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Summary 
 
The growth hormone and prolactin genes are part of the same gene family and as such were formed 
through a duplication of an ancestral gene, possibly through the proposed two rounds of whole 
genome duplication early in vertebrate evolution (2R). These genes are represented in all gnathostome 
groups and the proteins perform many well-studied functions. A third member of the family, 
somatolactin, is found throughout actinopterygians as well as in lungfishes. Two forms of somatolactin 
have been identified in some teleosts supporting the possible duplication of this gene in the teleost-
specific tetraploidization (3R). In the species studied the growth hormone and prolactin receptor 
genes, which belong to the large family of class-1-cytokine receptors, are located on the same 
chromosome suggesting that one arose from the other in a local duplication event. In several teleosts 
variants of the receptors have been found supporting duplication during the 3R whole genome 
duplication event as well. Somatolactin has a separate receptor that has so far only been identified in 
two species. This study summarizes the theory behind the importance of gene and genome duplication 
in the evolution of new functions and organismal complexity. It attempts to describe the evolutionary 
events that have shaped the growth hormone-prolactin gene family and their receptor gene family 
within the context of gene and genome duplication, trying to find evidence for the 2R and 3R 
hypothesis. Ensembl family sequences from several species representing major vertebrate groups were 
used to construct phylogenetic trees of the growth hormone-prolactin gene family as well as the 
receptor gene family. Trees were also made for gene families with members in at least two of the 
selected regions within approximately 5Mb in each direction in the zebrafish Danio rerio. No 
conclusive evidence for whole genome duplication events could be found for these regions suggesting 
that the growth hormone-prolactin gene family has a different and complicated evolutionary history. I 
also address the recent proposition that the growth hormone receptor genes identified in most fish 
species is actually the somatolactin receptor and have performed phylogenetic analyses suggesting that 
this is indeed the case. These analyses also supports the presence of two variants of prolactin in fish as 
a result of a duplication, something that is previously unnoticed in the literature. To resolve the origin 
of the somatolactin receptor gene relative to the growth hormone and prolactin receptor genes 
additional studies will be required including chromosomal location. In any event, these studies show 
that the growth hormone-prolactin proteins and their receptors arose in early vertebrate evolution. 
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Introduction 

Gene and whole genome duplications – an introduction 

Duplication, be it of genes, segments of chromosomes or entire genomes, is a force to be reckoned with 
in evolution since it creates new genetic raw material upon which mutation and selection can act to 
create novel gene function and thus make increased complexity possible. This way of reasoning can be 
traced all the way back to Darwin who hinted at it by recognizing the contribution of repeated 
phenotypic elements to increased organismal complexity: “it is quite probable that natural selection, 
during a long-continued course of modification, should have seized on a certain number of the 
primordially similar elements, many times repeated, and have adapted them to the most diverse 
purposes.” (Darwin 1859). The concepts of genetic duplication, sub- and neofunctionalization of genes 
and the contribution of duplication to the evolution of new species with progressively complex 
genomes was cautiously introduced in the beginning of the 20th century through the often forgotten 
but extensive work carried out by scientists such as C.B. Bridges, H.J. Muller (better known for the 
discovery of X-ray mutagenesis), J.B.S. Haldane and A.S. Serebrovsky (Taylor and Raes 2004). But it 
was not until the work of Japanese-American geneticist and evolutionary biologist Susumu Ohno and 
his seminal book “Evolution by Gene Duplication” that the important evolutionary role of gene and 
genome duplication was widely recognized. In the preface to “Evolution by Gene Duplication” Ohno 
wrote: “had evolution been entirely dependent upon natural selection, from a bacterium only 
numerous forms of bacteria would have emerged. The creation of metazoans, vertebrates, and 
finally mammals from unicellular organisms would have been quite impossible, for such big leaps in 
evolution required the creation of new gene loci with previously nonexistent function. Only the 
cistron that became redundant was able to escape from the relentless pressure of natural selection. 
By escaping, it accumulated formerly forbidden mutations to emerge as a new gene locus” (Ohno 
1970). Now of course, with the availability of several genome sequences and comparative analyses, the 
prevalence and significance of gene and genome duplications can be demonstrated. 

The molecular mechanisms behind duplication events are manifold but can be reduced 
to a few recurring themes: unequal crossing over or non-homologous alignment during recombination 
events, retrotransposition, horizontal gene transfer, duplication of larger chromosome segments or 
entire chromosomes and perhaps most interestingly, temporary polyploidy which, after a process of 
diploidization, in effect leads to the duplication of the entire genome (Sankoff 2001). The mechanism 
will of course affect the outcome of the duplication event and the evolutionary fate of the duplicate 
sequence. Having in mind that most mutations are deleterious and that the impact of a duplication 
event on the organism is directly related to the duplication’s size, it is not surprising that the most 
frequent duplications are small and result in the formation of pseudogenes. From this perspective I 
will discuss the mechanisms of unequal crossing over, retrotransposition and chromosome segment 
duplication to give an image of the plasticity of genomes and the way in which these processes 
dynamically shape genome architectures. From there I will move on to the evolutionary consequences 
of gene duplication and whole genome duplication in regards to the creation of novel gene function 
and increased complexity, presenting the “one-to-four (-to eight in fish)” hypothesis of whole genome 
duplication in the vertebrate lineage and its relevance to the evolution of the growth hormone-
prolactin gene family and their receptor gene family. Horizontal gene transfer is primarily a 
mechanism demonstrated in prokaryotes and therefore it falls outside of the scope of this report. 

Unequal crossing over 

Unequal crossing over usually refers to an error in the meiotic recombination event resulting in the 
erroneous exchange of non-homologous segments between homologous chromosomes. The same can 
be said to happen during the process of homologous recombinatorial DNA repair, although this is 
generally not referred to as unequal crossing over. The non-homologous alignment in both processes is 
primarily aided by the presence of small homologous repeats interspersed in gene clusters since it 
increases the probability of misalignment between non-homologous segments. Duplicates produced 
through non-homologous alignment during recombination typically range between a few and 75kb and 
occur as frequently as 0.002-o.o2 times per gene per million years in eukaryotes (Lynch and Conery 
2000). These small segmental duplications are generally local, resulting in tandem clusters of genes or 
new exons within a transcription unit, but they can also be interspersed across the chromosome. The 
latter outcome in particular is usually followed by a reorganization and relocation of the duplicates to 
the complex collections of repeated sequences in the pericentromeric and subtelomeric regions. The 
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prevalence of interspersed segmental duplicates in these highly recombinogenic regions as well as the 
damage-triggered integration of exogenous DNA with little or no homology in these regions, support 
an additional mechanism of segmental duplication as a result of non-homologous end-joining DNA-
repair (Babushok et al. 2007). 

Typically, a segmental duplication is too small to form a functional gene. Most result in 
the formation of pseudogenes containing only parts of the necessary structures to ensure gene 
expression, so-called non-processed pseudogenes but there are many well-studied examples of gene 
families formed in this way. Including the small β-globin family, which consists of 5 genes in humans, 
as well as the very large olfactory receptor family, which contains approximately 1000 genes and 
pseudogenes (Lander et al. 2001). Conclusively, over the course of evolution there have been enough 
such duplication events to produce functional genes and to create and expand gene families (Garcia-
Fernandez and Holland 1994; Holland and Garcia-Fernandez 1996; Babushok et al. 2007) 

Retrotransposition 

Retrotransposons are transposable elements of the eukaryotic genome, remnants of viral infections 
collected throughout the history of eukaryotic life (Lander et al. 2001). While most are silent, a 
number of them encode functional enzymes that reverse transcribe and integrate transcripts at 
indiscriminate locations of the genome. The outcome of a duplication event due to retrotransposition 
is significantly different from that of a segmental duplication. While segmental duplications may 
include exonic, intronic as well as intergenic sequences, retrotransposed duplications, due to how they 
are created from spliced and polyadenylated mRNA, only include exonic sequences as well as poly-A 
tracts and flanking short direct repeats marking the site of integration. This means that in order for a 
retrotransposed duplicate to form a functional gene, a so-called retrogene, it has to either be 
transposed and integrated successfully into an existing transcription unit or originate from a transcript 
that includes the gene’s original promotor region, something that, at least in theory, is far less likely 
(Zhang 2003; Babushok et al. 2007). An interesting exception to this hurdle in the formation of new 
genes is found in the testes. The highly permissive transcription during spermatogenesis allows the 
efficient transcription of units with suboptimal functionality by allowing degenerate promotor regions 
to function and those that are already functional to exert their influence further downstream. A large 
number of human retrogenes have been found to be duplicates of X-linked parental genes, genes that 
are normally silenced by male X chromosome inactivation during spermatogenesis (Wang 2004). It 
has therefore been suggested that retrotransposition has been an important factor in the evolution of 
reproductive systems, showing the potential for the creation of new genes and increased complexity 
through this process. 

