandepoele et al. 2004), thus 
implying that teleosts paralogs of BDNF, NT-3, NT4/5 and TrkA were lost 
(Appendix).

Similar to the insulin-RLN proteins (Paper I and II), neurotrophins con-
tain the cystein-knot motif that is also shared by other growth factor families 
(McDonald and Hendrickson 1993). Although there is no evidence that cys-
teine-knot proteins are homologs, it can be assumed that the ancestors of 
these families evolved from a prototypical cystein-knot motif gene (Appen-
dix).

The expression of the single Amphi-Trk has been confined to epidermal 
sensory neuronal cells that are a part of a rudimentary nervous system in 
Amphioxus (Benito-Gutierrez et al. 2005). Therefore, the neurotrophin sys-
tem operating in the peripheral nervous system is not a vertebrate innova-
tion. Rather, it seems that the formation of multi-gene copies of neurotrophin 
and Trk receptor genes at the stem of vertebrates provided a genetic sub-
strate that fuelled the co-evolution of the ligand and receptor pairs and con-
tributed to the refinement of interaction within the system (Appendix). This 
is reflected in the preferred interactions between NGF-TrkA, BDNF-, NT-
4/5- and TrkB, and NT-3-TrkC. Moreover, vertebrate Trk receptor genes are 
larger, have more exons and a high degree of alternative splicing as com-
pared to the Amphi-Trk. This implies that evolutionary change initiated by 
the genome duplications allowed for the formation of more complex tran-
scriptional units of the Trk receptors. 

Conserved synteny uncovered between segments of the 
Drosophila melanogaster genome and human 
paralogons
As exemplified by our studies conducted in the regions hosting insulin-RLN 
genes in the Ciona and vertebrate genomes (Paper I), segments with con-
served synteny can be used to define chromosomal regions that constituted 
the ancestral genome (Abi-Rached et al. 2002; Danchin et al. 2003; Danchin 
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and Pontarotti 2004a; Danchin and Pontarotti 2004b; Wang et al. 2007). Our 
aim was to investigate whether synteny between the regions where the insu-
lin-RLN genes reside can be maintained beyond the limit of approximately 
550 Myr that separates the Ciona and human genomes from their common 
ancestor (Chen et al. 2003; Blair and Hedges 2005). Therefore, we aimed to 
search for syntenic segments in the genome of a protostome. The choice fell 
on the Drosophila melanogaster genome, which possesses the highest se-
quence and annotation quality (Adams et al. 2000; Celniker et al. 2002). In 
order to identify syntenic segments in the fly genome, we used genes posi-
tioned within regions with previously investigated and well-defined evolu-
tionary history that were the insulin/IGF and INSL/RLN paralogons. These 
genes formed by two whole-genome duplication events at the base of verte-
brates were used as queries in order to find their fly orthologs and thus to 
identify segments with conserved synteny (Paper III). 

The genome of Drosophila melanogaster evolves at a higher rate as com-
pared to the genomes of mammals (Ranz, Casals, and Ruiz 2001; Zdobnov 
et al. 2002; Zdobnov and Bork 2007). This dynamic likely stems from a 
shorter life cycle, different reproductive strategy and altered selective pres-
sures of insects as compared to vertebrates (Zdobnov et al. 2002). Further-
more, the human and fly genomes are known to have shared a common an-
cestor more than 650 million years ago (Wang, Kumar, and Hedges 1999; 
Benton and Donoghue 2007) [but see (Pulquerio and Nichols 2007)]. Know-
ing this and in order to identify bona fide fly and human orthologs, we used 
three orthology-prediction programs. First, candidate fly and human 
orthologs were identified with Inparanoid orthology-prediction program. 
This tool proposes orthologs based on protein sequence similarity (Remm, 
Storm, and Sonnhammer 2001; O'Brien, Remm, and Sonnhammer 2005). 
Secondly, we used the TreeFam database (Li et al. 2006) that utilizes phy-
logenetic trees constructed on the clusters of the full-length protein se-
quences deposited in the database of Phylogenetically Inferred Groups 
(Dehal and Boore 2006). Lastly, Figenix CassiopeePhylo++ was employed 
(Gouret et al. 2005). This program performs three phylogenetic reconstruc-
tions simultaneously with neighbor-joining (Saitou and Nei 1987), maximum 
parsimony (Fitch 1971) and maximum likelihood (Felsenstein 1981; 
Schmidt et al. 2002) in order to infer orthology. Phylogenies are generated 
based on alignments constructed at the protein-domain level. Importantly, 
we inferred orthology for the compared fly and human genes only in cases 
where the same prediction was reached by at least two programs (Inparanoid 
and TreeFam and /or Figenix). Using these strict criteria, we analyzed 
orthology between more than 600 fly and human genes. Therefore, we ex-
pect that the resulting collection of fly and human orthologs contains a 
minimal number of incorrectly predicted orthologs. We identified 37 seg-
ments with conserved synteny between distantly related fly and human ge-
nomes (Paper III). The syntenic segments in the fly genome were uncovered 
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by the presence of at least two genes, defined as anchors, having co-
/orthologs positioned exactly in the two paralogons (Paper III). 

