
Genome evolution and speciation: insights from 

cichlid, coelacanth, and Xiphophorus fish 

Dissertation zur Erlangung des akademischen Grades eines Doktors der 

Naturwissentschaften 

vorgelegt von 

Shaohua Fan

Matematisch-Naturwissenschaftliche Sektion Fachbereich 

Biologie 

Konstanz 

2014 

http://nbn-resolving.de/urn:nbn:de:bsz:352-0-255182


 

 

  



 

 



 

 



 

I 
 

Acknowledgement 
 
This dissertation is my five-year's work during my Ph.D. study in Prof. Axel Meyer's 

lab at University of Konstanz, Germany. First of all, I would like to give my greatest 

appreciation to Prof. Axel Meyer for generously providing his comments and critics 

to my research.  

 

I wish to thank Lecture Kathryn Elmer, who did an excellent job in supervising me in 

the first two years of my study. I would like to thank my collaborators, Dr. Julia 

Jones, Dr. Helen Gunter, Oleg Simakov, and Domitille Chalopin. Further, I would 

like to thank the Young Scholar Fund from University of Konstanz, European 

Research Council for provide financial support for my study.  

 

Thanks to the all members in the Meyer lab. Especially, I am grateful to Bonnie Wall, 

Dr. Helen Gunter, Dr. Claudius Kratochwil, and Ralf Schneider for their comments to 

the thesis.   

 

For my family members, I want to first thank my wife Fang Zhou, who always 

provide me endless supports but also criticize me when I made mistakes. To my 

young brother, father and my father- and mother-in-law, I want to say it is my luck to 

have you.  



 

 II 

Abstract 
 
Understanding evolution at genomic level is a major goal of speciation study. 

Advances in Modern Biology, especially the emergence of new sequencing 

technology, have shown that genome evolution plays an important role in biodiversity. 

Nonetheless, the understanding of the relationship between the pattern of genomic 

diversity evolution and speciation is incomplete. Therefore, I have chosen the cichlid, 

coelacanth, and Xiphophorus fish as the study systems. These species are suitable to 

address a wide range of questions for the study of speciation stages, rate, and 

mechanism. 

 

First, I have analyzed the active transposable elements in the coelacanth genome. 

Coelacanth, a famous living fossil, shows significant similarity to fossils that date 

back at least 300 million years. In contrast to the former hypothesis that the 

morphological stasis of the coelacanth was related in the lack of intense intermittent 

activity of TE families, my analyses firstly, based on the novel genomic and 

transcriptome data, show that transposable elements from at least 13 super-families 

are still active in the coelacanth genome, which is similar to other 'normally evolving' 

tetrapod genomes. 

 

Second, I constructed the phylogeny of the Xiphophorus fishes. The freshwater fish 

genus Xiphophorus fish is a widely used model for studying evolutionary and 

ecological questions. The Xiphophorus phylogeny, which forms the backbone of such 

analyses, was previously constructed using a variety of different markers, however, 

the phylogenetic relationships remained poorly resolved, particularly for the more 

derived clades. The newly constructed phylogeny, generated using the around 66000 

single nucleotide polymorphism marks throughout the genome, resolved the 

relationship among all major clades with high confidence, providing a highly valuable 

resource for future studies of this genus.  

 

Third, I have studied the genomic bases of rapid evolution of cichlid fish. Cichlid 

fishes of the East African rift lakes have formed famous model for studying adaptive 

radiation that more than 2000 species have evolved in the last few million years. I 
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found that the fast evolution of African cichlid fishes was in the result of multiple 

mechanisms including extensive genomic structural variations, transposable element 

expansions, substantial gene duplications at the last common ancestor of 

haplochromine cichlids, and shuffling standing variations in the derived species. For 

the recently adaptive radiations of Midas cichlids, I have comparatively analyzed the 

genomic diversity and selection of two pairs of sympatric, ecologically divergent 

crater-lake Midas cichlids (A. zaliosus and A. astroquii from Lake Apoyo, and A. 

amarillo and A. sagittae from Lake Xiloa) using the 454 transcriptome sequencing 

technology. In total, six genes between A. zaliosus and A. astroquii and nine genes 

between A. amarillo and A. sagittae exhibited the sign of positive selection. However, 

we also found that no evidence supports the parallel phenotypes between A. sagittae 

and A. zaliosus were resulted in the parallel substitutions in the coding regions. 

Besides, we also test the selection pressures of 11 genes, which were under positive 

selection in the evolution of African cichlids, between A. amarillo and A. sagittae and 

found none of these genes show positive selection signal between these two species. 

This suggested that the adaptive radiations of African and Neotropical cichlids may 

evolved though non-parallel genetic bases.    

 

In conclusion, combining the methods in Bioinformatics, genomics and molecular 

evolution, I have comprehensively analyzed the genome evolution of cichlid, 

coelacanth and Xiphophorus fishes and provided new insights to the evolution and 

speciation of these species.  
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Zusammenfassung 
 
Evolution auf der Genomebene zu verstehen, ist eines der Hauptziele des Studiums 

der Artbildung. Fortschritte in der modernen Biologie, wie die Entwicklung 

neuartiger Sequenzierungstechniken, zeigten, dass die Genomevolution essenziell zur 

Biodiversität beiträgt. Nichtsdestotrotz ist das Verständnis der Beziehung zwischen 

den Evolutionsmustern genomischer Diversität und von Artbildung unvollständig. 

Aus diesem Grund habe ich Buntbarsche, Quastenflosser und Xiphophorus als 

Studiensystem ausgewählt. Diese Fischtaxa sind aus mehreren Gründen ideale 

Studiensysteme um Artbildung zu untersuchen, da sie nicht nur unterschiedliche 

Stadien der Artbildung repräsentieren sondern auch signifikante Unterschiede in der 

Geschwindigkeit von Artbildungsprozessen zeigen. 

 

Zunächst analysierte ich die aktiven Transposons im Quastenflosser Genom. 

Quastenflosser sind berühmt als „lebende Fossilien“ da sie beachtliche Ähnlichkeit zu 

300 Millionen Jahre alten Fossilien zeigen. Im Gegensatz zur früheren Hypothese, 

dass der morphologische Stillstand der Quastenflosser mit dem Fehlen intensiver 

zwischenzeitlicher Transposon Aktivität zusammen hing, zeigen meine Analysen zum 

ersten Mal, dass, basierend auf den neusten Genom- und Transkriptomdaten, 

Transposons von mindestens 13 super-Familien immer noch aktiv im 

Quastenflossergenom sind, was somit vergleichbar mit anderen, „normal 

evolvierenden“ Tetrapodengenomen ist. 

 

Anschließend konstruierte ich einen Stammbaum für Xiphophorus Fische. Die im 

Süßwasser heimische Gattung Xiphophorus ist ein häufig benutztes Modell um 

evolutionäre und ökologische Fragestellungen zu untersuchen. Der Xiphophorus 

Stammbaum, der das Rückgrat solcher Analysen bildet, wurde bisher unter 

Zuhilfenahme verschiedenster genetischer Markern erstellt. Jedoch unterlagen die 

phylogenetischen Verwandtschaftsverhältnisse einer schlechten Auflösung, ins 

besondere in stark abgeleiteten Gruppen. Der neu konstruierte Stammbaum, welcher 

unter Zuhilfenahme von ca. 6600 über dem ganzen Genom verteilten Einzelnukleotid-

Polymorphismus Kennstellen erstellt wurde, zeigt klar und mit hoher Verlässlichkeit 

die Verwandtschaftsverhältnisse aller Hauptgruppen zueinander was somit eine 

wertvolle Ressource für zukünftige Studien an dieser Gattung darstellt. 
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Schließlich untersuchte ich die genomischen Grundlagen der rasanten Evolution der 

Buntbarsche. Ich fand heraus, dass diese rasante Evolution der Afrikanischen 

Buntbarsche das Ergebnis mehrerer Mechanismen war, welche ausgedehnte Genom-

Strukturelle Variabilität, die Aktivität von Transposons, bedeutende Genduplikationen 

im letzten gemeinsammen Vorfahr aller haplochrominen Buntbarsche und ein 

durchmischen stehender genetischer Variabilität abgeleiteter Arten beinhalten. Für die 

kürzliche adaptive Radiation der Midas-Buntbarsche habe ich die genomische 

Diversität und genetischen Selektionsmuster zweier Paare von sympatrischen, 

ökologisch unterschiedlichen Midas Buntbarscharten zweier Kraterseen unter 

zuhilfenahme des 454 Transkriptionssequenzierverfahrens vergleichend analysiert 

(A. zaliosus und A. astorquii vom Apoyosee und A. amarillo und A. sagittae vom 

Xiloasee). Insgesamt zeigten sechs Gene zwischen A. zaliosus und A. astorquii und 

neun Gene zwischen A. amarillo und A. sagittae Zeichen positiver Selektion. Jedoch 

fanden wir keine Hinweise darauf, dass die sich entsprechenden Phenotypen von 

A. sagittae und A. zaliosus durch paralelle Substitutionen in kodierenden Genregionen 

entstanden sind. Des Weiteren untersuchten wir den Selektionsdruck von 11 Genen, 

welche während der Evolution der Afrikanischen Buntbarschen unter positivem 

Selektionsdruck standen, zwischen A. amarillo und A. sagittae, fanden aber in keinem 

der Gene Anzeichen für positive Selektion. Die deutet darauf hin, dass die adaptive 

Radiation der Afrikanischen und Neotropischen Buntbarsche eine nicht-paralelle 

evolutionäre Grundlage hat 

 

Zusammenfassend habe ich durch die Kombination bioinformatischer, genomischer 

und molekularevolutionärer Methoden die Genomevolution der Buntbarsche, 

Quastenflosser und von Xiphophorus umfassend analysiert und dadurch neue 

Einblicke in die Evolution und Artbildung dieser Taxa ermöglicht. 
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Chapter 1 - General introduction 
 

Speciation is the driving force behind organismal diversity on planet Earth. Ever since 

Darwin published his seminal tome "On the Origin of Species" [1] in 1859, 

evolutionary biologists have been investigating speciation from different aspects [2-5]. 

One key component in speciation studies involves an understanding of the connection 

between genome evolution and speciation [3]. The main reason for this is because 

multiple processes, such as natural selection and genetic drift, have shaped present-

day species during evolution, and these processes have left their signatures on the 

genome. Therefore, together with geographic and ecological attributes of species, by 

interrogating the patterns of genome diversity, we can infer the fundamental questions 

in the study of speciation, such as: What is the impact of genome evolution to 

speciation? How much and which part of the genome was affected by natural 

selection? And ultimately, how did genetic barriers of reproductive isolation evolve 

between sexual populations?  

 

To gain insight into these questions, I have chosen the coelacanth, cichlid and 

Xiphophorus fish as my study systems. These species are suitable to address a wide 

range of questions for the study of speciation stages, rate, and mechanism. First, they 

represent a broad spectrum of the stages of speciation and evolutionary divergence, 

from young to ancient divergences. For example, the most species-rich lineage in 

cichlids, the haplochromine cichlids, consists of more than 1800 species that arose 

around 1.8 million years ago [6]. These young species show extraordinary diversity in 

their morphology, coloration, and behavior, but many species remain genetically 

compatible, producing viable, fertile offspring [7-9]. In contrast, the only two existing 

coelacanth species, Latimeria chalumnae and Latimeria menadoensis, diverged at 

least 30 million years ago [10]. Second, coelacanth, cichlid fishes and Xiphophorus 

fishes demonstrate significant differences in their rates of speciation. The rapid 

diversification of African cichlids - around 2500 species have evolved in the adaptive 

radiations in the Great Lakes of East Africa - represents the largest scale of adaptive 

radiation in vertebrates [7, 11]. In contrast, coelacanth is famed for its slow rate of 

evolution where the modern coelacanths are still morphologically similar to the fossils 

that date back to 300 million years [12, 13]. Third, these three fishes are ideal systems 
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in which to investigate the role of natural and sexual selection in the process of 

speciation. For instance, Charles Darwin used the sexual dimorphism of Xiphophorus 

fish (males of swordtail) as an example of sexual selection [14]. Midas cichlids 

complex provides textbook examples of sympatric speciation by natural selection [15] 

and sexual selection [16]. In spite of being ideal models in which to investigate the 

process of speciation, research on these species still has a lot of unresolved issues, and 

lacks analyses using large-scale sequencing data. 

 

In the following sections, I first reviewed the recent advances in phylogenomics in 

section 1.1. I will then discuss the impact of genome evolution on speciation in 

section 1.2. Finally, I will introduce the study systems and present corresponding 

research questions in section 1.3.  

 

1.1 Phylogenomics 

Phylogenetics - the reconstruction of evolutionary history - is a prerequisite of almost 

any evolutionary study.  According to Darwin’s theory of evolution, under the correct 

ecological conditions an ancestral species may occasionally split into two descendant 

species. Initially, these two descendent species are very morphologically similar; 

however measurable differences accumulate over time after the initial divergence. 