Large chromosome segment duplication  

An increasing amount of sequence data confirms that larger duplicated regions are a common feature 
of many genomes (Bailey et al. 2002; Koszul et al. 2004), not least the human genome (Venter et al. 
2001). Typically, what is referred to as a segmental duplication in the literature can contain exonic, 
intronic as well as intergenic sequences and ranges between 1 – 200kb (Zhang et al. 2005). This 
definition includes both the smaller tandem or interspersed duplications due to unequal crossing over 
as well as larger duplicated regions comprising significant portions of chromosome arms. However, 
revealing the mechanisms behind the duplication of larger segments, most of which larger than 10kb, 
as well as their organization and distribution is difficult. The length of the duplications in itself makes 
retrotransposition unlikely and the fact that most of the duplications are interspersed across the 
genome and not located in tandem arrays contradicts unequal crossing over. The lack of the typical 
flanking minisatellite-like repeats at the integration sites also speaks against retrotransposition as well 
as irregularities during recombinatorial DNA repair (Samonte and Eichler 2002).  

Evolutionary fate of duplicated genes 

After duplication has occurred in an individual it must of course become fixed in the population before 
the long-term evolutionary fate can be determined. A neutral allele takes on average 4N generations 
(where N is the effective population size) to become fixed, so it is safe to assume that duplicated 
sequences take a long evolutionary time to become fixed. It is also safe to assume that most 
duplications will not become fixed but disappear from the population (Zhang 2003). Genome-wide 
comparative surveys of duplicate genes point at an average duplication (and fixation) rate of ~1% per 
gene per million years (Lynch and Conery 2000). But given that a significant part of duplications are 
dead on arrival since they lack regulatory elements to ensure their expression, the rate of origin of 
functional duplicate genes that subsequently undergo evolutionary processes may be smaller than this. 
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Nevertheless, the prevalence of functional gene copies seems to be remarkably high. Analysis of the 
human genome showed that ~5% of the genome sequence consists of recent segmental duplications 
(90-100% sequence identity, corresponding to the last ~40 million years of human evolution), with the 
particular enrichment of genes involved in immunity and defense, membrane surface interactions, 
drug detoxification as well as growth and development (Bailey et al. 2002). 

Following the duplication event, most duplicated genes go through a relatively short 
period of relaxed selection during which they evolve in a neutral manner, collecting mutations at an 
accelerated rate. Given that most mutations affecting fitness are deleterious and that the gene copy will 
be functionally redundant, the vast majority of duplicated genes will be silenced within a few million 
years or less through the accumulation of degenerative mutations. This is called nonfunctionalization. 
After a long evolutionary time the nonfunctionalized gene will either be deleted from the genome or 
become so diverged by mutation that it becomes unrecognizable as a duplicate. Those few duplicate 
genes that escape nonfunctionalization go through a period of strong purifying selection and may go 
on to evolve novel functions (Lynch and Conery 2000). Two genes with identical function are unlikely 
to become stabilized in a genome. It could happen through strong purifying selection if there is a direct 
advantage to be gained from the increased expression of the genes, like for instance rRNAs, histones 
and probably also the growth hormone-prolactin gene family members investigated here. It could also 
happen through the process of gene conversion, a recombinatory process that homogenizes the 
sequences. In the end however, both these options are exceptions rather than general rules. If both 
duplicate genes accumulate advantageous mutations in such a way that the parental gene function or 
functions becomes divided between the two and their total capacity is reduced to the parental single-
copy level, both copies are likely to become maintained in the genome. This is called 
subfunctionalization: the division of one original function to create more refined and directed 
functions or the delegation of several functions that were once all carried out by the parental gene. 
While subfunctionalization has some potential for creating increased complexity both in function and 
in expression patterns, the creation of new genes and in extension completely new functions from 
duplicated sequences, neofunctionalization, requires one of the copies to retain the original function 
while mutation acts on the other copy in an advantageous way, ensuring that it is maintained by 
natural selection. The number of substitutions in the process of neofunctionalization can vary giving 
rise to varying degrees of innovation - of course the emergence of completely new functions requires a 
larger amount of substitutions (Zhang 2003). 

The exact extents to which non-, sub- and neofunctionalization actually occur is 
unknown in detail, but the most obvious outcome, nonfunctionalization, has proven to be the most 
common by far with a duplicate gene half-life of ~4 million years for the species that were studied 
(Lynch and Conery 2000). However, selection may not be completely relaxed after duplication even 
though the duplicate is redundant and may accumulate mutations at a fast rate. It is estimated that in 
a typical eukaryote genome 1-10% of the genes are in the process of becoming non-, neo- or 
subfunctionalized (Lynch 2002). In humans several disease states are associated with the increased 
expression as a result of the coexistence of duplicate genes for instance. There are also examples of 
duplicated genes that have been maintained in the genome for specific functions only to become 
pseudogenes long after the duplication event as a result of relaxed functional constraints. An example 
of this is the loss of genes encoding olfactory receptors in humans (Zhang 2003). 

Genome plasticity: reorganization, chromosome rearrangement and speciation 

Duplication events are usually followed by a period of reorganization. This is interesting from several 
perspectives in relation to the evolutionary fate of duplicated sequences and their contribution to the 
ever-changing architectures of genomes. Aside from making the emergence of new gene function 
possible through the creation of redundancy, duplications have a potential for contributing to the 
evolution of progressively more complex genomes by influencing their structural arrangements. 

Large duplicated segments, intra- as well as interchromosomal, are often built up by 
smaller duplications that conserve their order and junctions within the larger segments. This supports 
a two-step model of segmental duplication where the duplication of smaller segments from disparate 
donor loci are rearranged over time into mosaic blocks of duplication which then in turn are 
duplicated entirely or partly by secondary events to other regions of the genome. In the human 
genome duplicated segments larger than 200kb composed by smaller duplication modules have been 
documented for several chromosomes (Samonte and Eichler 2002). 

Another interesting aspect of genome reorganization is the enrichment of duplications 
into complex “duplication within duplication” structures in the heterochromatic pericentromeric and 
subtelomeric regions, making them “hotspots” of duplications (Samonte and Eichler 2002; Armengol 
et al. 2003; Bailey et al. 2004; Linardopoulou et al. 2005). Proposed models suggest that there is 
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targeted integration of duplicates simply due to the uniqueness of the sequence in these regions. The 
many short repeats within those regions work as recombinogenic signals or as transposon-mediated 
duplicate integration signals and could actively be “attracting” duplicated sequences. It is also 
discussed that low gene density in these regions increases the time of deletion since it reduces the 
possible deleterious effects of the duplication. However, genome-wide scans of the human genome 
have revealed that other chromosome regions with low gene density outside of the pericentromeric 
and subtelomeric regions do not show the same accumulation of duplications (Samonte and Eichler 
2002). Whatever the mechanism may be, it is important to consider this process in relation to the 
contribution of duplication to increased genomic and organismal complexity, the pericentromeric and 
subtelomeric regions being essential for the structural integrity of chromosomes.  