Segments with conserved synteny in the fly genome were 
probably linked in the genome of the common ancestor of 
protostomes and deuterostomes 
As we have shown previously (Paper I), the Ciona genome has one segment 
within chromosome 2q that is syntenic to both the insulin/IGF and 
INSL/RLN paralogons (http://genome.jgi-psf.org/Cioin2/Cioin2.home.html). 
Both paralogons share approximately 26% of the gene families. Conse-
quently, the linkage between two paralogons is still identifiable in the ge-
nome of the putative common ancestors of several vertebrates (Hillier et al. 
2004; Jaillon et al. 2004) (Paper I). These data provide further support that 
the genes constituting the insulin/IGF- and INSL/RLN paralogons likely 
reflect the gene content of the ancient chromosomal region from which they 
were formed. This implies that the fly syntenic segments were once linked 
and this linkage has since been splintered by extensive duplications, inver-
sions and transposition events (Ranz, Casals, and Ruiz 2001) to the extent 
that only shorter syntenic segments, as identified in our study (of a mean size 
of 178 kb), can be recovered (Paper III). Thus, the identified fly syntenic 
segments were concatenated within all of the analyzed chromosomal arms. 
The distribution of genes within concatamers was subjected to the binomial 
test. The anchor genes used to define the borders of the fly segments were 
not considered in the test (Danchin and Pontarotti 2004a). The binomial test 
demonstrated that the distribution of human orthologs in all, but 3L, seg-
ments in the fly genome was different from random ( < 0,001). This result 
implies that the synteny segments in the fly genome are evolutionarily re-
lated to the insulin/IGF- and the INSL/RLN paralogous regions in the human 
genome. 

The fly and human syntenic segments echo the organization of 
the chromosomal region in the genome of the protostome and 
deuterostome ancestor 
The segments with conserved synteny echo an ancestral organization or they 
are a result of convergent events that occurred independently in the fly and 
human lineages. The latter possibility cannot be excluded unless a similar 
genic organization of syntenic segments can also be found in other genomes 
(Abi-Rached et al. 2002; Danchin et al. 2003; Danchin and Pontarotti 2004a; 
Danchin and Pontarotti 2004b; Wang et al. 2007). The syntenic segments in 
the fly genome were composed of a mosaic of human orthologs positioned in 
both the insulin/IGF and INSL/RLN paralogons (Paper III). The genes be-
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longing to segments of the insulin/IGF paralogous region were often flanked 
by orthologs that were positioned in the INSL/RLN paralogon. Similar or-
ganization can be seen within the segment of Ciona chromosome 2q that is 
syntenic to both paralogons (Paper I). Moreover, it seems that scaffolds host-
ing two insulin-like genes that we have previously identified (Burke et al. 
2006) in the sea urchin genome, resemble this genic composition (Paper III). 
To conclude, our results promote the idea that syntenic segments identified 
in the fly genome approximate the chromosomal organization of a precursor 
region in the protostome and deuterostome common ancestor (Paper III). 