This process, described as “descent with modification”, occurs repeatedly in the 

descendant species during the course of evolution. These branching lineages can be 

depicted as a tree-like structure, illustrating Darwin’s idea, that slow, successive 

modifications can give rise to the extreme diversities observed in contemporary 

species [17].  

        

The earliest phylogenetic analyses were mainly based on similarities in morphological 

and ultrastructural characters. These morphological based methods have been proved 

powerful in some aspects by which the main groups of animals and plants can be 

identified easily [17, 18]. However, one main limitation in the morphological based 

methods is that the number of reliable homologous characters is rare or even 

nonexistent in some taxa (e.g. microorganisms).  The emergence of the DNA 

sequencing in 1970s has revolutionized phylogenetic studies as it dramatically 

increased the number of homologous characters in phylogenetic reconstruction, thus 

improving the resolution of phylogenetic trees [18]. A few genes, particularly the 
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small subunit ribosomal RNA (SSU rRNA), became the reference markers for 

microbial identification and the inference of deep phylogenetic relationships [19]. 

However, topological conflicts between phylogenies using different genes were 

revealed, as more genes were included into analyses [18]. Furthermore, due to limited 

information of a single gene, numerous parts/branches of the tree of life are poorly 

resolved [18].    

Advances in automated Sanger sequencing technologies have yielded an increase 

number of publicly available genomes [18, 20].  This wealthy of data has fostered a 

new research area, termed phylogenomics, which leads to analyses genomes in a 

phylogenetic context [21]. One branch of phylogenomics studies involves the use 

genomic data to reconstruct the ‘tree of life’ [18, 21]. Whole genome analyses 

dramatically increase the number of informative characters that can be used in 

phylogenetic analyses, thus reducing stochastic or sampling errors in the traditional 

single genes based phylogenetic reconstruction [18].  

 

Multiple sequence alignment (MSA) method has long been a sine qua non in 

phylogenomic reconstruction [22]. The MSA method rests on orthologous genes 

across species, in which orthologous genes were firstly aligned using software like 

Clustalw [23] or Muscle [24], and then unambiguous aligned sites were used to 

reconstruct tree  [18] (Figure 1.1). Two alternative approaches can be used in tree 

construction step, supermatrix [25] and supertree [26]. The supermatrix approach, 

following the principle of using all available data, reconstructs the phylogeny based 

on concatenation of individual genes; while the supertree approach combines the 

optimal tree from the analysis of each individual gene based on methods such as the 

matrix representation using parsimony (MRP) [27, 28]. The relative merits of these 

two methods still need to be explored [18]. For example, empirical studies showed 

that the superior of the supermatrix over supertree in constructing the phylogeny of 

crocodylians [29], whereas two approaches had produced similar trees in the 

phylogenomic analyses of Bacteria [30-32].  
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Figure 1.1 Phylogenomic inference using multiple sequence alignment method 
(modified from [18]). 

 

The well-developed MSA based methods, however, are not without limitations. 

Firstly, it is obvious that phylogenomic reconstruction, using hundreds of genes, is 

only suitable for model systems of which genome assembly and corresponding gene 

annotation are available. Furthermore, given the information such as gene annotation 

is available, factors, such as stochastic substitution variations and bias across sites and 

taxa (also know as heterotachy), incomplete taxon sampling, lateral gene transfer, 

copy number variation, recombination, gene fusion and diverse chromosomal 

inheritance patterns, can produce misleading phylogenetic signals and lead to 

phylogenetic reconstruction artifacts [18, 33]. More importantly, although under 

development, next-generation phylogenomics is highly demanded, which could 

transcend gene boundaries and capture genome-wide phylogenetic signals from 

unprecedented volumes and types of data with the applications of second and third 

generation sequencing technologies [34].      
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The advances of phylogenomics is realizing Darwin’s dream of having “... fairly true 

genealogical trees for each great kingdom of Nature”. It also provides a general 

framwork to understand the fundamental questions on speciation such as the 

following: How and when did particular characters (such as key evolutionary 

innovations) arise and how were they modified during speciation?  

 

Understanding of the cause of speciation is one of the fundamental questions of 

evolutionary biology. Traditionally, to answer this question involves a close 

examination of the character changes in recently diverging species [35]. Phylogenetic 

analyses using molecular data provide robust information on both the phylogenetic 

relationships and divergence times [17, 35]. Phylogenetic methods can contribute 

powerfully to studies of speciation, when data on phylogenetic relationships and 

divergence times are combined with further information on biogeography and ecology 

[35]. For example, based on species-level phylogenies and geographic distributions of 

the recently formed sister taxa of several insect, bird and fish groups, researchers 

found that there is no range overlapping between the young species, thus suggesting 

the allopatric speciation model is more common than other speciation models [36].  

 

These phylogenetic methods also provide a general framework in which to examine 

the impact of character evolution (e.g. ecological shift or key evolutionary innovation) 

on speciation. The basic idea is to map given traits onto a phylogeny, with the null 

hypothesis that if the traits arose randomly during evolution, they would have no 

effect on speciation [35]. This has been elegantly examined in haplochromine 

cichlids, a highly species-rich lineage, in the context of egg spot evolution [6]. Egg-

spots, small, discrete pigment patches that mimic haplochromines eggs, are usually 

found on the anal fins of male cichlids. Central in the courtship behaviour displayed 

by haplochromines, egg spots are considered to be a sexual advertisement that 

stimulate female cichlids to open their mouths in the proximity of the male’s genital 

opening, ensuring the fertilization of their eggs [37, 38]. In their phylogenetic analysis, 

authors suggest that egg-spots are a key evolutionary innovation for the 

haplochromine cichlids, as the origin of this trait coincided with the origin of modern 

haplochromine cichlids [6].   
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1.2 Genome evolution and speciation  

 
As Ernst Mayr stated “The words ‘reproductively isolated’ are the key words of the 

biological species definition” [2]. Therefore, one crucial component of understanding 

speciation involves how genetic barriers, which inhibit gene flow between 

populations, arise during speciation [3]. In the following section I will review the 

cause and consequences of genomic differentiation during speciation and will also 

highlight the impact of transposable elements (TEs) on genome evolution and discuss 

its potential role in promoting speciation.  

 

1.2.1 Genomic divergence and speciation 
 

Historically, geneticists wanting to understand postzygotic isolation mainly focused 

on identifying individual speciation genes or a few loci that contribute to reproductive 

isolation between species, especially those that cause intrinsic postzygotic inviability 

and sterility [42]. For example, Ting and co-workers found that the OdsH gene, a 

rapidly evolving homeobox gene, is responsible for the male hybrid sterility that 

occurs in offspring of crosses between D. simulans and D. mauritiana [39]. 

Functional analyses showed that the OdsH gene only affects the young males under 

sperm-exhaustion conditions, since the expression of the OdsH gene accelerates 

sperm maturation [39]. In spite of their power to detect genes that involve in 

postzygotic isolation (reviewed in [40, 41]), such gene-dominated studies have 

several drawbacks. First, studies that have historically focused on individual 

speciation genes were mainly conducted in species pairs that diverged several million 

years ago. Therefore, it is difficult to distinguish that whether these genes had 

contributed to the divergence at the initial stage or if these mutations had accumulated 

after the split of the populations [42]. Second, we lack an understanding of the 

evolution of these speciation genes from a genomic aspect. For example, it was not 

possible to detect the epistatically interactions between genes that facilitate or impede 

gene flow between populations, and to characterize the patterns and causes of 

genomic divergence during speciation [43]. 

Advances in comparative and population genomics, especially with the emergence of 

second and third generation sequencing technologies [20], have enabled the expansion 
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of speciation studies from gene-dominated studies, to those that cover a genome-wide 

scale [44, 45]. New models, such as ‘genomic islands of divergence’, had been 

proposed by evolutionary biologists that aimed to understand the overarching patterns 

of genomic differentiation that arise during speciation [46]. Following this metaphor, 

such islands could take the form of a single SNP, a gene or an entire chromosome that 

exhibits significantly greater differentiation than expected under neutral evolution 

[47]. The height and size of the island can be affected by factors such as the rate of 

recombination, the strength of selection and the physical linkage of the selected loci 

and other neighboring loci [48]. Using the whole genome scan method based on the 

next generation sequencing, recent studies have addressed a wide range of questions 

in regarding genome evolution and speciation (e.g. [44, 45, 49]): how numerous and 

large are genomic islands of divergence? How did these genomic islands disperse in 

the genome? What types of genomic regions were involved (cis-regulatory or coding 

regions)? What is the impact of genomic structural variation to genomic 

differentiation between sexual populations?  However, the answers to these questions 

are highly variable, not only depending on the study system employed, but also by the 

sequencing technologies and statistical methods used (reviewed in [43]). For example, 

an initial study of genomic divergence of Anopheles mosquitoes M and S forms 

conducted using microarray technology only identified three highly differential 

islands [46]. However, a subsequent study based on the whole genome sequencing 

revealed at least 150,000 SNPs across the genome were fixed between two forms [50]. 

Despite the potential issues, whole genome scans provide a framework for 

understanding genome evolution and its relevance to the origins of diversity.   

 "Natura non facit saltum" (Nature does not take leaps) was Darwin's favorite 

incantation. Theorists in the 1930s and 1940s, for instance Ronald Fisher, believed in 

the gradualist doctrine in adaptation that adaptation should rely on innumerable 

mutations with small effects and mutations with large effects should be deleterious 

(reviewed in [51]). However, transposable element induced speciation represent a 

contrary but still controversial view that new species could arise suddenly.     

       

1.2.2 Transposable elements and speciation 
 
As being firstly discovered by Barbara McClintock in 1950, transposable elements 

(TE) is DNA sequence that is capable of moving from one location to another on 
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genome [52]. Based on whether an RNA intermediate is used or not during 

translocations, TE can be classified into two classes, DNA transposons and 

retrotransposons (including LTR and non-LTR transposons) (Figure 1.2)[53]. The 

translocation of retrotransposons involves the reverse transcription of an RNA 

intermediate to cDNA, which is not needed for the translocation of DNA transposons. 

Based on conservation on the DNA sequence level, the classes are subdivided into 

families [53].    

   

Figure 1.2 The schematic structure of transposons in vertebrate genome (adopted 
from [57]).   

 

To date, TEs have been identified in all eukaryotic genomes, with the exception of 

Plasmodium falciparum, a protozoan parasite, and its close relatives [53]. TEs were 

initially considered to be junk or selfish DNA since proliferation of a TE can disrupt 

the function of the other genes and cause potentially deleterious mutations, deletions 

and structural variation in a host genome, making no contribution to the phenotypic 

diversity of the host [54-57]. Orgel and Crick asserted that “The spread of selfish 

DNA sequences within the genome can be compared to the spread of a not-too-

harmful parasite within its host” [55]. This designation was backed up by Ohno’s 

argument that the human genome is only capable of sustaining a limited number of 

genes, highlighting the importance of neutral evolution in the remaining regions [58].  

The selfish DNA concept successfully explained the C-value paradox in the 

eukaryotic genomes [59]. The C-value, which is the DNA content of a genome, varies 

tremendously amongst closely related species, but is not correlated with the 
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complexity of organisms. For example, the human genome is around 3 Gb [60], 

which is one fortieth less than the genome of the marbled lungfish (Protopterus 

aethiopicus). Large-scale comparative genomic analyses showed that genome size 

differences could largely be attributed to the abundance of TEs in the genome. For 

example, the genome of the green puffer fish (Tetraodon nigroviridis) contains TEs of 

73 families, with fewer than 4000 copies of TEs across the genome. In comparison, 

more than one third of the human genome consists of TEs from around 20 families 

with millions of copies [60].  

 

The selfish DNA hypothesis rests on the assumption that TEs have little or no 

phenotypic effect, and can therefore multiply within the genome, as they are subject 

to limited selection pressure [61]. However, the hypothesis does not explain how TEs 

could accumulate in the genome in such vast numbers, given the fact that the 

homologous recombination between dispersed TEs copies may cause deleterious or 

even catastrophic rearrangements. Moreover, why do eukaryotic genomes preserve a 

small genome size while allowing TEs to build up in large numbers during evolution? 

Lastly, why are other major contributors to genome size, such as introns and small 

repetitive DNAs, also expanded in some genomes but not in others?   

 

Several hypotheses have been proposed to explain the interaction between TEs and 

the host genome. Bestor and colleagues proposed that DNA methylation (an 

epigenetic gene silencing mechanism) had evolved in the host genome as a nucleotide 

defensive mechanism to control the destructive potential of "parasitic sequences", as 

they found that cytosine methylations were predominantly found in TEs [62, 63]. 

However, this point of view is challenged by several facts. First, the genes that 

catalyze the translocation of the TEs (transposases) can be traced back to prokaryotic 

genomes [64], which indicates the inhibition of transposons in prokaryotes before the 

evolution of eukaryotic organisms [61]. Second, prokaryotic organisms use similar 

mechanisms, such as DNA methylation, to minimize the translocation of TEs. 