A third perspective is the connection between duplications, large-scale chromosome 
rearrangements and the emergence of reproductive isolation. The gain or loss of different gene copies 
can promote speciation if they isolate populations genetically and thereby reduce the viability of 
heterozygous offspring should the populations become reunited. In time, the buildup of such genetic 
barriers could account for the emergence of new species (Lynch and Conery 2000; Taylor et al. 2001). 
But small segmental duplications could also generate genetic barriers by affecting chromosome 
structures through large-scale chromosomal rearrangements. Such large-scale rearrangements may 
include inversions, deletions, duplications or even translocations of large portions of chromosomes. In 
a theoretical scenario it is entirely possible that recurrent segmental duplications can give rise to 
chromosomal rearrangements (Lynch 2002) by creating highly homologous blocks that through an 
aberrant recombination event could invert, delete or translocate the segment between the homologous 
blocks. If the initial duplication is intrachromosomal it may lead to an inversion of the segment and if 
it is interchromosomal it may lead to a reciprocal translocation of the segment through a non-allelic 
homologous recombination. Studies of primate genomes have revealed that the majority of 
chromosomal differences between primates are pericentric inversions (inversions that span the 
centromeres) but paracentric inversions (inversions of fragments on a chromosomal arm) and even 
reciprocal translocations, insertions and telomeric fusions have been observed, raising the possibility 
that these events, made possible by the presence of serial segmental duplications (Stankiewicz et al. 
2004), have contributed to the creation of genetic barriers that lead to speciation (Samonte and 
Eichler 2002).  

Taking these perspectives into account, the mechanisms behind duplications cannot be 
seen as isolated events. They should be put into the context of genome plasticity, as a part of an 
ongoing dynamic process that throughout evolution has shaped different genomic architectures. The 
outcome of any individual duplication event may be modified by other processes following it, be it 
other duplications or genomic rearrangements. 

Whole genome duplication 

Polyploidy, the heritable condition of having more than two complete sets of homologous 
chromosomes, poses a variety of very serious problems for the organism in which it occurs but can at 
the same time produce individuals that are quite viable. Plant polyploids are especially common, 
stable, well adapted and successful but polyploidy has occurred evolutionarily recently in fish and 
amphibians as well showing that the duplication of the whole genome is more common than 
previously thought in some animal lineages as well.  
 The mechanism at the core of whole genome duplications is the failure in chromosome 
dysjunction during meiosis, preventing the proper segregation of the chromosomes to the daughter 
cells.  Depending on the incidence of this, all or some of the chromosomes may be duplicated but the 
end result is always a disruption in the chromosome setup of the gametes, be it addition or deletion. 

A distinction is made between autopolyploidy and allopolyploidy. Autopolyploidy is the 
result of the aberrant change in chromosome number within a diploid species, producing diploid 
gametes. These diploid gametes can in rare cases fuse with regular haploid gametes to form a viable 
triploid offspring that later can further the diploid gametes and in the end create a tetraploid species. 
Allopolyploidy is the result of the concurrent hybridization between two different diploid species. 
Because of differences in chromosome number and structure, the pairing of homologous 
chromosomes becomes defective in the hybrid offspring and can produce diploid gametes that restore 
the chromosome balance and contribute to the creation of a tetraploid species. These mechanisms 
have been documented, especially in plants, and have been recreated in experimental setups (Kellogg 
2003; Comai 2005). The very well-studied clawed frog genera Xenopus and Siluriana exhibit diploidy, 
tetraploidy, octoploidy as well as dodecaploidy as a result of allopolyploidizations in their evolutionary 
history, proving that these processes can create viable animal organisms (Evans et al. 2004). 
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Polyploidy is invariably followed by a gradual process of diploidization in the organism. 
This involves the genetic changes that differentiate the duplicated loci (non-, neo- and 
subfunctionalization), as well as the genomic and epigenetic rearrangements that restructure the 
genome and the gene expression patterns into a recognizable diploid structure. The properties of the 
diploid structure being (I) having distinct and recognizable chromosome pairs (having twice as many 
chromosomes as opposed to having four times as many); and (II) having two alleles at each of two 
distinct loci as opposed to four alleles at a single locus (Wolfe 2001).  

 

 
 
FIGURE 1. The chordate evolutionary tree, marking out the proposed three rounds of whole 
genome duplication. 

2R and 3R, the “one-to-four (-to-eight in fish)” hypothesis 

Due to the sheer size of the genetic raw material created in whole genome duplication events, they 
have an immense potential to contribute to the creation of novel gene function and increased 
organismal complexity. However, it must not be forgotten that primarily they constitute a catastrophic 
event for the organism they occur in. Increasing the genomic content of an organism usually requires 
an increase in the nuclear and cellular volume as well and it changes the interactions between all the 
different components of the cell. It affects the chromatin structure of the genome, the amount of gene 
products, the transport of gene products, the metabolic pathways, the signaling mechanisms, in short: 
virtually every aspect of a cell’s regular processes, especially the completion of successful cell division. 
As an example of this disruptive power it is worth mentioning that 10% of all spontaneous abortions in 
humans are thought to be a result of polyploidization (Comai 2005).  
 Ohno was the first to argue that a whole genome duplication event had occurred in the 
chordate lineage and placed it after the divergence of urochordates (Ohno 1970). This was refined to 
include two events of whole genome duplication, one before and one after the divergence of jawless 
fish (hagfish and lamprey) (Figure 1) an estimated 500-430 million years ago - a hypothesis named 
“2R” or “one-two-four” for two rounds of genome duplication (Panopoulou and Poustka 2005). This 
was based on the identification of orthologous genes, observing that they were present in single copies 
in the cephalochordate Amphioxus and the urochordate Ciona, at least two copies in hagfish and 
lamprey and at least three or more copies in mammals (Holland et al. 1994), and on the number of 
Hox gene clusters, observing that amphioxus has one and mammals have four (Garcia-Fernandez and 
Holland 1994). Since then the identifications of large quadrupled regions in mammalian genomes and 
conserved synteny over long evolutionary times have amounted to support the 2R hypothesis 
(Ruvinsky et al. 2000; Escriva et al. 2002; Larhammar et al. 2002; McLysaght et al. 2002; Panopoulou 
et al. 2003; Steinke et al. 2006), starting with the identification of large paralogous chromosome 
regions between man and mouse in 1993 (Lundin 1993).  
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It has also become clear that many fish genomes have gene families with more genes 
compared to mammals, and a third round of whole genome duplication has been suggested to have 
happened in the actinopterygian lineage, expading the 2R hypothesis with a 3R event. This was once 
again supported by the number and organization of the Hox gene clusters (Meyer and Schartl 1999; 
Meyer and Van de Peer 2005) but the strongest evidence for the 3R duplication comes from the 
comparative analyses between the closely related puffer fishes Takifugu rubripes and Tetraodon 
nigroviridis and the human genome (Van de Peer 2004). Large segments of human chromosomes 
were found in duplicate Tetraodon as well as Takifugu chromosomes (Jaillon et al. 2004), many of 
which showing a high degree of regulatory subfunctionalization and gene retention suggesting that the 
3R duplication event contributed significantly to the rise and success of the ray-finned fishes and in 
particular, the teleosts (Brunet et al. 2006; Woolfe and Elgar 2007). This makes the evidence for the 
3R duplication the first proof of whole genome duplication in the vertebrate lineage, validating the 
Hox gene cluster as a marker for such events (Panopoulou and Poustka 2005). However, it should also 
be mentioned that the importance of 3R for teleost radiation has been questioned because the 
tetraploidization event happened much earlier than the speciation (Robinson-Rechavi et al. 2001). 