What kind of mechanism is responsible for a persistence of 
conserved synteny through eons of evolution? 
Several groups of non-related genes in the Drosophila melanogaster genome 
are co-expressed (Boutanaev et al. 2002). Similar findings have also been 
shown in studies in yeast, C. elegans and human (Hurst, Williams, and Pal 
2002; Lercher, Urrutia, and Hurst 2002; Hurst, Pal, and Lercher 2004). Fur-
thermore, another analysis demonstrated that as much as one-fifth of the 
genes in the fly genome can be arranged in groups of 30 adjacent and simi-
larly expressed genes (Spellman and Rubin 2002). We found up to 18 genes 
within the fly syntenic segments that were present within clusters of simi-
larly expressed genes that have been described by Spellman and Rubin 
(2002) (Paper III, Supplementary material). Moreover, genes that are co-
expressed are often organized in operons (Hurst, Pal, and Lercher 2004; 
Ben-Shahar et al. 2007). Coordinated regulation of genes participating in the 
same biological pathway is facilitated by the operon organization (von 
Mering and Bork 2002). Surprisingly, genomes of Caenorhabditis elegans
(Blumenthal et al. 2002) and Drosophila melanogaster (Ben-Shahar et al. 
2007) contain a large number of operons. Among genes positioned in the fly 
syntenic segments, we found pairs of non-related genes transcribed in the 
same direction, having no promoter sequence in the intergenic region, a stop 
codon in the upstream gene and a polyadenylation signal in both 3’UTR 
regions. These features agree with a definition of operon-like loci provided 
by Ben-Shahar et al. (2007). The findings seem to support a mechanism that 
regulatory elements shared between adjacent genes are a driving force main-
taining segments with conserved synteny that we described in distantly re-
lated genomes (Mackenzie, Miller, and Collinson 2004; McEwen et al. 
2006) (Paper III). These regulatory elements or even regulatory blocks 
would impose long-range constraints on their structure and activity, influ-
encing the dynamics of entire chromosomal loci (Kikuta et al. 2007). This 
would render the syntenic segments immune to the extensive rearrange-
ments. Then, in a situation of whole-genome duplications at the base of ver-
tebrates, the constraints acting over syntenic segments would have initially 
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been relaxed, thus allowing for partition of synteny. New duplicate copies of 
genes along with neighboring genes and their regulatory elements would 
have been distributed to different genomic segments. Surprisingly, these 
regions are still recognizable as the insulin/IGF- and INSL/RLN paralogous 
regions in the human genome (Paper I). 

Impact of gene and genome duplication on vertebrate 
evolution
It was postulated a long time ago that without a mechanism that amplifies 
genetic material, all genetic components contributing to the observed species 
diversity would have needed to be already present in the genome of our 
common ancestors (Metz 1947). Single gene duplications are common evo-
lutionary events (Lynch and Conery 2000), whereas genome duplications 
seem to be more widespread among plants than animals (Wendel 2000; Ma-
ble 2004; Cui et al. 2006). The direct contribution of gene- and genome du-
plications to evolution is to provide new genetic material on which mutation, 
drift and selection can act upon, thus resulting in a specialized and novel 
gene function (Hallbook 1999; Zhang 2003). Without gene duplication in the 
changing environment, the genome plasticity would have been severely im-
paired, because no more than two alleles exist at any locus in the diploid 
organism (Zhang 2003). 