However, the number of transposons in prokaryotic genomes is much less than those 

found in the genomes of eukaryotes [61]. Fedoroff argued that the epigenetic 

silencing mechanism, which regulates homologous recombination within the 
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eukaryotic genome, is the main reason for the accumulation of the transposons in 

eukaryotic genomes [61]. 

  

Accumulating evidence shows that TEs can serve as a source of novel genetic 

material for the evolution of host genomes.  The proliferation of TEs in the host 

genome can create new mutations, exons and genes [65-71], alter or silence gene 

expression [72, 73] and can be the source of small RNAs [74-76]. Therefore, TEs 

have been proposed to be the drivers of genome evolution and biodiversity in 

vertebrates [77, 78]. 

The role of TEs in speciation remains elusive. In the early 1980s, some researchers 

proposed that TEs may play a major role in the formation of new species, as they 

might contribute to hybrid infertility by the processes of translocation and ectopic 

recombination [79]. Moreover the insertion of TEs could potentially alter the patterns 

of gene expression [80]. This idea stemmed from the classical cross experiments in D. 

melanogaster, in which hybrids were produced by the stains of carriers and non-

carriers of P-elements (a family of transposable elements) in their genomes. These 

dysgenic hybrids showed multiple maladapted traits such as sterility, chromosomal re-

arrangements, and an increase in mutation rate and male recombination [81, 82]. 

Besides, TEs could be activated in hybrid species, by which the genome size would 

change dramatically between the hybrid and parental species [83, 84]. These TE-

induced events (e.g. inversions, translocations) have been shown to be significantly 

associated with sterility in hybrids in a wide range of experimental systems [3]. 

However, as Coyne pointed out that the current evidence supporting TE-induced 

speciation is that translocation of TEs should at a higher rate in hybrid’s genome than 

in parental genome and these movements should directly responsible for hybrid 

sterility [85].  

 

1.3 Study systems and contributions of the present thesis 

Genome research is one of the major components in speciation study. Emerging 

techniques such as second and third generation sequencing technologies, have 

revolutionized evolution and speciation research [43, 86, 87]. Using the state of the 

art sequencing technologies, and combining the methods in molecular evolution, 

genomics and phylogenetics, I have revisited three classical models in evolution 
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study, coelacanth, Xiphophorus fishes and cichlids. The results based on whole 

genomic and transcriptomic data provide new and deeper insights to evolution and 

speciation of these three fishes.  

 

Chapter 2 presented the evolution of the transposable elements in the coelacanth 

genome. Coelacanth (genus Latimeria) is the only known living member of the lobe-

finned fishes, a family of fishes that a close relative to land vertebrates [94]. Until 

about 75 years ago, they were believed to have gone extinct in the Late Cretaceous 

period, 70 million years ago [13], until a living representative was rediscovered by 

Marjorie Courtenay-Latimer in South Africa in 1938.  Until now, only two coelacanth 

species, Latimeria chalumnae and Latimeria menadoensis, have been found in the 

East African Coast and Indonesia. Fascination with coelacanths is partially due to 

their morphological stasis; these fishes are significantly similar to the fossils that date 

back to 300 million years ago [12]. This has lead to the hypothesis that the coelacanth 

evolves at a slower rate than other vertebrates [12, 13]. Additionally, the coelacanth is 

an ideal model to study adaptation to land [88] since its transitional position between 

fish and land vertebrates (Figure 1.3). The phylogenetic relationship among 

coelacanth, lungfish and tetrapods is hotly debated [89-93] (Figure 1.3).  

 

 
Figure 1.3 Hypothesized phylogenetic relationships of living fish, coelacanth, 
lungfish and tetrapods (adopted from [94]). 

An intriguing question is whether the significantly slow evolution in morphology is 

related to conservatism on the genomic level. Although a considerable body of 

research has addressed this question, most studies have focused on specific gene 

families or regions, such as Hox gene clusters, opsin genes, and mitochondrial 

genomes [10, 94-98]. It has been proposed that the morphological stasis in coelacanth 

is correlated with the insufficient activity of TEs in the genome [99]. To test this 

hypothesis, I have comprehensively analyzed the evolution of transposable elements 
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in the recently sequenced African coelacanth (L. chalumnae) genome. In particular I 

have characterized the number and family of the active TEs in the genome.  

 
In Chapter 3, I addressed the phylogenetic relationships using a novel phylogenomic 

method. The genus Xiphophorus (Family Poeciliidae) includes 26 freshwater species, 

which are mainly distributed throughout Central America [100]. This group of fishes 

has widely been used as a model of evolutionary, ecological studies and oncogene 

research [101-107]. Xiphophorus fishes have also attracted considerable attention due 

to its elongated and colorful ventral caudal fin, or swordtail [104, 108, 109]. Charles 

Darwin used male swordtails as an example of sexual selection (Figure 1.4) [14].  

 
Figure 1.4 Sexual dimorphism between male and female Xiphophorus helleri 
(adotped from [14]). 

 

It has been hypothesized that the swordtail evolved in this group due to a pre-existing 

mate preference bias in female Xiphophorus fishes [104]. Two lines of evidence 

support this hypothesis: First, females of Xiphophorus species that lack swordtails 

(the platyfishes) show a mating preference for conspecific males with artificial swords 

over naturally swordless conspecific males	   [110]. Therefore, the evolution of a 

swordtail in male Xiphophorus fishes might have been driven by female preference. 

Second, previous phylogenetic studies, which were mainly based on morphological 

characteristics, indicate the swordtail is a derived character within this genus [104, 

110]. However, this hypothesis was challenged by phylogenies based on the 

molecular data, which suggested that the sword state is an ancestral state and shared 
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in the common ancestor of this genus [108, 111, 112]. In order to understand the 

mechanisms that lead to the evolution of the swordtail, the origin of the sword should 

be tested using an accurate, comprehensive phylogeny. Although, the phylogenetic 

relationships among this group of fish have been addressed using various sources of 

data (based on morphological, mitochondrial and nuclear data) [108, 111-116], a 

phylogeny with high resolution is still needed as previous research studies have 

supported conflicting evolutionary scenarios; second, the resolutions for the derived 

species are low, partly due to their short divergence times in which relatively few 

mutations have accumulated in these young species. Therefore, a high-resolution 

phylogeny is essential if we are to understand the evolution of Xiphophorus fishes in 

general, specifically the evolution of swordtail.   

 

We used the restriction site-associated DNA (RAD) sequencing technology to 

construct the phylogenomic relationship of all 26 described Xiphophorus species and 

three outgroups (Priapella intermedia, Gambusia holbrooki, Heterandria formosa). 

RAD sequencing produces reduced representation of genome, by which the potential 

orthologous regions flanking restriction enzyme cutting sites throughout the genome 

were sequenced using Illumina technology [117]. A k-mer (a word of k length) based 

method was implemented to extract single nucleotide polymorphism (SNP) [118] 

based on the RAD markers across species. Briefly, the raw reads of each individual 

were first clustered into loci using a k-mer search method. The loci from different 

individuals/populations were then merged into categories. Final, loci from each 

individual were compared to categories and to identify polymorphism state at each 

locus in each individual [119].  

 

The new method that we used in this study not only provides an important alternative 

to the traditional MSA method, but is superior in several aspects: First, it doesn’t 

require reference genome information, which is highly suitable for non-model 

systems [50]. Second, SNP marker that generated by the RAD sequencing originated 

from both coding and intergenic regions [120] and thus is not biased to the coding 

regions like in the MSA method. Third, it allows to generation of thousands of SNPs 

in a rapid but economical way, which would dramatically increase number of the 

informative sites in phylogenomic reconstruction [49, 118]. However, we also 
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highlight some of the current potential limitations in RAD technologies and their 

impact to phylogenomic reconstruction.   

 

                    
Figure 1.5  The adaptive radiation of African cichlids (adopted from [24]). 

I present multiple studies about the rapid speciation of cichlid fishes in the chapter 4 

to 7. Comprising 3000 species that are distributed throughout Africa, Central and 

South America, and Southern India, the family Cichlidae is the most species-rich 

family of vertebrates, and a prime example of rapid adaptive radiation [7]. In the 

Great Lakes of East Africa alone, almost 2000 species have evolved in the last few 

million years (Figure 1.5) [6, 121]. Additionally, in the crater lakes of Nicaragua, at 

least 13 species have evolved in the last few thousand years [122]. The cichlids in 

each crate are like to evolve endemically, which make these young species an ideal 

model system for understanding the ecology and evolution of adaptive radiation, 

parallel evolution and sympatric speciation [6, 15, 121]. For instance, 

ecomorphological parallelism has been shown between Amphilophus sagittae from 

Lake Xiloa and A. zaliosus from Lake Apoyo that both species have slender, 

elongated body shape [122]. Body shape in cichlid is primarily affected by feeding 

strategy and habitat and thus is driven by disruptive natural selection [122, 123].    
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Several key evolutionary innovations have been proposed to explain the evolutionary 

success of cichlid fishes [7, 8, 124, 125]. Notably, Liem proposed the unique 

pharyngeal jaw apparatus (PJA) of cichlid fishes as the evolutionary key innovation 

of this group [125]. The PJA forms a second functional set of jaws in cichlids, thus 

expands the ‘degrees of freedom’ in food acquisition, dramatically increasing the 

scope for cichlids to adapt to different ecological niches [125]. Based on a 

comprehensive phylogenetic reconstruction, Salzburger et.al. [6] suggested that egg-

spots are a key evolutionary innovation for haplochromine cichlids, which might be 

involved in the rapid evolution of this lineage.  

 

In spite of their amazing value as models for adaptive radiation, cichlid research has 

been impeded by a lack of large-scale sequencing data. To help bridge this gap, I have 

comprehensively analyzed the patterns of genome diversification in the speciation of 

African and Midas cichlids by analyzing a wide range of genomic variations 

including SNP, structural variation (e.g. inversion, deletion), gene duplication, and 

transposable elements.  

  
 
The following chapters were formatted by the journals where the manuscripts were 

published or intend to publish. 
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Chapter 2 - The African coelacanth genome provides 
insights into tetrapod evolution
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Abstract 

The discovery of a living coelacanth specimen in 1938 was remarkable, as this 

lineage of lobe-finned fish was thought to have become extinct 70  million years ago. 

The modern coelacanth looks remarkably similar to many of its ancient relatives, and 

its evolutionary proximity to our own fish ancestors provides a glimpse of the fish 

that first walked on land. Here we report the genome sequence of the African 

coelacanth, Latimeria chalumnae. Through a phylogenomic analysis, we conclude 

that the lungfish, and not the coelacanth, is the closest living relative of tetrapods. 

Coelacanth protein-coding genes are significantly more slowly evolving than those of 

tetrapods, unlike other genomic features. Analyses of changes in genes and regulatory 

elements during the vertebrate adaptation to land highlight genes involved in 

immunity, nitrogen excretion and the development of fins, tail, ear, eye, brain and 

olfaction. Functional assays of enhancers involved in the fin-to-limb transition and in 

the emergence of extra-embryonic tissues show the importance of the coelacanth 

genome as a blueprint for understanding tetrapod evolution. 

 

Introduction 

In 1938 Marjorie Courtenay-Latimer, the curator of a small natural history museum in 

East London, South Africa, discovered a large, unusual-looking fish among the many 

specimens delivered to her by a local fish trawler. Latimeria chalumnae, named after 

its discoverer1, was over 1  m long, bluish in colour and had conspicuously fleshy fins 

that resembled the limbs of terrestrial vertebrates. This discovery is considered to be 

one of the most notable zoological finds of the twentieth century. Latimeria is the 

only living member of an ancient group of lobe-finned fishes that was known 

previously only from fossils and believed to have been extinct since the Late 

Cretaceous period, approximately 70  million years ago (Myr ago)1. It was almost 

15  years before a second specimen of this elusive species was discovered in the 

Comoros Islands in the Indian Ocean, and only 309 individuals have been recorded in 

the past 75  years (R. Nulens, personal communication)2. The discovery in 1997 of a 

second coelacanth species in Indonesia, Latimeria menadoensis, was equally 

surprising, as it had been assumed that living coelacanths were confined to small 

populations off the East African coast3, 4. Fascination with these fish is partly due to 
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their prehistoric appearance—remarkably, their morphology is similar to that of 

fossils that date back at least 300  Myr, leading to the supposition that, among 

vertebrates, this lineage is markedly slow to evolve1, 5. Latimeria has also been of 

particular interest to evolutionary biologists, owing to its hotly debated relationship to 

our last fish ancestor, the fish that first crawled onto land6. In the past 15  years, 

targeted sequencing efforts have produced the sequences of the coelacanth 

mitochondrial genomes7, HOX clusters8 and a few gene families9, 10. Nevertheless, 

coelacanth research has felt the lack of large-scale sequencing data. Here we describe 

the sequencing and comparative analysis of the genome of L. chalumnae, the African 

coelacanth. 