It has been argued since the hypothesis of whole genome duplication reached 
prominence that these observations could be the result of continuous independent and individual 
segmental or regional duplications and several models have been suggested that refute whole genome 
duplications and question the validity of the 2R/3R hypothesis (Skrabanek and Wolfe 1998; Martin 
1999, 2001), but in the face of the amounting evidence for whole genome duplication events such a 
process seems unparsimonious and difficult to explain, although not theoretically impossible (Taylor 
et al. 2001).  
 The evidence for the 2R/3R hypothesis lies in the identification of the presence and 
organization of paralogous segments in the duplicated genomes rather than in the identification of 
preserved gene duplicates or timing of the duplication events using molecular clocks. While there are 
gene families with four members in mammals, they are a minority and it is impossible to look for 
evidence of two rounds of genome duplication by applying the “one-two-four” rule simply because 
there has been too many gene losses since the duplication event. Nonfunctionalization, deletion and 
degenerative mutations have done their part to either remove the genes or make them unrecognizable 
as members of the family. Genomic rearrangements and local duplications may also have contributed 
to blur the picture. Different models of gene loss based on Saccharomyces cerevisiae and Arabidopsis 
thaliana that describe the rate of gene loss have been extrapolated to vertebrates and can explain why, 
if there have been two rounds of whole genome duplication, not all the duplicate genes can be found. 
Several molecular-clock-based calculations of the age of many duplicate genes in humans support 
large-scale duplications at the base of the vertebrate tree (reviewed in Panopoulou and Poustka 2005), 
one of them pointing towards a burst of gene duplication between ca 333-358 or 397-695 million years 
ago (McLysaght et al. 2002), to present an example. However, through the molecular clock method it 
is only possible to say that there was a burst of gene duplication at that time, not whether it was one or 
two or any rounds of whole genome duplication. Large discrepancies (up to 20-fold) between the times 
estimated by different molecular clock methods as well as compared to the fossil record are 
commonplace, which makes molecular clock dating a somewhat controversial subject and the results 
obtained from them open to revision (Pulquerio and Nichols 2007).  
 The properties one expects to find in a paralogon that arose through a whole genome 
duplication event are (I) that they cover a large segment of the chromosome; (II) that they do not 
overlap other paralogons; (III) that they contain duplicated genes that are not randomly distributed in 
the genome; (IV) that the duplicated genes included have similar duplication times; and (V) that the 
duplicated genes included have a similar orientation to that of a closely related non-duplicated genome 
(Panopoulou and Poustka 2005). The Hox gene cluster in particular has been subject to many studies 
in order to determine if it did arise through a whole genome duplication event at the base of the 
vertebrate tree and it serves as an example of how these analyses are done and what caveats should be 
considered. One study considered the phylogeny of non-Hox gene families with members on two or 
more of the human Hox-bearing chromosomes. The phylogeny of 14 of those families showed an 
apparent origin predating the 2R events while only 5 families could support a duplication event at the 
suggested time of the 2R hypothesis. Even so, these 5 families were also discarded as evidence because 
their phylogenetic tree topologies seemingly did not reflect the same order of duplication as the Hox 
gene cluster (Hughes et al. 2001). However, this analysis and several others (Hughes 1999; Friedman 
and Hughes 2001) were found to be faulty in several regards. Firstly, the genomic rearrangements that 
followed the 2R duplications were not considered and genes that had ended up on the Hox-bearing 
chromosomes in a later stage were included. These genes were therefore not ancestrally linked to the 
Hox-clusters. Secondly, the processes that might deviate the tree topology from the ideal two-forked 
topology that is expected from two rounds of whole genome duplication were not recognized. 
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Differences in evolutionary rates and a lack of resolution between the two duplication events due to the 
evolutionarily short time in which they occurred should have been considered. When repeating the 
analysis of the Hox gene cluster, correcting for these errors, it was shown that most of the families on 
the Hox-bearing chromosomes that could be used for the analysis indeed showed phylogenies that 
were consistent with the duplication of the Hox gene cluster and did not contradict the 2R hypothesis 
(Larhammar et al. 2002).   

Objectives 

This study primarily aims to elucidate the evolutionary history of the growth hormone-prolactin gene 
family and their receptor gene family. More specifically I have adressed whether or not the growth 
hormone-prolactin family genes are located in a paralogon, to confirm their origin in a whole genome 
duplication event, and whether or not any growth hormone-prolactin gene family members can be 
found in any invertebrate genomes, to relatively date the duplication to the base of the vertebrate tree. 

I have also studied the somatolactin gene and somatolactin receptor gene evolution 
more closely by addressing their origin in relation to the teleost-specific tetraploidization (3R) and the 
actinopterygian-sarcopterygian split. This includes investigating whether or not the somatolactin gene 
has been lost from the tetrapod lineage and finding phylogenetic evidence for the recent proposition 
that one of the putative growth hormone receptors described in many fish species is actually the 
somatolactin receptor (Fukamachi et al. 2005).
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Materials and Methods 

Ensembl 

The Ensembl database, found online at http://www.ensembl.org, collects, stores, analyses and 
displays genomic information on selected eukaryotic genomes, focusing on producing and maintaining 
automatic annotation of genes (Hubbard et al. 2007). The current Ensembl version (Ensembl 44 - 
April 2007) has 34 annotated whole genome sequences available as well as several preliminary 
genomes. A review by Hammond and Birney (2004), although outdated in regards to the available 
genome sequences, provides a helpful and informative description of how the databases are built, what 
they contain and the information that can be drawn from them (Hammond and Birney 2004). In this 
analysis the orthologue prediction and protein family functions provided by Ensembl were used to 
collect the sequences from the relevant gene families. The orthologue prediction function identifies 
possible orthologous genes in the different genomes by finding reciprocal best-hit pairs using BLASTP 
as well as synteny information. The protein family function attempts to group functionally related 
genes by using their protein prediction. Proteins are predicted by identifying protein domains in the 
amino acid sequence and comparing them to the available protein domain database InterPro, found 
online at http://www.ebi.ac.uk/interpro. The protein family database is built by taking these protein 
predictions from all species, together with all metazoan sequences from UniProt, a central repository 
of protein sequence and function available online at http://www.abi.ac.uk/uniprot, doing an all-
against-all BLASTP to find similarities and finally establishing the clusters by using the graph-
clustering algorithm MCL (Hammond and Birney 2004).  

Selection of species 

To give a proper coverage of the vertebrate evolutionary history Ensembl protein sequences from the 
following species were used: man (Homo sapiens), chimpanzee (Pan troglodytes), macaque (Macaca 
mulatta), dog, (Canis familiaris), cattle (Bos taurus), mouse (Mus musculus), gray short-tailed 
opossum (Monodelphis domestica), chicken (Gallus gallus), western clawed frog (Xenopus tropicalis), 
zebrafish (Danio rerio), medaka (Oryzias latipes), three-spined stickleback (Gasterosteus aculeatus), 
japanese pufferfish (Takifugu rubripes) and green spotted pufferfish (Tetraodon nigroviridis). To root 
the analysis and give relative dating of the duplication events protein sequences from the invertebrates 
sea squirt (Ciona intestinalis and Ciona savigny), amphioxus (Brachiostoma floridae) and fruit fly 
(Drosophila melanogaster) were sought. In addition protein sequences from species representing 
interesting evolutionary branches were included where appropriate: sea lamprey (Petromyzon 
marinus), West-African lungfish (Protopterus annectens) and white sturgeon (Acipenser 
transmontanus). For additional data on the teleost-specific duplication event (3R) teleost sequences 
from the following species were added: European eel (Anguilla anguilla), Japanese eel (Anguilla 
japonica), goldfish (Carassius auratus), chum salmon (Oncorhynchus keta), cherry salmon 
(Oncorhynchus masou), rainbow trout (Oncorhynchus mykiss), gilthead seabream (Sparus aurata), 
bastard halibut (Paralichthys olivaceus) and nile tilapia (Tilapia nilotica). The latter sequences, not 
acquired through Ensembl, were acquired using NCBI’s Entrez protein sequence database search or 
NCBI’s BLAST (tblastn) using Danio rerio sequences as query.  

Selection of neighboring families for the analysis of conserved synteny  

The analysis of conserved synteny and paralogy between the growth hormone-prolactin family genes 
was done by identifying gene families with representatives within 5Mb to each side of the Danio rerio 
genes. Danio rerio was selected as base in order to cover as many gene families as possible since it has 
somatolactin genes, being a fish, and its growth hormone-prolactin family genes are located on the 
highest number of chromosomes. Lamentably, additional members were added to the Ensembl protein 
families after the identification of the neighboring gene families. Had this been discovered in time a 
fourth growth hormone-prolactin gene family-bearing chromosome could have been added to the 
analysis for Danio rerio. Follow-up studies to this project will consider this additional chromosome in 
the identification and selection of neighboring gene families, although in the discussion of the data the 
fourth Danio rerio growth hormone-prolactin gene family-bearing chromosome has been 
acknowledged (Table 1). 