The expansions of the INSL-RLN subfamily members (Paper I) and neu-
rotrophin-, Trk gene families (Appendix) presented in this work, serve as an 
example of specific functional adaptations of the genes in different lineages 
of the vertebrate subphylum. Although the genetic material for these adapta-
tions was provided by the mechanism of gene duplications, the impact of the 
whole genome duplication events that occurred early in the vertebrate evolu-
tion on the functional complexity of the vertebrates is still debated 
(Donoghue and Purnell 2005). It remains difficult to assess to what degree a 
macroevolutionary change might have been accomplished by polyploidiza-
tion versus constant accumulation of small mutations and/or single gene 
duplications (Holland et al. 1994; Shimeld and Holland 2000; Taylor, Van 
de Peer, and Meyer 2001; Hokamp, McLysaght, and Wolfe 2003). For ex-
ample, Donoghue and Purnell (2005) have argued that there is no clear cor-
relation between genome duplications and a surge in the phenotypic com-
plexity or species diversity when extinct lineages are considered in a phylog-
eny. It seems that genetic redundancy resulting from gene/genome duplica-
tions provides robustness against genetic turbulence. After the gene or 
genome duplication, the selective constraints acting on paralogs are relaxed, 
gene evolution accelerates and this may open a window for adaptations 
(Crow and Wagner 2006). These factors could instead contribute to a re-
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duced probability of extinction in the “post-duplication species” (Crow et al. 
2006; Crow and Wagner 2006). Therefore, the time necessary for the conse-
quences of these evolutionary processes to develop would not predict instan-
taneous novel gene functions or explosive jumps in the species diversity. 
During a period of diploidization, new duplicated gene copies will be ran-
domly rearranged, lost, or changed. This would open an opportunity for 
adaptive evolution and diversification. Moreover, a divergent silencing of 
duplicate genes in a sister species can result in the formation of reproductive 
barriers and thus contribute to the origin of new species (Lynch 2002). 

We argue that in a situation in which all genes in a genome are duplicated 
synchronously, thus allowing the co-evolution of entire gene networks at the 
same time, a greater level of interaction and complexity may be achieved. 
Our results concerning the evolution of insulin-RLN gene family and the 
chromosomal regions in which they reside provide support that the whole-
genome duplications occurred at the stem of the vertebrates (Paper I). We 
trust that future studies will soon shed light on the roles of these dramatic 
events in the evolutionary success of the vertebrates. 
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Materials and methods 

Phylogenetic reconstruction of the insulin-RLN family 
Based on a revised BLOSUM62mt protein score matrix with the weight for 
Cys = 32, the alignment of full-length insulin-RLN proteins was constructed 
with ClustalW (AlignX in Vector NTI Suite v.9). The alignment was manu-
ally curated. Maximum parsimony (Fitch 1971) and neighbor-joining (Saitou 
and Nei 1987) methods were used for phylogenetical analysis performed in 
PAUP 4.0 (Swofford 2000). Trees were rooted with the outgroup containing 
insulins, IGFs and Amphioxus INSL protein. Support for the individual 
clades was evaluated by 500 bootstrappings (Paper I). 

Generation of gene families and identification of genes 
in the INSL/RLN paralogon 
All genes on HSA 19p were analyzed and initially gene families with at least 
a second paralog on HSA 1 and 9 were highlighted. In order not to miss 
families that do not have paralogs on 19p, we applied a transitive homology 
approach, in which the comparison was repeated with all genes on HSA 6p 
and on HSA 9 as seeds instead of 19p. The gene families were generated 
using Markov Clustering (MCL) (Enright, Van Dongen, and Ouzounis 2002) 
as implemented in the Ensembl database (http://www.ensembl.org/). Genes 
that were not grouped by MCL were first submitted to Blat UCSC-search 
that was run with the default settings (http://genome.ucsc.edu/cgi-
bin/hgBlat) against the UCSC Human Genome Database 
(http://genome.ucsc.edu/; July 2003 assembly) (Paper I, Supplementary Ta-
ble S1). The Pfam database (http://www.sanger.ac.uk/Software/Pfam/) was 
used to complement family information in a few cases. Large gene families 
were subdivided into subfamilies using neighbor-joining and maximum par-
simony. Paralogs that fell outside of the identified regions but that belong to 
the families were also collected. By applying this approach, we could iden-
tify and include non-annotated paralogs (Paper I, Supplementary Table S1). 
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Insulin/IGF paralogon 
A different approach was applied for the identification of the paralogs adja-
cent to the insulin-IGF subfamily members. The list of paralogs designated 
as belonging to paralogon 1, 11, 12, 19 published elsewhere (Lundin 1993; 
Popovici et al. 2001a; Popovici et al. 2001b) was validated and expanded by 
MCL or Blat UCSC-search. Furthermore, the surveyed gene families posi-
tioned in the insulin/IGF region were subjected to phylogenetic analysis and 
only these that formed bootstrap-supported clades were retained (Paper I, 
Supplementary Table S2). 