Genome assembly and annotation 

The African coelacanth genome was sequenced and assembled using DNA from a 

Comoros Islands Latimeria chalumnae specimen (Supplementary Figure 1). It was 

sequenced by Illumina sequencing technology and assembled using the short read 

genome assembler ALLPATHS-LG11. The L. chalumnae genome has been reported 

previously to have a karyotype of 48  chromosomes12. The draft assembly is 

2.86  gigabases (Gb) in size and is composed of 2.18  Gb of sequence plus gaps 

between contigs. The coelacanth genome assembly has a contig N50 size (the contig 

size above which 50% of the total length of the sequence assembly can be found) of 

12.7  kilobases (kb) and a scaffold N50 size of 924  kb, and quality metrics comparable 

to other Illumina genomes (Supplementary Note 1, and Supplementary Tables 1 and 

2). 

The genome assembly was annotated separately by both the Ensembl gene annotation 

pipeline (Ensembl release 66, February 2012) and by MAKER13. The Ensembl gene 

annotation pipeline created gene models using protein alignments from the Universal 

Protein Resource (Uniprot) database, limited coelacanth complementary DNA data, 

RNA-seq data generated from L. chalumnae muscle (18  Gb of paired-end reads were 

assembled using Trinity software14,Supplementary Figure 2) as well as orthology with 

other vertebrates. This pipeline produced 19,033 protein-coding genes containing 

21,817 transcripts. The MAKER pipeline used the L. chalumnae Ensembl gene set, 

Uniprot protein alignments, and L. chalumnae (muscle) and L. menadoensis (liver and 

testis)15 RNA-seq data to create gene models, and this produced 29,237 protein-
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coding gene annotations. In addition, 2,894 short non-coding RNAs, 1,214 long non-

coding RNAs, and more than 24,000 conserved RNA secondary structures were 

identified (Supplementary Note 2,Supplementary Tables 3 and 4, Supplementary Data 

1–3 and Supplementary Figure 3). It was inferred that 336  genes underwent specific 

duplications in the coelacanth lineage (Supplementary Note 3, Supplementary Tables 

5 and 6, and Supplementary Data 4). 

The closest living fish relative of tetrapods 

The question of which living fish is the closest relative to ‘the fish that first crawled 

on to land’ has long captured our imagination: among scientists the odds have been 

placed on either the lungfish or the coelacanth16. Analyses of small to moderate 

amounts of sequence data for this important phylogenetic question (ranging from 1  to 

43  genes) has tended to favour the lungfishes as the extant sister group to the land 

vertebrates17. However, the alternative hypothesis that the lungfish and the coelacanth 

are equally closely related to the tetrapods could not be rejected with previous data 

sets18. 

To seek a comprehensive answer we generated RNA-seq data from three samples 

(brain, gonad and kidney, and gut and liver) from the West African 

lungfish, Protopterus annectens, and compared it to gene sets from 21  strategically 

chosen jawed vertebrate species. To perform a reliable analysis we selected 251  genes 

in which a 1:1 orthology ratio was clear and used CAT-GTR, a complex site-

heterogeneous model of sequence evolution that is known to reduce tree-

reconstruction artefacts19 (see Supplementary Methods). The resulting phylogeny, 

based on 100,583 concatenated amino acid positions (Figure. 2.1, posterior 

probability = 1.0 for the lungfish–tetrapod node) is maximally supported except for 

the relative positions of the armadillo and the elephant. It corroborates known 

vertebrate phylogenetic relationships and strongly supports the conclusion that 

tetrapods are more closely related to lungfish than to the coelacanth (Supplementary 

Note 4 and Supplementary Figure 4). 

The slowly evolving coelacanth 

The morphological resemblance of the modern coelacanth to its fossil ancestors has 

resulted in it being nicknamed ‘the living fossil’1. This invites the question of whether 



 Chapter 2– coelacanth genome evolution 
 

 21 

the genome of the coelacanth is as slowly evolving as its outward appearance 

suggests. Earlier work showed that a few gene families, such as Hox and 

protocadherins, have comparatively slower protein-coding evolution in coelacanth 

than in other vertebrate lineages8, 10. To address the question, we compared several 

features of the coelacanth genome to those of other vertebrate genomes. 

 

        

Figure 2.1 A phylogenetic tree of a broad selection of jawed vertebrates shows that 
lungfish, not coelacanth, is the closest relative of tetrapods.  

Multiple sequence alignments of 251  genes with a 1:1 ratio of orthologues in 

22  vertebrates and with a full sequence coverage for both lungfish and coelacanth 

were used to generate a concatenated matrix of 100,583 unambiguously aligned 

amino acid positions. The Bayesian tree was inferred using PhyloBayes under the 

CAT  +  GTR  +  Γ4 model with confidence estimates derived from 100 gene jack-knife 

replicates (support is 100% for all clades but armadillo + elephant with 45%)48. The 

tree was rooted on cartilaginous fish, and shows that the lungfish is more closely 

related to tetrapods than the coelacanth, and that the protein sequence of coelacanth is 

evolving slowly. Pink lines (tetrapods) are slightly offset from purple lines (lobe-

finned fish), to indicate that these species are both tetrapods and lobe-finned fish. 
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Protein-coding gene evolution was examined using the phylogenomics data set 

described above (251 concatenated proteins) (Figure. 2.1). Pairwise distances between 

taxa were calculated from the branch lengths of the tree using the two-cluster test 

proposed previously20 to test for equality of average substitution rates. Then, for each 

of the following species and species clusters (coelacanth, lungfish, chicken and 

mammals), we ascertained their respective mean distance to an outgroup consisting of 

three cartilaginous fishes (elephant shark, little skate and spotted catshark). Finally, 

we tested whether there was any significant difference in the distance to the outgroup 

of cartilaginous fish for every pair of species and species clusters, using a Z statistic. 

When these distances to the outgroup of cartilaginous fish were compared, we found 

that the coelacanth proteins that were tested were significantly more slowly evolving 

(0.890 substitutions per site) than the lungfish (1.05 substitutions per site), chicken 

(1.09 substitutions per site) and mammalian (1.21 substitutions per site) orthologues 

(P  <  10−6 in all cases) (Supplementary Data 5). In addition, as can be seen in Figure 2. 

1, the substitution rate in coelacanth is approximately half that in tetrapods since the 

two lineages diverged. A Tajima’s relative rate test21 confirmed the coelacanth’s 

significantly slower rate of protein evolution (P  <  10−20) (Supplementary Data 6). 

We next examined the abundance of transposable elements in the coelacanth genome. 

Theoretically, transposable elements may make their greatest contribution to the 

evolution of a species by generating templates for exaptation to form novel regulatory 

elements and exons, and by acting as substrates for genomic rearrangement22. We 

found that the coelacanth genome contains a wide variety of transposable-element 

superfamilies and has a relatively high transposable-element content (25%); this 

number is probably an underestimate as this is a draft assembly (Supplementary Note 

5 and Supplementary Tables 7–10). Analysis of RNA-seq data and of the divergence 

of individual transposable-element copies from consensus sequences show that 

14  coelacanth transposable-element superfamilies are currently active (Supplementary 

Note 6,Supplementary Table 10 and Supplementary Figure 5). We conclude that the 

current coelacanth genome shows both an abundance and activity of transposable 

elements similar to many other genomes. This contrasts with the slow protein 

evolution observed. 
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Analyses of chromosomal breakpoints in the coelacanth genome and tetrapod 

genomes reveal extensive conservation of synteny and indicate that large-scale 

rearrangements have occurred at a generally low rate in the coelacanth lineage. 

Analyses of these rearrangement classes detected several fission events published 

previously23 that are known to have occurred in tetrapod lineages, and at least 

31  interchromosomal rearrangements that occurred in the coelacanth lineage or the 

early tetrapod lineage (0.063 fusions per 1  Myr), compared to 20  events (0.054 

fusions  per 1  Myr) in the salamander lineage and 21  events (0.057 fusions per 1  Myr) 

in the Xenopus lineage23(Supplementary Note 7 and Supplementary Figure 6). 

Overall, these analyses indicate that karyotypic evolution in the coelacanth lineage 

has occurred at a relatively slow rate, similar to that of non-mammalian tetrapods24. 

In a separate analysis we also examined the evolutionary divergence between the two 

species of coelacanth, L. chalumnae and L. menadoensis, found in African and 

Indonesian waters, respectively. Previous analysis of mitochondrial DNA showed a 

sequence identity of 96%, but estimated divergence times range widely from 6  to 

40  Myr25, 26. When we compared the liver and testis transcriptomes of L. 

menadoensis27 to the L. chalumnae genome, we found an identity of 99.73% 

(Supplementary Note 8 and Supplementary Figure 7), whereas alignments between 

20  sequenced L. menadoensis bacterial artificial chromosomes (BACs) and the L. 

chalumnaegenome showed an identity of 98.7% (Supplementary Table 

11 and Supplementary Figure 8). Both the genic and genomic divergence rates are 

similar to those seen between the human and chimpanzee genomes (99.5% and 

98.8%, respectively; divergence time of 6  to 8  Myr ago)28, whereas the rates of 

molecular evolution in Latimeria are probably affected by several factors, including 

the slower substitution rate seen in coelacanth. This suggests a slightly longer 

divergence time for the two coelacanth species. 

The adaptation of vertebrates to land 

As the species with a sequenced genome closest to our most recent aquatic ancestor, 

the coelacanth provides a unique opportunity to identify genomic changes that were 

associated with the successful adaptation of vertebrates to the land environment. 



 Chapter 2– coelacanth genome evolution 
 

 24 

Over the 400  Myr that vertebrates have lived on land, some genes that are 

unnecessary for existence in their new environment have been eliminated. To 

understand this aspect of the water-to-land transition, we surveyed 

the Latimeria genome annotations to identify genes that were present in the last 

common ancestor of all bony fish (including the coelacanth) but that are missing from 

tetrapod genomes. More than 50  such genes, including components of fibroblast 

growth factor (FGF) signalling, TGF-β and bone morphogenic protein (BMP) 

signalling, and WNT signalling pathways, as well as many transcription factor genes, 

were inferred to be lost based on the coelacanth data (Supplementary Data 

7 and Supplementary Figure 9). Previous studies of genes that were lost in this 

transition could only compare teleost fish to tetrapods, meaning that differences in 

gene content could have been due to loss in the tetrapod or in the lobe-finned fish 

lineages. We were able to confirm that four genes that were shown previously to be 

absent in tetrapods (And1and And2 (ref. 29), Fgf24 (ref. 30) and Asip2 (ref. 31)), were 

indeed present and intact in Latimeria, supporting the idea that they were lost in the 

tetrapod lineage. 

We functionally annotated more than 50  genes lost in tetrapods using zebrafish data 

(gene expression, knock-downs and knockouts). Many genes were classified in 

important developmental categories (Supplementary Data 7): fin development 

(13  genes); otolith and ear development (8  genes); kidney development (7  genes); 

trunk, somite and tail development (11  genes); eye (13  genes); and brain development 

(23  genes). This implies that critical characters in the morphological transition from 

water to land (for example, fin-to-limb transition and remodelling of the ear) are 

reflected in the loss of specific genes along the phylogenetic branch leading to 

tetrapods. However, homeobox genes, which are responsible for the development of 

an organism’s basic body plan, show only slight differences between Latimeria, ray-

finned fish and tetrapods; it would seem that the protein-coding portion of this gene 

family, along with several others (Supplementary Note 9, Supplementary Tables 12–

16 and Supplementary Figure 10), have remained largely conserved during the 

vertebrate land transition (Supplementary Figure 11). 

As vertebrates transitioned to a new land environment, changes occurred not only in 

gene content but also in the regulation of existing genes. Conserved non-coding 
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elements (CNEs) are strong candidates for gene regulatory elements. They can act as 

promoters, enhancers, repressors and insulators32, 33, and have been implicated as 

major facilitators of evolutionary change34. To identify CNEs that originated in the 

most recent common ancestor of tetrapods, we predicted CNEs that evolved in 

various bony vertebrate (that is, ray-finned fish, coelacanth and tetrapod) lineages and 

assigned them to their likely branch points of origin. To detect CNEs, conserved 

sequences in the human genome were identified using MULTIZ alignments of bony 

vertebrate genomes, and then known protein-coding sequences, untranslated regions 

(UTRs) and known RNA genes were excluded. Our analysis identified 44,200 

ancestral tetrapod CNEs that originated after the divergence of the coelacanth lineage. 

They represent 6% of the 739,597 CNEs that are under constraint in the bony 

vertebrate lineage. We compared the ancestral tetrapod CNEs to mouse embryo ChIP-

seq (chromatin immunoprecipitation followed by sequencing) data obtained using 

antibodies against p300, a transcriptional coactivator. This resulted in a sevenfold 

enrichment in the p300 binding sites for our candidate CNEs and confirmed that these 

CNEs are indeed enriched for gene regulatory elements. 

Each tetrapod CNE was assigned to the gene whose transcription start site was 

closest, and gene-ontology category enrichment was calculated for those genes. The 

most enriched categories were involved with smell perception (for example, sensory 

perception of smell, detection of chemical stimulus and olfactory receptor activity). 