The neighboring families were identified and downloaded using Ensembl’s BioMart 
data mining function and those families that had genes represented on two or more of the Danio rerio 
growth hormone-prolactin gene family-bearing chromosomes were included in the analysis. The 
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species included in this analysis were Homo sapiens, Canis familiaris, Gallus gallus, Xenopus 
tropicalis, Danio rerio, Tetraodon nigroviridis, Oryzias latipes and Gasterosteus aculeatus. 

Phylogenetic analysis 

Protein sequences were collected for all the genes identified as described above. If several transcripts 
were available for a gene only the longest one was used in the analysis. The sequences were aligned 
and manually edited using Jalview 2.3, available online at http://www.jalview.org, and its web-based 
ClustalX multiple sequence alignment function using default settings. The alignments were edited 
manually based on conserved domains in the protein sequences, identified through the Pfam database 
- a collection of multiple sequence alignments and hidden Markov models covering many common 
protein domains and families - available at http://www.sanger.ac.uk/Software/Pfam. Neighbor-
joining phylogenetic trees were built using ClustalX (1.83.1) with 1000 bootstraps. Trees were analyzed 
using FigTree 1.0, available online at http://evolve.zoo.ox.ac.uk/software.html?id=figtree and 
TreeViewX (0.5.0).  

Outgroups and the time frame for the origin of families/subfamilies 

For the phylogenetic analysis of the growth-hormone-prolactin gene family and their receptor gene 
family the human erythropoietin and erythropoietin receptor genes were used based on the phylogeny 
of the class-I helical cytokines published by Huising et al. (Huising et al. 2006). For the phylogenetic 
analysis of the neighboring gene families, Ciona intestinalis and/or Drosophila melanogaster 
sequences were used. Those families that lacked a Ciona intestinalis or Drosophila melanogaster 
sequence were discarded, but not before searching for a possible Ciona savigny or Brachiostoma 
floridae sequence to use as outgroup. The Brachiostoma floridae genome is not available in Ensembl 
so sequences were searched using the BLAST function at the Doe Joint Genome Institute eukaryotic 
genome database, available online at http://genome.jgi-psf.org/euk_cur1.html. The outgroups were 
used to establish the relative timeframe of the evolutionary events that shaped the family. Families 
exhibiting several rooted branches were discarded since this suggests an origin that predates the 
suggested whole genome duplication events at the base of chordate evolution. However, subfamilies in 
such trees that were properly rooted and included genes on more than two of the relevant Danio rerio 
chromosomes, the criterion that was used to select gene families, could be used for the analysis.  
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Results 
As far as possible, the names of the genes presented in this section and the following phylogenetic 
trees reflect the names presented on the Ensembl database based on their annotation. The genes that 
lacked description in Ensembl were named according to the protein family they belong to and 
numbers were assigned arbitrarily when multiple members in the same family lacked description 
(Table 1). In Takifugu rubripes some of the receptor genes have been annotated as homologs of class-1 
helical cytokine receptors 4, 5, 6 and 8 by Ensembl and this is reflected in the abbreviations. 
Five different Ensembl protein families were identified to be equivalent to the growth hormone-
prolactin gene family and their receptor family; one somatotropin (growth hormone) precursor family, 
one prolactin precursor family, one somatolactin precursor family, one growth hormone receptor 
precursor family and one prolactin receptor precursor family. The only Ensembl gene annotated as a 
somatolactin receptor gene, belonging to medaka (Oryzias latipes), is put within the growth hormone 
receptor precursor protein family.  
 
TABLE 1. Ensembl sequences used in the phylogenetic analyses. The chromosome locations 
are given as chromosome number/name:position in megabases (Mb) or kilobases (Kb). By 
convention, Gasterosteus aculeatus chromosomes are called “groups” and are numbered 
with roman numerals. Lowercase s denotes scaffolds and Un_r denotes Un-random 
chromosomes for genes that have not been confidently placed on a chromosome. 

Species Gene Location 

Homo sapiens Homsa GH2 17:59.31 Mb 

 Homsa GH1 17:59.35 Mb 

 Homsa_PRL 6:22.40 Mb 

 Homsa_GHR 5:42.46 Mb 

 Homsa_PRLR 5:35.08 Mb 

Pan troglodytes Pantr_GH2 17:63.15 Mb 

 Pantr_GH1 17:63.20 Mb 

 Pantr_PRL 6:22.70 Mb 

 Pantr_GHR 5:72.82 Mb 

 Pantr_PRLR 5:80.48 Mb 

Macaca mulatta Macmu_GH1 16:59.39 Mb 

 Macmu_GH2  -  

 Macmu_PRL 4:22.26 Mb 

 Macmu_GHR 6:42.44 Mb 

 Macmu_PRLR 6:34.81 Mb 

Canis familiaris Canfa_GH 9:14.96 Mb 

 Canfa_PRL 35:23.69 Mb 

 Canfa_GHR 4:70.22 Mb 

 Canfa_PRLR 4:76.45 Mb 

Bos taurus Bosta_GH 19:47.53 Mb 

 Bosta_PRL 23:30.37 Mb 

 Bosta_GHR 20:30.83 Mb 

 Bosta_PRLR 20:38.56 Mb 

Mus musculus Musmu_GH 11:106.12 Mb 

 Musmu_PRL 13:27.07 Mb 

 Musmu_GHR 15:3.27 Mb 

 Musmu_PRLR 15:10.12 Mb 

Monodelphis domestica Mondo_GH 2:211.14 Mb 

 Mondo_PRL 3:317.15 Mb 

 Mondo_GHR 3:231.76 Mb 

 Mondo_PRLR 3:241.61 Mb 

Gallus gallus Galga_GH 27:1522.17 Kb 

 Galga_PRL 2:59.72 Mb 

 Galga_GHR Z:12.91 Mb 

 Galga_PRLR Z:9.97 Mb 
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TABLE 1. Continued   

Xenopus tropicalis Xentr_GH s43:710.54 Kb 

 Xentr_PRL s326:488.07 Kb 

 Xentr_GHR s43:3.41 Mb 

 Xentr_PRLR s542:246.64 Kb 

Danio rerio Danre_GH 3:21.46 Mb 

 Danre_PRL1 3:35.42 Mb 

 Danre_PRL2 4:15.79 Mb 

 Danre_SLb 10:44.95 Mb 

 Danre_Sla 18:32.35 Mb 

 Danre_GHR1 8:38.04 Mb 

 Danre_GHR2 8:38.85 Mb 

 Danre_GHR3 21:18.25 Mb 

 Danre_PRLR1 5:74.14 Mb 

 Danre_PRLR2 21:55.83 Mb 

Takifugu rubripes Takru_GH s7980:3.05k Kb 

 Takru_PRL s2:3.10 Mb 

 Takru_PRLa s253:17.29 Mb 

 Takru_SL s131:432.04 Kb 

 Takru_CRFA6 s11:1870.28 Kb 

 Takru_CRFA5 s128:592.45 Kb 

 Takru_PRLR s4:3.27 Mb 

 Takru_CRFA8 s44:1116.62 Kb 

 Takru_CRFA4 s57:872.60 Kb 

Tetraodon nigroviridis Tetni_GH Un_r:111.59 Mb 

 Tetni_PRLa Un_r:37.13 Mb 

 Tetni_PRLb 13:9.30 Mb 

 Tetni_SL Un_r:14.14 Mb 

 Tetni_SL2 Un_r:14.14 Mb 

 Tetni_GHR1 12:8.77 Mb 

 Tetni_GHR2 Un_r:110.59 Mb 

 Tetni_PRLR1 3:1460.99 Kb 

 Tetni_PRLR2 4:3.32 Mb 

 Tetni_PRLR3 12:5.19 Mb 

 Tetni_PRLR4 Un_r:82.80 Mb 

Gasterosteus aculeatus Gasac_GH XI:16.07 Mb 

 Gasac_PRL1 XI:3.13 Mb 

 Gasac_PRL2 IV:23.84 Mb 

 Gasac_SL I:3.54 Mb 

 Gasac_GHR1 XIII:5.67 Mb 

 Gasac_GHR2 XIV:10.39 Mb 

 Gasac_PRLR1 XIV:3.99 Mb 

 Gasac_PRLR2 XIII:17.29 Mb 

 Gasac_PRLR3 I:27.69 Mb 

Oryzias latipes Oryla_GH s697:50.31 Kb 

 Oryla_PRL1 8:23.67 Mb 

 Oryla_PRL2 23:10.92 Mb 

 Oryla_SL1 13:26.10 Mb 

 Oryla_SL2 s186:813.8 Kb 

 Oryla_SLR 9:7.71 Mb 

 Oryla_GHR 12:27.41 Mb 

 Oryla_PRLR1 9:586.79 Kb 

 Oryla_PRLR2 12:9.15 Mb 
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Growth hormone-prolactin family members in invertebrates and at the base of the vertebrate tree 

No members of the growth hormone-prolactin gene family were found in the invertebrate genomes 
that were searched (Brachiostoma floridae, Ciona intestinalis, Ciona savigny and Drosophila 
melanogaster). The most ancient family member sequence found is the sea lamprey (Petromyzon 
marinus) growth hormone sequence (Kawauchi et al. 2002).  