Statistical test of gene distribution 
This test uses the binomial distribution and was made under the assumption 
that the probability for a gene or family to belong to a region of the genome 
is proportional to the number of genes in that region (Vienne et al. 2003). 
The formula of the test is explained in details in the Methods sections in 
Paper I and III. 

Molecular database searches, assembly and evaluation 
of novel Ciona INS-L sequences
Ciona Ghost database release 1 April 2002 (http://ghost.zool.kyoto-
u.ac.jp/indexr1.html) was searched for putative INS-L sequences using 
tBlastn (Altschul et al. 1997) with the full-length protein sequences of the 
human insulin, IGF2 and Drosophila INSL2 (Ilp2) as queries (Paper I). Two 
different EST sets with a similarity to known insulin/IGF/RLN sequences 
were collected and assembled with Vector NTI Suite Contig Assembly (v.9). 
Sequences of the genomic regions covered by ESTs were downloaded from 
JGI Ciona intestinalis database v.1.0 (http://genome.jgi-
psf.org/ciona4/ciona4.home.html). Predictions of gene structures, protein 
precursors and posttranslational modification of the three INS-Ls were per-
formed in silico (Paper II). The information on similarity between of Ciona 
INS-Ls and insulin/IGF/INSL/RLN proteins was obtained with Blast 2.0 
(Altschul et al. 1997) and WU-BLASTp2 (http://blast.wustl.edu) searches. 
Domain architecture comparisons were generated by SMART 
(http://smart.embl-heidelberg.de/) and Pfam HMM default search 
(http://www.sanger.ac.uk/Software/Pfam/search.shtml) (Paper II). The 
alignment of B and A domains of the insulin/IGF/INSL/RLN proteins was 
constructed with ClustalW using BLOSUM62 matrix with default parame-
ters (Paper I and II). 
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Identification of Ciona and human orthologs in the 
regions hosting Ciona INS-L1, -L2 and -L3
Translated Ciona JGI gene models in vicinity of the three Ciona INS-Ls were 
used as queries in Blastp searches against NCBI proteome 
(http://www.ncbi.nlm.nih.gov/blast/) (Paper I). If prokaryotic genes consti-
tuted the three best Blastp hits, the Ciona gene model was omitted from fur-
ther analysis and was designated as not having a vertebrate homolog. If a 
vertebrate gene was among the three best hits, Blastp search was run against 
the human RefSeq Protein database 
(http://www.ncbi.nlm.nih.gov/genome/seq/HsBlast.html). The three best 
human hits, treated as putative vertebrate homologs of Ciona genes, were 
checked for chromosomal location within or outside of the identified paralo-
gous regions: insulin/IGF (1/2p/20p, 11, 12/14q/15q and 19q) and 
INSL/RLN (HSA: 1, 6p/15q, 9/5, and 19p). Phylogenetic analysis, using 
maximum parsimony and neighbor-joining methods, of Ciona gene model 
protein sequences with vertebrate and invertebrate homologs, was performed 
and the homology between the human genes and Ciona gene models was 
evaluated. Gene models that formed a cluster with the vertebrate protein 
sequences were considered as ortholog(s) (Paper I). 