This is consistent with the notable expansion of olfactory receptor family genes in 

tetrapods compared with teleosts, and may reflect the necessity of a more tightly 

regulated, larger and more diverse repertoire of olfactory receptors for detecting 

airborne odorants as part of the terrestrial lifestyle. Other significant categories 

include morphogenesis (radial pattern formation, hind limb morphogenesis, kidney 

morphogenesis) and cell differentiation (endothelial cell fate commitment, epithelial 

cell fate commitment), which is consistent with the body-plan changes required for 

land transition, as well as immunoglobulin VDJ recombination, which reflects the 

presumed response differences required to address the novel pathogens that 

vertebrates would encounter on land (Supplementary Note 10 and Supplementary 

Tables 17–24). 
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A major innovation of tetrapods is the evolution of limbs characterized by digits. The 

limb skeleton consists of a stylopod (humerus or femur), the zeugopod (radius and 

ulna, or tibia and fibula), and an autopod (wrist or ankle, and digits). There are two 

major hypotheses about the origins of the autopod; that it was a novel feature of 

tetrapods, and that it has antecedents in the fins of fish35(Supplementary Note 

11 and Supplementary Figure 12). We examine here the Hox regulation of limb 

development in ray-finned fish, coelacanth and tetrapods to address these hypotheses. 

In mouse, late-phase digit enhancers are located in a gene desert that is proximal to 

the HOX-D cluster36. Here we provide an alignment of the HOX-D centromeric gene 

desert of coelacanth with those of tetrapods and ray-finned fishes (Figure 2.2 a). 

Among the six cis-regulatory sequences previously identified in this gene desert36, 

three sequences show sequence conservation restricted to tetrapods (Supplementary 

Figure 13). However, one regulatory sequence (island 1) is shared by tetrapods and 

coelacanth, but not by ray-finned fish (Figure 2.2b and Supplementary Figure 14). 

When tested in a transient transgenic assay in mouse, the coelacanth sequence of 

island 1 was able to drive reporter expression in a limb-specific pattern (Figure 2.2c). 

This suggests that island 1 was a lobe-fin developmental enhancer in the fish ancestor 

of tetrapods that was then coopted into the autopod enhancer of modern tetrapods. In 

this case, the autopod developmental regulation was derived from an ancestral lobe-

finned fish regulatory element. 
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Figure 2.2 Alignment of the HOX-D locus and an upstream gene desert identifies 
conserved limb enhancers. a, Organization of the mouse HOX-D locus and 
centromeric gene desert, flanked by the Atf2 and Mtx2genes. Limb regulatory 
sequences (I1, I2, I3, I4, CsB and CsC) are noted. Using the mouse locus as a 
reference (NCBI and mouse genome sequencing consortium NCBI37/mm9 
assembly), corresponding sequences from human, chicken, frog, coelacanth, 
pufferfish, medaka, stickleback, zebrafish and elephant shark were aligned. 
Alignment shows regions of homology between tetrapod, coelacanth and ray-finned 
fishes. b, Alignment of vertebrate cis-regulatory elements I1, I2, I3, I4, CsB and 
CsC. c, Expression patterns of coelacanth island I in a transgenic mouse. Limb buds 
are indicated by arrowheads in the first two panels. The third panel shows a close-up 
of a limb bud. 

 

Changes in the urea cycle provide an illuminating example of the adaptations 

associated with transition to land. Excretion of nitrogen is a major physiological 

challenge for terrestrial vertebrates. In aquatic environments, the primary nitrogenous 

waste product is ammonia, which is readily diluted by surrounding water before it 

reaches toxic levels, but on land, less toxic substances such as urea or uric acid must 

be produced instead (Supplementary Figure 15). The widespread and almost exclusive 

occurrence of urea excretion in amphibians, some turtles and mammals has led to the 

hypothesis that the use of urea as the main nitrogenous waste product was a key 

innovation in the vertebrate transition from water to land37. 
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With the availability of gene sequences from coelacanth and lungfish, it became 

possible to test this hypothesis. We used a branch-site model in the HYPHY 

package38, which estimates the ratio of synonymous (dS) to non-synonymous (dN) 

substitutions (ω values) among different branches and among different sites (codons) 

across a multiple-species sequence alignment. For the rate-limiting enzyme of the 

hepatic urea cycle, carbamoyl phosphate synthase I (CPS1), only one branch of the 

tree shows a strong signature of selection (P = 0.02), namely the branch leading to 

tetrapods and the branch leading to amniotes (Figure 2.3); no other enzymes in this 

cycle showed a signature of selection. Conversely, mitochondrial arginase (ARG2), 

which produces extrahepatic urea as a byproduct of arginine metabolism but is not 

involved in the production of urea for nitrogenous waste disposal, did not show any 

evidence of selection in vertebrates (Supplementary Figure 16). This leads us to 

conclude that adaptive evolution occurred in the hepatic urea cycle during the 

vertebrate land transition. In addition, it is interesting to note that of the five amino 

acids of CPS1 that changed between coelacanth and tetrapods, three are in important 

domains (the two ATP-binding sites and the subunit interaction domain) and a fourth 

is known to cause a malfunctioning enzyme in human patients if mutated39. 

                   

Figure 2.3 Phylogeny of Cps1 coding sequences is used to determine positive 
selection within the urea cycle. Branch lengths are scaled to the expected number of 
substitutions per nucleotide, and branch colours indicate the strength of selection 
(dN/dS or ω). Red, positive or diversifying selection (ω  >  5); blue, purifying selection 
(ω = 0); yellow, neutral evolution (ω = 1). Thick branches indicate statistical support 
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for evolution under episodic diversifying selection. The proportion of each colour 
represents the fraction of the sequence undergoing the corresponding class of 
selection. 

 
The adaptation to a terrestrial lifestyle necessitated major changes in the physiological 

environment of the developing embryo and fetus, resulting in the evolution and 

specialization of extra-embryonic membranes of the amniote mammals40. In 

particular, the placenta is a complex structure that is critical for providing gas and 

nutrient exchange between mother and fetus, and is also a major site of 

haematopoiesis41. 

We have identified a region of the coelacanth HOX-A cluster that may have been 

involved in the evolution of extra-embryonic structures in tetrapods, including the 

eutherian placenta. Global alignment of the coelacanth Hoxa14–Hoxa13 region with 

the homologous regions of the horn shark, chicken, human and mouse revealed a 

CNE just upstream of the coelacanth Hoxa14 gene (Supplementary Figure 17a). This 

conserved stretch is not found in teleost fishes but is highly conserved among horn 

shark, chicken, human and mouse despite the fact that the chicken, human and mouse 

have no Hoxa14 orthologues, and that the horn shark Hoxa14 gene has become a 

pseudogene. This CNE, HA14E1, corresponds to the proximal promoter-enhancer 

region of the Hoxa14 gene in Latimeria. HA14E1 is more than 99% identical between 

mouse, human and all other sequenced mammals, and would therefore be considered 

to be an ultra-conserved element42. The high level of conservation suggests that this 

element, which already possessed promoter activity, may have been coopted for other 

functions despite the loss of the Hoxa14 gene in amniotes (Supplementary Figure 

17bc). Expression of human HA14E1 in a mouse transient transgenic assay did not 

give notable expression in the embryo proper at day  11.5 (information is available 

online at the VISTA enhancer browser website; http://enhancer.lbl.gov/cgi-

bin/imagedb3.pl?form=presentation&show=1&experiment_id=501&organism_id=1), 

which was unexpected as its location would predict that it would regulate axial 

structures caudally43. A similar experiment in chick embryos using the chicken 

HA14E1 also showed no activity in the anteroposterior axis. However, strong 

expression was observed in the extraembryonic area vasculosa of the chick embryo 

(Figure 2.4a). Examination of a Latimeria BAC Hoxa14-reporter transgene in mouse 
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embryos showed that the Hoxa14 gene is specifically expressed in a subset of cells in 

an extra-embryonic region at embryonic day  8.5 (Figure 2.4b). 

            

Figure 2.4 Transgenic analysis implicates involvement of Hox CNE HA14E1 in 
extraembryonic activities in the chick and mouse. a, Chicken HA14E1 drives reporter 
expression in blood islands in chick embryos. A construct containing chicken 
HA14E1 upstream of a minimal (thymidine kinase) promoter driving enhanced green 
fluorescent protein (eGFP) was electroporated in HH4-stage chick embryos together 
with a nuclear mCherry construct. GFP expression was analysed at stage 
approximately HH11. The green aggregations and punctate staining are observed in 
the blood islands and developing vasculature. b, Expression of Latimeria Hoxa14-
reporter transgene in the developing placental labyrinth of a mouse embryo. A field of 
cells from the labyrinth region of an embryo at embryonic day  8.5 from a BAC 
transgenic line containing coelacanth Hoxa9–Hoxa14 (ref. 49) in which 
the Hoxa14 gene had been supplanted with the gene for red fluorescence protein 
(RFP). Immunohistochemistry was used to detect RFP (brown staining in a small 
number of cells). 

 
These findings suggest that the HA14E1 region may have been evolutionarily 

recruited to coordinate regulation of posterior HOX-A genes 

(Hoxa13, Hoxa11 and Hoxa10), which are known to be expressed in the mouse 

allantois and are critical for early formation of the mammalian placenta44. 

Although Latimeria does not possess a placenta, it gives birth to live young and has 

very large, vascularised eggs, but the relationship between Hoxa14, the HA14E1 

enhancer and blood island formation in the coelacanth remains unknown. 

 

The coelacanth lacks immunoglobulin-M 

Immunoglobulin-M (IgM), a class of antibodies, has been reported in all vertebrate 

species that have been characterized so far, and is considered to be indispensable for 
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adaptive immunity45. Interestingly, IgM genes cannot be found in coelacanth, despite 

an exhaustive search of the coelacanth sequence data, and even though all other major 

components of the immune system are present (Supplementary Note 

12 and Supplementary Figure 18). Instead, we found two IgW genes (Supplementary 

Figs 19–21); immunoglobulin genes that are found only in lungfish and cartilaginous 

fish and are believed to have originated in the ancestor of jawed vertebrates46 but 

subsequently lost in teleosts and tetrapods. IgM was similarly absent from 

the Latimeria RNA-seq data, although both IgW genes were found as transcripts. To 

characterize further the apparent absence of IgM, we screened large genomic L. 

menadoensis libraries exhaustively using a number of strategies and probes. We also 

carried out polymerase chain reaction (PCR) with degenerate primers that should 

universally amplify IgM sequences. The lack of IgM in Latimeria raises questions as 

to how coelacanth B  cells respond to microbial pathogens and whether the IgW 

molecules can serve a compensatory function, even though there is no indication that 

the coelacanth IgW was derived from vertebrate IgM genes. 

Discussion 

Since its discovery, the coelacanth has been referred to as a ‘living fossil’, owing to 

its morphological similarities to its fossil ancestors1. However, questions have 

remained as to whether it is indeed evolving slowly, as morphological stasis does not 

necessarily imply genomic stasis. In this study, we have confirmed that the protein-

coding genes of L. chalumnae show a decreased substitution rate compared to those 

of other sequenced vertebrates, even though its genome as a whole does not show 

evidence of low genome plasticity. The reason for this lower substitution rate is still 

unknown, although a static habitat and a lack of predation over evolutionary 

timescales could be contributing factors to a lower need for adaptation. A closer 

examination of gene families that show either unusually high or low levels of 

directional selection indicative of adaptation in the coelacanth may provide 

information on which selective pressures acted, and which pressures did not act, to 

shape this evolutionary relict (Supplementary Note 13 and Supplementary Figure 22). 

The vertebrate land transition is one of the most important steps in our evolutionary 

history. We conclude that the closest living fish to the tetrapod ancestor is the 

lungfish, not the coelacanth. However, the coelacanth is critical to our understanding 
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of this transition, as the lungfish have intractable genome sizes (estimated at 50–

100  Gb)47. Here we have examined vertebrate adaptation to land through coelacanth 

whole-genome analysis, and have shown the potential of focused analysis of specific 

gene families involved in this process. Further study of these changes between 

tetrapods and the coelacanth may provide important insights into how a complex 

organism like a vertebrate can markedly change its way of life. 
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Chapter 3 - The evolutionary history 
of Xiphophorus fish and their sexually selected sword: 

a genome-wide approach using restriction site-
associated DNA sequencing 
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Abstract 

Next-generation sequencing (NGS) techniques are now key tools in the detection of 

population genomic and gene expression differences in a large array of organisms. 

However, so far few studies have utilized such data for phylogenetic estimations. 

Here, we use NGS data obtained from genome-wide restriction site-associated DNA 

(RAD) (∼66000 SNPs) to estimate the phylogenetic relationships among all 26 

species of swordtail and platyfish (genus Xiphophorus) from Central America. Past 

studies, both sequence and morphology-based, have differed in their inferences of the 

evolutionary relationships within this genus, particularly at the species-level and 

among monophyletic groupings. We show that using a large number of markers 

throughout the genome, we are able to infer the phylogenetic relationships with 

unparalleled resolution for this genus. The relationships among all three major clades 

and species within each of them are highly resolved and consistent under maximum 

likelihood, Bayesian inference and maximum parsimony. However, we also highlight 

the current cautions with this data type and analyses. This genus exhibits a 

particularly interesting evolutionary history where at least two species may have 

arisen through hybridization events. Here, we are able to infer the paternal lineages of 

these putative hybrid species. Using the RAD-marker-based tree we reconstruct the 

evolutionary history of the sexually selected sword trait and show that it may have 

been present in the common ancestor of the genus. Together our results highlight the 

outstanding capacity that RAD sequencing data has for resolving previously 

problematic phylogenetic relationships, particularly among relatively closely related 

species. 