The growth hormone-prolactin gene family 

In the Ensembl database the growth hormone-prolactin family includes three protein families: growth 
hormone, prolactin and somatolactin precursor families. Aside from the eponymous genes, these 
protein families include several mammalian placental peptide genes, among them the well-known 
chorionic somatomammotropins or placental lactogens (Chen et al. 1989), as well as prolactin-like 
peptide genes. These genes were not included in the phylogenetic analysis. Out of the studied 
mammalian genomes only dog (Canis familiaris) and grey short-tailed opossum (Monodelphis 
domestica) lack any placental lactogen or prolactin-like genes and thereby presumably reflect the 
ancestral mammalian state.  The fish genomes differ from the tetrapod genomes not only in that they 
have somatolactin genes and lack the placental lactogen and prolactin-like genes but also in that they 
have two prolactin genes (Table 1, Figure 2). 

The growth hormone-prolactin receptor gene family 

The receptor gene family is divided into two protein families in Ensembl. One growth hormone 
receptor precursor family, which includes the only annotated somatolactin receptor gene in Ensembl – 
that of medaka (Oryzias latipes) – and one prolactin receptor precursor family. In the tetrapod 
genomes only one gene is included in each protein family while the fish genomes have several 
members (Table 1, Figure 3).  
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FIGURE 2. Neighbor-joining tree of the growth hormone-prolactin gene family using 1000 bootstraps. GH (growth hormone), 
PRL (prolactin), SL (somatolactin), EPO (erythropoietin). Acitr (Acipenser transmontanus), Angan (Anguilla anguilla), Bosta 
(Bos taurus), Canfa (Canis familiaris), Danre (Danio rerio), Galga (Gallus gallus), Gasac (Gasterosteus aculeatus), Homsa 
(Homo sapiens), Macmu (Macaca mulatta), Musmu (Mus musculus), Mondo (Monodelphis domestica), Oncke (Oncorhynchus 
keta), Oryla (Oryzias latipes), Pantr (Pan troglodytes), Parol (Paralichthys olivaceus), Petma (Petromyzon marinus), Proan 
(Protopterus annectens), Spaau (Sparus aurata), Takru (Takifugu rubripes), Tetni (Tetraodon nigroviridis), Xentr (Xenopus 
tropicalis). 
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FIGURE 3. Neighbor-joining tree of the growth hormone-prolactin receptor gene family using 1000 bootstraps. GHR (growth 
hormone receptor), PRLR (prolactin receptor), SLR (somatolactin receptor), EPOR (erythropoietin receptor). Angja (Anguilla 
japonica), Bosta (Bos taurus), Canfa (Canis familiaris), Danre (Danio rerio), Galga (Gallus gallus), Gasac (Gasterosteus 
aculeatus), Homsa (Homo sapiens), Macmu (Macaca mulatta), Musmu (Mus musculus), Mondo (Monodelphis domestica), 
Oncma (Oncorhynchus masou), Oncmy (Oncorhynchus mykiss), Oryla (Oryzias latipes), Pantr (Pan troglodytes), Parol 
(Paralichthys olivaceus), Petma (Petromyzon marinus), Proan (Protopterus annectens), Spaau (Sparus aurata), Takru 
(Takifugu rubripes), Tetni (Tetraodon nigroviridis), Tilni (Tilapia nilotica), Xentr (Xenopus tropicalis). 
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Neighboring gene families of the Danio rerio growth hormone-prolactin family-bearing 

chromosomes 

Out of the 24 gene families identified in the vicinity of the Danio rerio growth hormone-prolactin 
family genes, 5 families fulfilled the criteria to be included in the analysis of conserved synteny: they 
had to include genes on at least two of the three relevant Danio rerio chromosomes, they had to be 
rooted by a Ciona intestinalis and/or a Drosophila melanogaster sequence (alternatively a Ciona 
savigny or Brachiostoma floridae sequence) and they had to be in the right timeframe as described in 
Materials and Methods. These families were: dual specificity phosphatase (DUSP), kin of irregular 
chiasm nephrin (KIRREL), KDA in intergenic region (GRAMD), dual specificity phosphatase 13 
(DUSP13) and liprin alpha tyrosine phosphatase receptor type F (PPFIA) (Table 2). The abbreviations 
are based on the name of the human genes in each respective family. One additional family, inward 
rectifier potassium channel (KCNJ), although outside of the timeframe, showed two subfamilies that 
fulfilled the criteria and were therefore also included (Table 2). The neighbor-joining trees of these 
families that form the base of the analysis are supplied as an appendix. 
 
TABLE 2. Incidences of synteny on the growth hormone-prolactin gene family-bearing chromosomes between the families dual 
specificity phosphatase (DUSP), kin of irregular chiasm nephrin (KIRREL), KDA in intergenic region (GRAMD), dual specificity 
phosphatase 13 (DUSP13) and liprin alpha tyrosine phosphatase receptor type F (PPFIA) as well as two subfamilies of inward 
rectifier potassium channel (KCNJ). The numbers represent chromosomal location for the genes in the different families and 
soecies and the yellow shading indicates growth hormone-prolactin gene family-bearing chromosomes. By convention, 
Gasterosteus aculeatus chromosomes are called “groups” and are numbered with roman numerals. Lowercase s denotes 
scaffolds and Un_r denotes Un-random chromosomes for genes that have not been confidently placed on a chromosome. 

Human chromosome # 2 8 11 12 17 19 21  

DUSP                 

Homo sapiens   11 12     

Canis familiaris   18 27     

Gallus gallus   5 1     

Danio rerio   18 25 4    3 

Tetraodon nigroviridis   13 Un_r    13 

Oryzias latipes         

Gasterosteus aculeatus   XIX s90    XI 

KIRREL                 

Homo sapiens   11   19   

Canis familiaris   5   1   

Gallus gallus   24   25   

Danio rerio   10 18   15   

Tetraodon nigroviridis   Un_r   8   

Oryzias latipes      16   

Gasterosteus aculeatus   I   XX   

GRAMD                 

Homo sapiens   11   19   

Canis familiaris   5   1   

Gallus gallus   24      

Danio rerio   10 18   16   

Tetraodon nigroviridis   Un_r   Un_r   

Oryzias latipes   13   16   

Gasterosteus aculeatus   I   XX   

 



 

 18 

 
TABLE 2. Continued                 

DUSP13         

Homo sapiens  8   17    

Canis familiaris     9    

Gallus gallus  22   27    

Danio rerio  10   3 12    

Tetraodon nigroviridis  Un_r Un_r   2 Un_r Un_r    

Oryzias latipes  9 12   8    

Gasterosteus aculeatus  XII sI97   XI    

PPFIA                 

Homo sapiens   11 12  19   

Canis familiaris   18 15  1   

Gallus gallus   5 Un_r 1     

Danio rerio   18 4 4  3   

Tetraodon nigroviridis   Un_r 19  2 3   

Oryzias latipes   3 23  8 19   

Gasterosteus aculeatus  II IV  V s151  

KCNJ_1                 

Homo sapiens 2  11    21  

Canis familiaris 36  5    31  

Gallus gallus 7 27  24    1  

Danio rerio 3 6 12  18    10 16  

Tetraodon nigroviridis Un_r 2 2 3  Un_r    7  

Oryzias latipes 8 19 21  13    14  

Gasterosteus aculeatus V XI XVI  I    VII  

KCNJ_2                 

Homo sapiens 2  11 1   21  

Canis familiaris 25      31  

Gallus gallus 9  24    1  

Danio rerio 15  18 18 18 10 4 7     

Tetraodon nigroviridis Un_r  Un_r Un_r Un_r Un_r   Un_r  

Oryzias latipes 13  13 14 17   14  

Gasterosteus aculeatus s119  I III VII   VII  
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Discussion 