RNA preparation and quantitative real-time PCR of 
three Ciona INS-Ls
Total RNA was extracted using Trizol reagent (Invitrogen) from three life 
stages of Ciona: free-swimming larva (FS); young adult attached (YA) and 
pharyngeal muscle (PM). RNA was re-purified using RNeasy Mini cleanup 
protocol (Qiagen). The RNA integrity was controlled using Agilient RNA 
6000 Assay (Agilient Technologies, USA). Upon treatment with RNAse-free 
DNAse (Promega, Madison, WI), 1 g of total RNA was used for cDNA 
synthesis with TaqMan Reverse Transcriptase reagents using random 
hexamers (PE Applied Biosystems). Quantitative analysis of mRNA levels 
was performed using SYBR Green I Assay in combination with ABI PRISM 
7700 Sequence Detection System. Two-step PCR was performed on dupli-
cate cDNA samples using SYBR Green Master Mix (Applied Biosystems) 
according to protocol of the manufacturer. Primers for Ciona INS-L1, -L2
and -L3 were designed with Primer Express Software (Applied Biosystems) 
(Paper II). Initial target mRNA levels were calculated and relative differ-
ences between FS-stage versus YA and PM-stages were determined. Disso-
ciation curve analysis and agarose gel electrophoresis were performed in 
order to confirm the results on amplified PCR products. The collected data 
on the expression of three INS-Ls were normalized against an average of 
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ribosomal protein S27A and ribosomal protein S18 expressions in order to 
compensate for variations in the cDNA synthesis (Paper II). 

Polymerase chain reaction (PCR) and sequencing of 
Ciona INS-L amplicons 
Ciona genomic DNA was extracted with phenol-chlorophorm method from 
Ciona free-swimming larvae collected at Stazione Zoologica, Naples. The 
conditions of the PCR reactions were as follows: pre-PCR Hot Start initial 
denaturation at 95°C for 10’ followed by 40 cycles consisting of denatura-
tion at 95°C for 15’’, annealing at 58°C for 1’, elongation at 72°C for 45’ 
and a final elongation at 72°C for 8’. All PCR-products were visualized un-
der UV light. The PCR-products were purified with QIAquick PCR purifica-
tion kit (QIAGEN, Hilden, Germany) and sequenced using DYEnamic ET 
Dye Terminator Cycle Sequencing Kit. The described INS-L sequences were 
submitted to GenBank and received following Accession Numbers: Ciona 
INS-L1 DQ538510; Ciona INS-L2 DQ643991 and Ciona INS-L3 DQ665317 
(Paper II). 

Selection of chromosomal segments used to define the 
conserved synteny between human region hosting the 
insulin-RLN gene family and the Drosophila 
melanogaster genome, and orthology prediction 
We used genes present in the insulin/IGF and INSL/RLN paralogons (Paper 
I and the supplementary material therein) as queries in order to identify their 
corresponding orthologs in the Drosophila melanogaster genome (Adams et 
al. 2000). The human and fly gene orthology prediction was performed with 
three programs: Inparanoid (Remm, Storm, and Sonnhammer 2001; O'Brien, 
Remm, and Sonnhammer 2005), TreeFam (Li et al. 2006) and Figenix 
(Gouret et al. 2005). This allowed for identification of bona fide syntenic 
segments between the fly genome and the two human paralogons (Paper III). 

The Inparanoid database version 4.0, updated in 15 April 2005 was 
searched locally for fly orthologs with human genes residing within the insu-
lin/IGF paralogon and the INSL/RLN paralogon (Paper I). All identified fly 
genes residing in the identified human-fly orthologous clusters that received 
Inparanoid confidence score of one were recorded. The same human genes 
were used again as queries against TreeFam database release 3.0  and 
orthologous relations to fly genes were evaluated according to the provided 
topology of phylogenetic trees. In cases where orthology predictions gener-
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ated with Inparanoid and TreeFam agreed, fly genes were marked as being 
orthologous to corresponding human gene(s). Whenever this criterion was 
not fulfilled, Figenix Genomics Annotation Platform with CassiopePhylo++ 
option was run with default settings (Gouret et al. 2005). Figenix performs 
phylogenetic reconstruction with three methods: neighbor-joining (Saitou 
and Nei 1987); maximum parsimony (Fitch 1971) and maximum likelihood  
(Felsenstein 1981). The trees were rooted at midpoint and bootstrapped (for 
neighbor-joining and maximum parsimony) or subjected to quartet puzzling 
(for maximum likelihood). Then, the consensus tree based on a fusion of 
neighbor-joining; maximum parsimony and maximum likelihood trees, was 
produced. This tree was superimposed on the reference NCBI tree of life 
(Wheeler et al. 2007) and orthologous relations to the query sequence were 
deduced (Paper III). 
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