Introduction 

High-throughput next-generation sequencing (NGS) technologies are now key tools in 

the rapid detection of genetic variation among both model and nonmodel organisms. 

These methods have transformed the questions that can be addressed and the taxa that 

can be studied using genome-wide approaches. To date, however, few studies have 

applied this technology to phylogenetics (but see Emerson et al. 2010; 

Dasmahapatra et al. 2012; Rubin et al. 2012; Wagner et al. 2012). As the costs are 

reduced further and the use of genome-wide markers and associated analyses becomes 
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more and more efficient, there will be greater possibilities for investigating a wide 

range of taxa. 

 

Specifically, Baird et al. (2008) developed a new method for sampling genome-wide 

SNP variation in restriction site-associated DNA (termed RAD) using short-read NGS 

technology (e.g. Illumina and SOLiD NGS platforms). This method targets a reduced 

representation of the genome—orthologous regions flanking restriction enzyme 

cutting sites throughout the genome. To date, RAD sequencing has enabled the 

production of genome-wide SNP data for the use in population genomic studies of 

threespine sticklebacks (Hohenlohe et al. 2010, 2012) and hybridization between 

rainbow and westslope cutthroat trout (Hohenlohe et al. 2011). In addition, 

Emerson et al. (2010) used RAD sequencing to identify the previously difficult to 

resolve phylogeographic relationships among populations of the pitcher plant 

mosquito (Wyeomyia smithii). Dasmahapatra et al. (2012) used RAD sequencing to 

reconstruct a phylogenetic tree of species in the melpomene–silvaniform clade 

ofHeliconius butterflies. Rubin et al. (2012) focussed on assessing whether RAD 

sequences (simulated) can be used across a broad range of species (i.e. 

yeast, Drosophila and mammals) without a reference genome and understanding 

which parameters yield the most accurate and well-supported trees. This method has 

also been applied very recently to resolving the evolutionary relationships in the Lake 

Victoria cichlid adaptive radiation (Wagner et al. 2012). Here, we use RAD 

sequencing to investigate the phylogenomic relationships among all species of 

swordtail and platyfish (genus Xiphophorus) from Mexico, South America, and test 

the capacity of this type of data for providing high-resolution estimates of species 

relationships. We also outline some of the current potential limits and biases of 

applying phylogenetic analyses to RAD data. Challenges associated with genome-

wide scale phylogenetic analyses are starting to be uncovered (e.g. Kumar et al. 2012; 

Simmons2012a,b); however, a more extensive use of these methods will provide 

better insight into the broader patterns of phylogenetic inference based on such large 

data sets. 

 

The freshwater fish genus Xiphophorus (swordtails and platyfish) belongs to the 

Family Poeciliidae and includes 26 species of small fish from Central America 

(Kallman & Kazianis 2006). This group of fish has been widely used as a model for a 
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range of evolutionary and ecological questions including mating preferences and 

asymmetries, fitness differences and conservation genetics and the evolution of 

unisexual populations and provides remarkable opportunities for genomic studies of 

behavioural and ecological radiations and speciation (e.g. Vrijenhoek et al. 1985; 

Ryan & Wagner 1987; Quattro & Vrijenhoek 1989; Basolo 1990b, 1998; Kirkpatrick 

& Ryan 1991; Quattro et al. 1996; Stöck et al. 2010; Willing et al. 2010; 

McCoy et al. 2011; Shen et al. 2012). Xiphophorus fish in particular are also models 

in cancer (melanoma) research, including the relationship between oncogenes and 

speciation (e.g. see Schartl 2008). In addition, these fish have been the focus of much 

research on the molecular mechanisms driving the evolution of sex determination 

(e.g. Volff & Schartl 2001; Schartl 2004), and interestingly, gene copy number has 

been found to be associated with reproductive strategy, size and puberty 

(Lampert et al. 2010).Xiphophorus has perhaps attracted the most research attention 

for their sexually selected male trait—the elongated ventral caudal fin or sword (e.g. 

Meyer et al. 1994, 2006; Basolo 1995a,b; Rosenthal & Evans 1998; Rosenthal et al.  

2002). Swordtail males exhibit a sword trait that is preferred by females, and even 

female platyfish whose males do not have a sword prefer conspecific males with 

artificial swords over swordless ones (Basolo 1990a). Xiphophorus have been 

suggested to be one of few examples of the pre-existing bias hypothesis, where 

evolutionary older female mating preferences for sworded males may have driven the 

evolution of the more recently evolved sword trait (Basolo 1995a,b; Meyer 1997). 

 

Estimating the phylogenetic relationships among this group of fish has been much 

addressed but has provided conflicting results in the literature with different data sets 

illustrating different evolutionary scenarios and monophyletic groupings 

(Rosen 1960, 1979; Rosen & Kallman1969; Rauchenberger et al. 1990; Basolo 1991; 

Meyer et al. 1994, 2006). Until the mid-1990s, phylogenetic relationships 

among Xiphophorusfish were estimated using morphological traits such as the sword, 

pigmentation and the elaborate fin-structure of the gonopodium, which is the 

intromittent organ that develops from the anal fin of males in these live bearing fishes 

(Rosen 1960, 1979; Rosen & Kallman 1969; Rauchenberger et al. 1990; 

Basolo 1991). Since then, molecular markers, both mtDNA and nuclear, have been 

used to estimate the relationships among these fish (e.g. Meyer et al. 1994, 2006; 

Kang et al. 2013). Most phylogenies support four clades within this genus—southern 



 Chapter 3 - Xiphophorus fishes phylogenenomics 

 41 

swordtails (not always resolved as monophyletic), northern swordtails, southern 

platyfish and northern platyfish. However, more derived nodes within these clades 

remain not well supported. 

 

Of particular interest are the putative signatures of hybridization in this group, 

revealed through incongruence between mitochondrial and nuclear genetic markers 

(Meyer et al. 1994, 2006; Kang et al. 2013). However, we note that such signatures 

may arise for a number of different reasons, including differences in the evolutionary 

processes of the nuclear vs. mitochondrial genome (Ballard & Whitlock 2004). At 

least two species of Xiphophorus show discordance in their phylogenetic placement 

and have been suggested to have arisen through hybridization events 

(Meyer et al. 1994, 2006; Jones et al. 2012; Kang et al. 2013). 

 

Here, we use SNP data from thousands of RAD loci to provide high-resolution 

estimates of the evolutionary relationships among all 26Xiphophorus fish species. We 

also estimate the divergence times of the broader groupings of this genus and the 

origin of the putative hybrid species. Additionally, we address the question of which 

regions of the genome are shared between fish likely to have been affected by 

introgression. Together, our results show that RAD sequencing can provide 

exceptional insights into the evolutionary relationships among an entire genus. 

 

Methods 

Samples 
We sequenced an average of five individuals of each of the 26 described species 

of Xiphophorus, plus three outgroups (Priapella intermedia,Gambusia 

holbrooki, Heterandria formosa) (sample numbers per species ranged from 2 to 7), 

making a total of 143 individuals (Table 3.1). All samples, apart 

from X. malinche that were wild-caught, were from laboratory-housed stocks. All 

stocks are derived from wild-caught fish (~5–20 founders) and have been maintained 

under closed colony breeding in large population tanks for a range of 5–50 

generations. For each species stock, at least two independent aquaria are kept, and 

random mixing of individuals is performed every 2–3 generations. 
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Table 3.1 Specimens by origin and species. Individuals sampled here are from 
laboratory strains bred from wild-caught individualsfrom the localities specified 

 
 
Molecular methods 
DNA was extracted from body tissue using a DNeasy Blood and Tissue kit (Qiagen, 

Valencia, CA, USA) with RNase A (100 mg/mL). DNA was quantified using a TBS-

380 Mini-Fluorometer (Turner Biosystems, Sunnyvale, CA, USA), and the quality 

was assessed by visualization on an agarose gel. 

Restriction site-associated DNA libraries were prepared following the study by 

Peterson et al. (2012) with modifications as in the study by Recknagel et al. (2013) 

and described here. Briefly, 500 ng of DNA from each individual was digested using 

two enzymes, one rare cutting enzyme (PstI-HF) and one frequent cutting enzyme 

(MspI), for 3 h at 37 °C. The fragmented DNA was purified using the Qiagen 

MinElute PCR Purification Kit protocol, eluted in 10 µL EB (×2) and again 

quantified. Next, unique P1 adapters (i.e. 

seehttps://www.wiki.ed.ac.uk/display/RADSequencing/Home) that bind to PstI-HF 

created restriction sites were ligated to DNA fragments from each individual, and P2 

adapters were ligated to sites created by MspI 

(Fwd: CGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGA

ACAA, Rev: CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTG 
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CTGAACCGCTCTTCCGATCT). Each reaction consisted of a combination of 

~400 ng of DNA, 1 µL of P1 adapter (10 µM), 1 µL of P2 adapter (10 µM), 1 µL T4 

ligase (1,000 U/µL), 4 µL of 10× T4 ligation buffer and ddH2O to a total volume of 

40 µL. The ligation step was completed on a PCR machine using the following 

conditions: 25 °C for 30 min, 65 °C for 10 min and then the temperature was 

decreased to 20 °C at 1.3 °C per minute. After ligation, samples were again purified 

using the Qiagen MinElute PCR Purification Kit, then multiplexed and manually size-

selected using gel electrophoresis (300–400 bp). Appropriately sized bands were cut 

from the gel with sterilized razor blades and cleaned using the Qiagen MinElute Gel 

Purification kit, and eluted in 10 µL EB (×2). 

 

The DNA concentration of each multiplexed sample was measured and then amplified 

in eight single PCRs per library. Each PCR contained 10–20 ng of library DNA 

template, 4 µL dNTPs (100 mM), 4.0 µL 5× Phusion HF buffer (NEB), 0.2 µL 

Phusion Taq polymerase (NEB) and 1.0 µL of each RAD primer (10 µM), made up to 

20 µL with ddH2O. The PCR conditions for library amplification were 98 °C (30 s), 

[98 °C (10 s), 65 °C (30 s), 72 °C (30 s)] × 10, 72 °C (300 s). PCR products for each 

library were combined and cleaned using gel electrophoresis. Gel bands (300–400 bp) 

were cut, again cleaned using the Qiagen MinElute Gel Extraction Kit and eluted in 

10 µL buffer EB. Two of the three libraries were sequenced in an Illumina Genome 

Analyzer IIx, two lanes per library, single-end sequencing, yielding a maximum read 

length of 150 bp. The third library was sequenced in an Illumina HiSeq 2000, one 

lane, single-end sequencing, yielding maximum read lengths of 100 bp (see Table S1, 

Supporting information, for how samples were multiplexed). 

 
Raw read quality filtering and processing 
Raw sequence reads were processed using the Stacks pipeline (v0.997, 

process_radtags) (Catchen et al. 2011). The parameters (–t 100 -r -q -c -E –b barcode) 

were specified in order to truncate all the raw reads to 100 bp in length, rescue the 

ambiguous sites in the barcode sites (because the barcodes used in this study differ by 

at least two base pairs between samples, reads with ambiguous sites in the barcode 

region could be first corrected and then assigned to the corresponding sample), 

discard low-quality reads and reads with uncalled sites and separate the reads based 

on their individual barcode information. 
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The genome project of one species of Xiphophorus, X. maculatus, has recently been 

completed (http://www.ncbi.nlm.nih.gov/genome/10764) (Schartl et al. in revision); 

however, here we used a de novo assembly approach implementing a two-step method 

to identify interspecies SNPs. First, within-species RAD tag loci were built using 

ustacks (Hohenlohe et al. 2010) in the Stacks pipeline where the minimum stack size 

was specified as 3 (-m 3), that is, minimum depth of coverage required to create a 

stack. Stacks were merged into individual loci by allowing a maximum of one 

mismatch between stacks (-m 1). Potentially incorrectly merged loci and highly 

repetitive stacks (lumberjack stacks) were excluded in the downstream analyses using 

the parameters -d and –r. We masked within-individual polymorphisms using the 

fixed SNP calling mode (-T fixed). In the second step, we used hstacks, from the 

Stacks pipeline, to identify interspecies SNPs through clustering and comparing 

potentially homologous loci from each individual data set. Mismatches among the 

RAD loci in each individual data set were identified using a maximum mismatch 

number of either five or eight. 

 
SNP matrix preparation 
 
We developed in-house Perl scripts (S. Fan) to parse the results of hstacks for both the 

species-level and individual-based matrices. The scripts first discarded all clusters 

containing sequences from the same individual as these sequences may represent 

duplicated regions in the genome. For the species-based analysis, intraspecies SNPs 

were merged using the standard degenerate code. The latter step was implemented as 

here we were particularly interested in identifying polymorphisms among species. 