The growth hormone-prolactin gene family 

Growth hormone, prolactin and somatolactin are considered a monophylactic group within the class-I 
helical cytokines (Huising et al. 2006). The neighbor-joining tree of the growth hormone-prolactin 
gene family produced in this study (Figure 2) supports this as well the divergence between the three 
peptides. Not included in these analyses are the placenta-specific chorionic somatomammotropins 
(placental lactogens) and prolactin-like peptide genes that also form a part of the growth hormone and 
prolactin protein families in most mammalian genomes. The cow (Bos taurus) and mouse (Mus 
musculus) genomes in particular have many members that likely arose though tandem duplications in 
the prolactin locus on chromosomes 23 and 13 respectively. In the primate genomes the placental 
lactogen genes are found within the growth-hormone locus (Chen et al. 1989; Gonzalez Alvarez et al. 
2006) as opposed to the Bos taurus and Mus musculus genomes where they are part of the expanded 
prolactin locus (Forsyth and Wallis 2002). 

The sea lamprey (Petromyzon marinus) growth hormone gene is notable in the tree as 
it reflects the accepted species phylogeny as the most ancient of the peptides in the family (Kawauchi 
et al. 2002). No growth hormone-prolactin family gene has been cloned or sequenced in hagfish, the 
most primitive craniate known, although immunoreactive studies of adenohypophysial cell types in the 
pituitaries of two species of hagfish show that they do have growth hormone/prolactin like cells 
(Nozaki et al. 2005), something that was previously proven for the sea lamprey (Nozaki et al. 2001). 
The tree also reflects the accepted phylogeny showing the actinopterygian-sarcopterygian split, 
apparent in the tree as the branching between tetrapods and fishes. As a whole, the phylogenetic 
analysis supports an origin of the growth hormone-prolactin gene family early in vertebrate evolution. 
However, the chromosome locations of the genes in tetrapods compared to teleosts are contradictive 
(Table 1). In tetrapods the growth hormone and prolactin genes are located on different chromosomes, 
suggesting an origin through a chromosome or whole genome duplication event. But in teleosts the 
growth hormone and prolactin genes are located in the vicinity of each other suggesting a tandem 
segmental duplication. This points towards a complicated evolutionary history where several different 
duplication events followed by gene losses have shaped the family. The study of the neighboring gene 
family members could not elucidate this further as no clear pattern of conserved synteny could be 
observed (Table 2).  

Differences in evolutionary rate pattern 

Inconsistencies within the tetrapod branch can be attributed to the particular pattern of molecular 
evolution demonstrated in the growth hormone-prolactin gene family. Mammalian growth hormone 
and prolactin show a near-stasis basal evolutionary rate (approx 0.27 x 109 substitutions/amino acid 
site/year in prolactin) with short spurts of accelerated evolution showing an approx 12- to 38-fold 
increase in evolutionary rate. These spurts occurred in the lineages leading to primates and 
artiodactyls for growth hormone and in the lineages leading to rodents, elephants, ruminants and man 
for prolactin (Wallis 2000; Forsyth and Wallis 2002). These lineage-specific changes in evolutionary 
rate are apparent in figure 2. This pattern has been demonstrated as common among the various 
vertebrate lineages with accelerated rate spurts in elasmobranchs, amphibians and teleosts as well 
(Wallis 1996). It has also been demonstrated that the prolactin receptor gene shows strong co-
evolution with its ligand, as prolactin displays the same peculiar evolutionary rate pattern (Li et al. 
2005).  

The growth hormone-prolactin receptor gene family 

The growth hormone-prolactin receptor gene family forms a monophyletic group within the large 
family of cytokine receptor genes (Butler and Le Roith 2001; Huising et al. 2006). The neighbor-
joining phylogenetic tree of the growth hormone-prolactin receptor gene family constructed in this 
study (Figure 3) reflects this as well as the evolutionary sequence divergence of two large distinct types 
of receptors. In the tetrapods that have been studied the growth hormone receptor and the prolactin 
receptor genes are located in the vicinity of each other on the same chromosomes (Table 1) suggesting 
that they arose through a tandem segmental duplication. In the teleosts that have been studied several 
growth hormone as well as prolactin genes are found which supports a teleost-specific whole genome 
duplication. The chromosome locations of these genes in Gasterosteus aculeatus and Oryzias latipes, 
and to some extent Danio rerio (Table 1), seem to indicate that the prolactin and growth hormone 
receptor genes arose through a local segmental duplication prior to the 3R event, which then possibly 
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duplicated the entire block. However, this needs to be complemented with analysis of conserved 
synteny with neighboring gene families in order to affirm conclusively how the gene family was 
created. 

Somatolactin and the somatolactin receptor 

The lungfish (Protopterus annectens) growth hormone and somatolactin genes have been included in 
the analysis as lungfishes are the closest extant relatives of the tetrapods. As such they hold a 
particularly interesting position in the vertebrate phylogeny and the evolution of the growth hormone-
prolactin gene family (Joss 2006). Since somatolactin has only been identified in actinopterygians as 
well as in Protopterus it places the origin of the somatolactin gene before the actinopterygian-
sarcopterygian split suggesting that has been lost from the tetrapod lineage (Amemiya et al. 1999; May 
et al. 1999). In the tree (Figure 2) the positions of the Protopterus sequences do not match the 
accepted phylogeny; they should be placed as the most ancient sequences in their respective clades. 
However, the position of the lungfish somatolactin in the middle of the clade presumably reflects the 
function of the gene and confirms that its identification as somatolactin in the lungfish is correct. It 
has been established before that the unexpected position of the lungfish somatolactin gene within the 
somtolactin branch is not due to a simple “long-branch attraction” artefact (Zhu et al. 2004).  

The evolution of the somatolactin gene is unclear; the white sturgeon (Acipenser 
transmontanus) gene should be the most ancient aside from lungfish but in the tree it groups together 
with the chum salmon (Oncorhynchus keta) gene and the Danio rerio gene. Three of the fishes have 
two somatolactin genes but from this analysis it is not apparent whether this is a result of the teleost-
specific 3R duplication or a possible lineage-specific segmental duplication. It is known from before 
that the goldfish (Carassius auratus) somatolactin gene is highly divergent, as are the Danio 
somatolactin β gene and the second somatolactin gene found in rainbow trout (Oncorhynchus 
mykiss), not included in this analysis. It has also been shown that these sequences and some other 
divergent teleost somatolactin genes, including eel (Anguilla anguilla), cluster together and form a 
group that is clearly distinct from the rest of the somatolactin genes. This suggests the presence of two 
distinct subfamilies that might have originated through a whole genome duplication event before the 
divergence of cyprinid and salmonid fishes (Zhu et al. 2004), possibly the 3R event.  There is some 
evidence of this found in this study when considering that the Danio somatolactin α and β genes are 
located in two different chromosomes, 10 and 18 (Table 1). However, the tree suggests more recent 
duplications in Sparus aurata, Oryzias latipes and Tetraodon nigroviridis (Figure 2).  This makes it 
likely that several different duplication events have shaped the family, making this study insufficient to 
elucidate exactly what has happened. However, it does strengthen the hypothesis that two 
somatolactin variants arose early in teleost evolution, which supports duplication in the 3R event. It 
should be mentioned that most members in the divergent somatolactin clade show an accelerated rate 
of evolution which could affect these results (Li et al. 2007). The study of the neighboring gene family 
members could not provide clear patterns of conserved synteny (Table 2) to clarify the evolution of the 
somatolactin gene. However, interestingly there is pattern of conserved synteny between a region on 
the somatolactin-bearing chromosomes in Danio rerio and Oryzias latipes and chromosome 11 in 
Homo sapiens, chromosome 5 in Canis familiaris and chromosomes 24 and 5 in Gallus gallus (Table 
2). This supports the hypothesis that the somatolactin gene was present in the sarcopterygian lineage 
after the actinopterygian-sarcopterygian split but disappeared in the tetrapods and that the 
Protopterus somatolactin gene is indeed orthologous to the teleost somatolactin gene.  

While growth hormone and prolactin receptors genes have been identified in many 
genomes, somatolactin receptor genes have only been identified in masu salmon (Oncorhynchus 
masou) (Fukada et al. 2005) and Oryzias latipes (Fukamachi et al. 2005). The Oncorhynchus receptor 
was first discovered when cloning growth hormone receptor cDNA and it was only subsequent ligand 
binding studies that confirmed that it was indeed the somatolactin receptor. This raises the question 
whether the somatolactin receptor gene exists in other fish species. It has been proposed that many of 
the putative growth hormone receptors are actually the somatolactin receptors based on phylogenetic 
and exon/intron structure analyses of the the growth hormone-prolactin receptor family (Fukamachi 
et al. 2005). The phylogenetic tree constructed in this study (Figure 3) supports this suggestion. In 
figure 3, two distinct clades of putative teleost growth hormone receptors are apparent with at least 
one gene from most of the fish genomes in each clade, suggesting an origin in the teleost-specific 3R 
duplication. The eel (Aguilla japonica) genes do not follow this pattern, which will be addressed 
further down in the section. Rainbow trout (Oncorhynchus mykiss) growth hormone receptor gene 
sequences were used to complement the analysis of the salmonid fish due to the lack of good 
sequences for the masu salmon (Oncorhynchus masou) growth hormone receptor. They are very 
closely related species so this should not affect the results of the analysis. At least two more studies, 
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one published as recently as May 2007, confirm this phylogeny introducing the genes for the guilthead 
seabream (Sparus aurata) and the orange spotted grouper (Epinephelus coioides) but do not draw any 
conclusions as to the identity of the two distinct clades of putative growth hormone receptors (Saera-
Vila et al. 2005; Li et al. 2007). In fact, the somatolactin receptor genes are not even mentioned in any 
one of the articles. In the latter of the two studies mentioned above, the Anguilla putative growth 
hormone receptor genes are also placed in the same clade, which points towards it not being a 
construct of the phylogenetic analysis in figure 3.  

Both the peptide tree (Figure 2) and the receptor tree (Figure 3) show clearly diverging 
Anguilla, Carassius, Danio and Oncorhynchus genes, reflecting the close ligand-receptor co-evolution 
that has been observed in the growth hormone-prolactin gene family (Li et al. 2005). But while the 
divergent variants of somatolactin (β-variant) in Carassius, Danio and Oncorhynchus have been 
suggested to originate in the 3R event (Zhu et al. 2004), as described earlier, the same is not obvious 
for the somatolactin receptor genes. Instead, this study suggests that the divergence between growth 
hormone receptors and somatolactin receptors is the 3R result while the divergence of the Anguilla, 
Carassius, Danio and Oncorhynchus somatolactin receptors may be the result of a subsequent 
duplication followed by gene loss in other fish lineages or alternatively just by close co-evolution with 
the ligand. Neither scenario is clearly shown by the phylogenetic analysis in figure 3 since the Anguilla 
genes suggest a more basal duplication while the Danio genes and their chromosome location next to 
each other on the same chromosome (Table 1) show a recent segmental duplication. To clarify this 
more species should be included in the analysis and it should be complemented with equal analysis of 
neighboring gene families.  

Prolactin and the prolactin receptor 

Interesting results can also be seen in the evolution of the prolactin gene in fishes. All 
fish genomes investigated show two divergent prolactin genes located in two distinct clades (Figure 2), 
something that is previously unaddressed in the literature, and the two prolactin gene variants have 
been mapped to two different chromosomes in all the genomes except Tetraodon nigroviridis and 
Takifugu rubripes, where many genes are still only mapped to scaffolds. This suggests that an 
ancestral prolactin gene in fishes duplicated, possibly in the 3R event, and that both of the duplicates 
have been retained in the genome, likely through functional subfunctionalization. In this regard it is 
interesting to note that the prolactin receptor also has been duplicated and retained in all fish genomes 
studied (Figure 3). There is one notable group of divergent Tetraodon, Takifugu and Gasterosteus 
aculeatus prolactin receptors but due to its position close to the outgroup it is impossible to say from 
this study if they are indeed highly derived or degenerated prolactin receptors or if their inclusion in 
the Ensembl protein families is erroneous.  

Conclusions  

The growth hormone-prolactin gene family and their receptor gene family proved to be difficult to 
study in regards to the 2R and 3R hypothesis of whole genome duplications in the vertebrate lineage. 
The phylogenetic analyses could not give conclusive evidence that the growth hormone, prolactin and 
somatolactin genes and their receptor genes are located in paralogons and the analysis of neighboring 
gene families in the Danio rerio growth hormone-prolacting gene family-bearing chromosomes also 
failed to show conclusively that the gene families arose as a result of the suggested whole genome 
duplication events in the vertebrate lineage. Nevertheless, the study shows that the growth hormone-
prolactin family peptides and their receptors arose early in vertebrate evolution. Based on the number 
of genes, their chromosome locations and their positions in the phylogenetic trees that were produced 
the study confirm that some sort of duplication events shaped the families and made their functional 
diversity possible.  

Some interesting conclusions could be drawn with regard to the identification of 
somatolactin receptor in fishes. This study confirms, at least phylogenetically, the hypothesis that one 
of the variants of growth hormone receptor described in fishes is actually the somatolactin receptor. 
This could lend some support to the hypothesis of the 3R duplication in the teleost lineage as this 
study suggests that the divergence between the putative growth hormone receptors and the suggested 
somatolactin receptors as well as the divergence between two variants of somatolactin occurred early 
in teleost evolution. 

Evidence was also found for the duplication of prolactin in all fish genomes available in 
Ensembl suggesting that the prolactin gene could have been duplicated in the 3R event as well. 
Although this is by no means conclusive from this study, no such duplication has been suggested in the 
literature before, making the suggestion of two prolactin variants in fishes a novel one.
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Appendix 
 
Phylogenetic trees of the neighboring gene families 

The first numbers in the branch labels indicate the chromosome number. By convention Gasterosteus 
aculeatus chromosomes are numbered with roman numerals. Lowercase s denotes scaffolds and UNR 
denotes Un-random chromosomes for genes that have not been confidently placed on a chromosome. 
Canfa (Canis familiaris), Cioin (Ciona intestinalis), Danre (Danio rerio), Drome (Drosophila 
melanogaster), Galga (Gallus gallus), Gasac (Gasterosteus aculeatus), Homsa (Homo sapiens), Oryla 
(Oryzias latipes), Tetni (Tetraodon nigroviridis), Xentr (Xenopus tropicalis). 
 
 
 

 
 
 
FIGURE A1. Neighbor-joining tree of the dual specificity phosphatase (DUSP) gene family using 1000 bootstraps.  
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FIGURE A2. Neighbor-joining tree of the kin of irregular chiasm nephrin (KIRREL) gene family using 1000 bootstraps.  
 
 

 
 
 
FIGURE A3. Neighbor-joining tree of the KDA in intergenic region (GRAMD) gene family using 1000 bootstraps.  
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FIGURE A4. Neighbor-joining tree of the dual specificity phosphatase 13 (DUSP13) gene family using 1000 bootstraps.  
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FIGURE A5. Neighbor-joining tree of the liprin alpha tyrosine phosphatase receptor type F (PPFIA) gene family using 1000 
bootstraps. 
 

 
 
FIGURE A6. Neighbor-joining tree of one subfamily (KCNJ1) of the inward rectifier potassium channel (KCNJ) gene family using 
1000 bootstraps. 
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FIGURE A7. Neighbor-joining tree of one subfamily (KCNJ2) of the inward rectifier potassium channel (KCNJ) gene family using 
1000 bootstraps. 
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