The script also discarded those SNPs that were represented in fewer taxa than our 

specified minimum number of taxa. For the SNP matrix construction, we specified the 

minimum number of taxa as 15, 20 and 25 (corresponding to 52–86% of the samples). 

These minimum numbers of taxa were considered appropriate tests given the 

stochastic factors in genome shearing, PCR amplification and Illumina sequencing. 

These minimum numbers of taxa represent different potentially informative 

thresholds in the number of species included in the constructed stacks. A decrease in 

the minimum number of taxa is expected to increase the amount of missing data in the 

SNP matrix. We evaluated the impact of increasing the amount of missing data on our 
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phylogenetic analyses in further analyses. Specifically we evaluated the impact of 

missing data by comparing supporting values and tree topologies that were based on 

matrices with different missing data thresholds. 

For conducting an individual-based phylogenetic analysis, we constructed a SNP 

matrix with 149 362 SNP sites based on the hstacks result with maximum eight 

mismatches among potentially homologous regions in different individuals. The 

individual-based SNP script extracts the nucleotides at the reported SNP site from 

the hstacks output and does not merge polymorphisms as done in the species-level 

analysis. Two individuals (X. gordoni 1 and X. pygmaeus 5) were excluded for further 

analyses as these samples consisted of only missing data. A total of 139 individuals 

were used for further analyses. To minimize any effects of missing data in our 

phylogenetic analyses, we specified the minimum number of taxa as 100 in our 

individual-based analyses (corresponding to 71% of samples). 

 
Phylogenetic analysis 
 
To reconstruct the phylogenetic relationships among our study species, analyses were 

performed on all interspecies SNP matrices as outlined above (i.e. with the different 

parameter combinations) and also on the individual-based SNP matrix. Phylogenetic 

analyses were conducted using maximum likelihood (ML) and Bayesian inference 

and maximum parsimony on all interspecies SNP matrices. The individual SNP 

matrix-based analysis was conducted using ML. All ML analyses were conducted 

using the online version of RaxML (Stamatakis et al. 2008) with the general time-

reversible (GTR) and gamma (Γ) (Yang & Kumar 1996) model of sequence 

evolution. The topology was evaluated with 100 ‘rapid-bootstrap’ replicates 

(Stamatakis 2006). We conducted Bayesian analyses using BEAST v1.7.1 (Drummond 

& Rambaut 2007). For this analysis, we also implemented the GTR+gamma model of 

sequence evolution. To construct the phylogeny, the lognormal relaxed-clock model 

was used to allow rate variation among branches without a prior assumption 

(Drummond et al. 2006). For comparison, we also repeated the analysis with an 

estimated global molecular clock for all branches. In both analyses, a Yule speciation 

process (pure birth process) was implemented as the tree prior and 1 × 106 steps were 

used in the Markov chain Monte Carlo (MCMC) iterations with sampling every 1000 

iterations. Convergence of the chain was confirmed by checking the effective sample 
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size of the results using the program Tracer v1.5 (http://beast.bio.ed.ac.uk/Tracer). 

We tested whether the relaxed molecular clock improved the fit of models to the data 

compared with the global molecular clock by comparing the Bayes factors (Kass & 

Raftery 1995) of the likelihood of the results in Tracer. A single ‘maximum clade 

credibility’ tree, which is analogous to the majority-rule consensus tree estimation in 

ML analysis in PAUP, was generated using TreeAnnotator v1.7.1 

(http://beast.bio.ed.ac.uk/TreeAnnotator) software using the sampling trees generated 

in BEAST. Maximum parsimony (MP) analyses were performed using PAUP∗ 4.0b10 

(Swofford 2003) using heuristic searches with 10 random-addition-sequence 

replicates using the tree bisection-reconnection (TBR) branch swapping option. 

Bootstrap support values were calculated with 2000 replicates. 

 

Divergence times were estimated using BEAST with a MCMC chain length of 2 × 107. 

Divergence estimations were obtained using lognormal relaxed-clock with the mean 

of the fastest and slowest rates of known calibrated molecular clocks in teleost fish 

(from 0.044 to 0.004 changes/site/Myr (Schories et al. 2009)). The results were 

parsed with Tracer. 

 
Mapping RAD data to the X. maculatus genome 
 
The raw reads of each Xiphophorus specimen, processed by process_radtags in the 

stacks pipeline, were mapped to the X. maculatusgenome (GCA_000241075.1) 

using BWA v0.6.2 (Li & Durbin 2009). We implemented the default parameters in this 

program that tolerates up to four mismatches and one gap when aligning reads to the 

genome. The mapping results were processed using Samtools v 0.1.18 (Li et al.2009) 

where the individual mapping results were merged into species-level results and 

ambiguously mapped reads were excluded. We implemented a minimum mapping 

quality score of >20 (−q 20). 

 

To further investigate the hypothesis of hybridization in this genus, the genomic 

architecture of different potential parental lineages and the putative hybrid species 

were compared. In this comparison, species thought to be likely parental lineages, in 

addition to a selection of species from the different major clades, were compared with 

the hybrid species (i.e. the putative hybrid species X. clemenciae 
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and X. monticolus were compared with the southern swordtail fishes X. mixei, 

X. kallmani, X. hellerii, the northern swordtails X. montezumae  and X. birchmani and 

the southern platyfishes X. maculatus, X. andersi and X. milleri). The genomes of 

parental species are expected to harbour the highest number of similar regions with 

the hybrid species. 

 

We calculated the similarity (%) of mapped regions between hybrid and potential 

parental species in a pairwise manner (e.g. X. clemenciaeand X. mixei, 

X. clemenciae and X. kallmani) (calculated as: the number of mutations/length of the 

mapped region × 100). This comparison was based on mpileup files generated by 

Samtools with parameter C50 to downgrade mapping quality for reads containing 

excessive mismatches. In total, eight mpileup files were generated for each 

comparison. We implemented conservative parameters in this analysis to minimize 

the impact of any sequencing error. We excluded regions with <3× coverage and 

SNPs with <3× coverage. In addition, for the comparison between species pairs, we 

only included regions that overlapped among all eight comparisons. We note that this 

method necessarily results in a focus on regions that are conserved between species 

and the reference genome species (X. maculatus). 

 
Ancestral state of the sword 
The ancestral state of the sword was estimated using the ML and maximum 

parsimony methods using MESQUITE v2.72 (Maddison & Maddison2010). A range of 

different sword traits are thought to influence mate choice in Xiphophorus fish (e.g. 

Trainor & Basolo 2006). Accordingly, following the study by Kang et al. (2013), we 

applied three different sword traits to our reconstruction of the sword: extension of the 

caudal fin, sword colouration and black pigmentation of the ventral margin 

(Meyer et al. 1994; Wiens & Morris 1996; Meyer 1997; Kang et al. 2013). We 

assigned the sword characters into three trait states in one analysis. First, we assigned 

species with a coloured sword to ‘coloured sword’, second we assigned species that 

are intermediate for any of the sword traits, that is, that are polymorphic for sword 

colour or ventral black margin or have a sword-like but smaller protrusion, to 

‘intermediate’ and finally species with no evidence of any sword traits to ‘no sword’. 

As a measure of statistical support for the ML ancestral state reconstruction analysis, 

we used the default likelihood threshold decision implemented in Mesquite (T = 2). 
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Results 

Restriction site-associated DNA libraries were generated by individually barcoding 

and sequencing DNA from an average of five individuals of all 

26 Xiphophorus species and three outgroups. Sequences were produced from sites 

throughout the genome specific to both MspI and PstI-HF restriction sites. We 

generated a total of 294 million raw reads from four Illumina GAIIx lanes and one 

Illumina HiSeq2000 lane (Table S1, Supporting information). After quality control, 

we included 237 million raw reads in our further analyses (Table S1, Supporting 

information). The average number of reads per individual in the data set was 

87 290 ± 16 563 and ranged from 30 892 to 4 192 236 (Figure S1, Supporting 

information). The average coverage achieved per individual per loci was 15x (Figure 

S2, Supporting information). Due to the low coverage achieved for X. evelynae, 

individual samples for this species were combined for further analyses. 

 
SNP matrices 
As expected intuitively, SNP matrix size, that is, length of the alignment in bp, 

increases linearly with the permitted maximum number of mismatches in the 

homologous regions among different species (Figure S3, Supporting information). In 

addition, a decrease in the minimum number of taxa represented at each locus 

produced a concomitant increase in the size of the SNP matrix. Under our intraspecies 

combined analysis, we generated a total of six SNP matrices for the phylogenetic 

analyses (using three different thresholds for the minimum number of species 

specified—15, 20 and 25, and two mismatch thresholds—5 and 8) with a range in 

total sequence length of 15 632 bp to 66 983 bp. The proportion of missing data per 

species in these matrices ranged from 1 to 78% (Table S2, Supporting information). 

One of the outgroups used in our study (Heterandria formosa) consistently had the 

highest proportion of missing data. This may be caused by a large molecular 

divergence between H. formosa and the rest of the species analysed, meaning the 

maximum number of mismatches allowed here was exceeded in comparisons among 

homologous regions between this outgroup species, and the rest of the study species. 

The latter result indicates that the RAD method is currently more appropriate for 

handling phylogenetic research on recently derived species (see also 
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Rubinet al. 2012). Specifically, divergences among the genera studied here likely 

represent an upper bound on species divergence levels for utilizing RAD 

methodology. 

 
Phylogenetic analyses 
Using ML, Bayesian and MP analyses, the RAD SNP data set enabled the production 

of a highly supported tree topology, where the topology was very similar regardless of 

the analysis method used, the minimum number of species represented at each SNP 

site or the number of allowed mismatches between potentially homologous loci 

(Figure 3.1). We found only minimal differences in supporting values at a few of the 

more derived branches (e.g. Figure S4, Supporting information), and we also note 

there is a difference in topology in the derived northern platyfish clade (at two of six 

tested ML parameters) and the X. clemenciae clade (at one of six tested ML 

parameters) (Figure S4, Supporting information). The amount of missing data had no 

significant impact on the placement and branch support for X. evelynae, a species with 

a high proportion of missing data. Importantly, the consistency between our 

parametric and parsimony analyses suggests that misleading topologies and biases 

recently highlighted to be associated with missing data in likelihood-based analyses 

(Simmons 2012a,b see also Thomson & Shaffer 2010; Wiens & Morrill 2011) are 

unlikely to have had an impact on our results. We note that similar to Wagner et al. 

(2012), we obtained the largest SNP matrix using the lowest threshold tested here 

(minimum of 15 species at each SNP site), with a maximum of eight mismatches in 

the homologous regions among different species, and it provided the highest bootstrap 

support (Figure 3.1). Therefore, in line with what Wagner et al. (2012) found, we find 

that with a greater number of SNPs included in the data matrix (Figure S3, Supporting 

information), we have the greatest number of highly supported nodes (with the lowest 

bootstrap support being 93%). In our Bayesian analyses, all nodes are highly 

supported using the different SNP matrices. Using the 2ln Bayes > 10 criterion (Kass 

& Raftery 1995), phylogenies constructed with the lognormal relaxed-clock model 

(Drummond et al. 2006) were found to be significantly more reliable than those 

constructed using the global molecular clock. In our individual-based ML analyses, 

we find that all intraspecies individuals are monophyletic, the groupings are highly 

supported (data not shown) and interspecies clusters are identical to the results shown 

in Figure 3.1. 
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Phylogenetic groups and divergence times 
The data set resolved three major clades of Xiphophorus (southern swordtails, 

northern swordtails and the platyfish—where the northern platyfish form a clade, 

whereas the southern platies are not monophyletic within the platyfish clade) 

(Figure 3.1, see also Figure S4, Supporting information). We find the northern 

platyfish to be the most derived species and form part of a single monophyletic 

grouping with the southern platyfish (Figure 3.1). These results, alongside the 

divergence time analyses using BEAST, suggest a more ancient divergence of the 

southern and northern swordtails and a more recent origin of the northern platyfish 

(Figure 3.1, Table S3, Supporting information). However, we note that the absence of 

suitable fossil calibration time points limits the reliability of our divergence time 

estimates. 

 
The monophyletic grouping of the southern swordtails, including two of the recently 

described species (X. monticolus and X. mixei), provides the first highly supported 

estimate of the phylogenetic relationships among these species. This group of 

southern swordtails includes two species hypothesized to be of hybrid origin 

(X. clemenciae and X. monticolus) due to discordance between mtDNA- and nuclear-

based trees (Meyer et al. 2006; Kang et al. 2013). We note that previous work 

suggests that X. maculatus is the most likely maternal lineage of both putative hybrid 

species (Meyer et al. 2006; Kang et al. 2013; see also Jones et al. 2012). Here, we 

also provide the first strongly supported phylogenetic estimate of the evolutionary 

relationships within the northern swordtail clade (Figure 3.1). 
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Figure 3.1 Phylogenetic tree (ML, Bayesian and MP) of all Xiphophorus species 
based on the largest SNP matrix analysed (i.e. where SNPs were included if present in 
a minimum of 15 species and with a maximum of eight mismatches). When support 
values are 100 for all analyses, the value is listed once, otherwise support values are 
listed in the order ML, Bayesian, MP. Divergence time estimates—in million years—
were calculated using the fastest and slowest rates of known calibrated molecular 
clocks in teleost fish [from 0.044 to 0.004 changes/site/Myr (Schories et al. 2009)] 
in BEAST. Mean divergence times are indicated in italics, and the upper and lower 
95% confidence intervals are shown using a yellow bar. 

 
Divergence between swordtails and platyfish 
Our ancestral state reconstruction analyses suggest that the most likely state of the 

sword in the ancestral lineage of Xiphophorus is ‘sworded’ (Figure 3.2). However, we 

find that the ancestral state remains unresolved under maximum parsimony. Under 

ML, the Xiphophorus ancestral lineage is likely to have had a coloured sword with a 

ventral black margin—two traits that have also been shown to be preferred by females 

in some Xiphophorus species (e.g. Trainor & Basolo 2006). 
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Nuclear- vs. mtDNA-based phylogenies 
The nuclear DNA-based phylogeny estimated here using RAD data shows some 

incongruences with previously estimated mtDNA-based phylogenetic trees, where 

two species, X. clemenciae and X. monticolus, show different phylogenetic positions 

between the analyses based on the different molecular markers (see also 

Meyer et al. 1994, 2006; Kang et al. 2013). In the nuclear DNA-based tree, both 

species are grouped with the southern swordtails (Figure 3.1), whereas in mtDNA-

based trees, both species are grouped with the southern platyfish (Meyeret al. 2006; 

Kang et al. 2013). Such divergent placements can result from three main evolutionary 

scenarios including hybridization events with backcrossing, introgressive 

hybridization which in concert with different selective forces acting on the 

mitochondria vs. the nuclear genome could result in such differences (e.g. Ballard & 

Whitlock 2004; see also Figure 3.3) and incomplete lineage sorting. Interestingly, the 

strongly supported monophyletic grouping of the X. clemenciae clade vs. the rest of 

the southern swordtails suggests that if these species are indeed of hybrid origin, 

the X. mixei lineage is likely to be the paternal lineage of the hybrid species. 

 
 

            
Figure 3.2 Ancestral state reconstruction of the sexually selected sword trait under 
ML including proportional likelihood estimations for the alternative states. Sword 
characters are assigned to three trait states. First, species with a coloured sword were 
assigned to ‘coloured sword’, second species that are intermediate for any of the 
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sword traits, that is, that are polymorphic for sword colour or ventral black margin or 
have a sword-like but smaller protrusion, were assigned to ‘intermediate’ and finally 
species with no evidence of any sword traits to ‘no sword’. Examples of the different 
states are shown in the fish pictures [A, B, C, D, where A is an example of a species 
with no sword or colour (Xiphophorus maculatus); B is an example of a species with 
a small coloured protrusion (Xiphophorus xiphidium); C is an example of a species 
with a sword-like colourless protrusion (Xiphophorus andersi); D is an example of a 
species with a coloured sword (Xiphophorus hellerii)]. The two enlarged ancestral 
state estimations under ML are as follows: Xiphophorus ancestor is 0.906 ‘sworded’, 
0.031 ‘intermediate’ and 0.063 for ‘no sword’. These differences are significant at the 
default likelihood threshold in Mesquite (T = 2). The platyfish ancestral state is 0.515 
‘sworded’, 0.188 ‘intermediate’ and 0.297 ‘no sword’—this is not significant at the 
default likelihood threshold in Mesquite (T = 2). The ancestral state of the sword is 
unresolved using MP (data not shown). 

            
Figure 3.3 Schematic diagram of phylogenetic discordance and evolutionary history 
of Xiphophorus fish. The black outline illustrates the RAD nuclear-based phylogeny, 
and the pink dashed line represents the mtDNA gene tree (mtDNA tree adapted from 
Kang et al. 2013). The figure represents possible hybridization and introgression 
scenarios in the evolutionary history of these fish leading to current discordance 
between molecular markers. Two hybridization scenarios can be hypothesized: 
hybridization (grey shading) between the southern swordtail and southern platyfish 
lineages (A); introgressive hybridization (grey shading) between X. maculatus and 
bothX. clemenciae and X. monticolus resulting in the platyfish-like mtDNA haplotype 
introgressing into these species (B). Times (Mya) represent the estimated divergence 
times between species lineages. 

 
The nature of the RAD data generated here enables a genome-wide comparison of the 

genetic architecture of the discordantly placed species and other closely related 

species likely to have played a role in their evolution via hybridization. We note that 
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mtDNA-based comparisons are limited here due to the nuclear genome specificity of 

the RAD enzymes. Genomic regions that fit our stringent criteria were included in our 

hybrid–potential parental lineage comparisons and included 1102 regions for 

comparisons with X. clemenciae and 968 regions for comparisons with X. monticolus. 

We show that when mapped to the X. maculatus genome scaffolds, X. mixei is most 

similar to both hybrid species compared with other southern swordtails, northern 

swordtails and southern platyfish (Figure 3.4). There does not appear to be a large 

difference in similarity between regions, although scaffolds 1 and 2 are more similar 

between X. mixei and the hybrid species (see Figure 3.4 for X. clemenciae example). 

We note that these similarity estimates are likely to be underestimated as highly 

diverged regions (for example regions with more than four mismatches, as limited by 

the mapping program) in the swordtail fish genomes will not map to 

the X. maculatusreference genome. Interestingly, X. andersi was found to be the most 

similar southern platyfish to both putative hybrid species, although all southern 

platyfish show a relatively similar level of difference to the discordantly placed  

species (Figure 3.4).

 
Figure 3.4 Genomic regions shared between putative hybrid species and other 
Xiphophrous lineages (including potential parental lineages).  

Here, the putative hybrid species X. clemenciae is used as an example. Graphs show 

pairwise differences (percentages) between the putative hybrid species (X. clemenciae 

shown here) and putative parental lineages and representatives of the major 
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Xiphophorus clades. Bars represent average differences (%) between species of 

mappable reads along each scaffold (i.e. where each bar is an average of ~50 regions 

of mappable reads in a sliding window approach). Colours designate the clade of each 

species compared here (see also Figure1) and dotted vertical lines differentiate 

scaffold regions. The table indicates the percentage of regions that have the highest 

similarity score between species pairs (i.e. the table shows the percentage of cases 

where each specific species pair was the most similar of all eight pairwise 

comparisons). 

Discussion 

Here, we resolve the evolutionary relationships among all species of Xiphophorus fish 

using thousands of base pairs of genome-wide SNP data. We provide support for 

three major clades (southern swordtails, northern swordtails and platyfish), and within 

the platyfish, a more recently derived northern platyfish clade. In contrast to previous 

estimates of the phylogenetic relationships among these fish where support and/or 

species information was lacking, we find strong support for the most basal split 

between the southern swordtails and the clade including both platyfish and the 

northern swordtails. Furthermore, we recover two distinct monophyletic groupings 

within both the southern swordtails and the northern swordtails. 

 

We show that including a greater number of base pairs in the SNP matrix data set 

results in the highest support for all nodes. Importantly, we find that despite recently 

outlined possible caveats with missing data, which are particularly relevant to large 

NGS data sets (Simmons2012a,b), here congruence between ML, Bayesian and MP 

analyses suggests our results are robust. However, below we outline cautions 

associated with phylogenomic analyses using RAD data—a currently young field. We 

provide further support for incongruence between the nuclear vs. mtDNA phylogenies 

of this genus which likely reflects the contribution of hybridization to the evolution of 

two species of Xiphophorus (X. clemenciae and X. monticolus). By reconstructing the 

evolutionary history of the sexually selected sword trait, our results suggest that 

coloured swords with a ventral black margin may be the ancestral state in the basal 

lineage of the genus Xiphophorus. 
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Resolving the evolutionary history of swordtails and platyfish 
The phylogenetic relationships among Xiphophorus fish has received much attention; 

however, different topologies have been recovered based on different sets of markers 

(Rosen 1960; Rosen & Kallman 1969; Rosen 1979; Rauchenberger et al. 1990; 

Basolo 1991; Meyer et al. 1994; Lockhart et al. 1995; Meyer et al. 2006; 

Kang et al. 2013). Using genetic markers throughout the genome to determine such 

evolutionary relationships allows a greater understanding of the evolutionary history 

of this group of fish. In a broad phylogeographic context, our molecular phylogeny 

provides support for the South to Central America radiation of Poeciliid fishes and the 

subsequent divergence of Xiphophorus species and populations (Hrbek et al. 2007). 

The basal split between the ancestor of the southern swordtails and the rest of the 

Xiphophorus radiation, and the younger origin of the platyfish clade relative to the 

southern swordtails (Figure 3.1), is in line with the known geographic distribution of 

these fishes (Kallman & Kazianis 2006). Specifically, the southern swordtails occur in 

distinct regions throughout the southernmost distribution of the Xiphophorus genus—

Belize and Honduras northwest to Veracruz in Mexico—apart from X. hellerii which 

occurs throughout this entire range (Kallman & Kazianis 2006). Species in 

the X. clemenciae clade (X. monticolus, X. clemenciae, X. mixei), found to be one of 

the evolutionarily older groups of swordtail fish, interestingly have a very restricted 

distribution occurring only in the uplands of the Rio Coatzacoalcos Basin in the 

Isthmus of Tehuantepec (Kallman & Kazianis 2006). Thus, the current distribution of 

this group may be limited to specific upland refugial habitats. Xiphophorus 

maculatus, the most basal southern platyfish (Figure 3.1), has a similarly broad 

distribution to X. hellerii. The majority of the southern platyfish occur in distinct 

regions neighbouring and then progressively northwest of the southern swordtails 

(Kallman & Kazianis 2006). However, the phylogenetic placement 

of X. xiphidium does not fit its known geographic distribution. Rather, this species has 

the most northern distribution of the southern platyfish and would therefore be 

expected to be phylogenetically placed between X. variatus and the northern platyfish 

(Figure 3.1). The northern swordtails co-occur further to the north-west from most 

southern platies (although the southern platyfish, X. variatus, has a broad distribution 

that overlaps with the northern swordtails) (Kallman & Kazianis 2006). Fishes in the 

most recently derived clade, the northern platyfish, occur in distinct regions in the far 

northern part of the Xiphophorus distribution (Figure 3.1, Kallman & Kazianis 2006). 
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With this large RAD determined SNP data set, we are able to resolve all evolutionary 

relationships of these fishes that have previously been contentious; however, we note 

current cautions with this data type below. Two distinct northern swordtail clades 

(the X. pygmaeus and X. montezumae clades), and the most recently derived nodes 

therein, are fully supported under all parameters tested here (Figs 1 and S4, 

Supporting information). The recent split between the X. continens, 

X. pygmaeus clade, and the X. multilineatus, X. nigrensis clade, is in line with their 

known ranges which include separate tributary rivers (X. continens: Rio Ojo 

Frio, X. pygmaeus: Rio Huchihuayan and Axtla, X. multilineatus: Rio 

Coy, X. nigrensis: Rio Choy) that flow into the larger river, Rio Tampoan, at different 

points along its course. The clear resolution achieved 

between X. birchmanni and X. malinche in particular is likely due to these species 

samples being originally obtained from sites outside of the current hybrid zone known 

for these species (e.g. Culumber et al. 2011). In addition, our data provide strong 

support for X. maculatus as the most basal southern platyfish, and X. andersi as the 

next most basal southern platyfish, a species that has been problematic to place 

phylogenetically. Together, these species distributions and new genome-wide 

molecular data provide a basis for further investigating genomic and geographic 

patterns of species diversification and also model-based tests of hybrid speciation 

(e.g. see Nice et al.2013). 

 
Phylogenetic estimations using RAD data 
Here, we have inferred highly supported estimates of the evolutionary relationships 

among all species of the genus Xiphophorus; however, as suggested by 

Rubin et al. 2012 and Wagner et al. 2012, these results should be viewed with caution 

and examined further in future analyses. Our analyses here, which combine thousands 

of orthologous SNP markers throughout the genome of each species, do not account 

for any gene or region-specific selective forces acting on individual loci. However, 

the availability of the X. maculatus reference genome 

(http://www.ensembl.org/Xiphophorus_maculatus/Info/Index) and linkage 

information (Schartl et al., submitted) will, in the future, likely enable the use of 

analysis methods that accommodate and investigate gene tree heterogeneity and infer 

species trees, such as BEST (Edwards et al.2007; Liu 2008) and *BEAST (Heled & 
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Drummond 2010) and BUCKy (Ané et al. 2007) see also Chung & Ané (2011), and 

more accurate model selection procedures. Analyses based on data concatenation may 

not reflect the true species tree (Kubatoko & Degnan 2007) and can sometimes 

produce unusually high levels of bootstrap support (Gadagkar et al. 2005; Seo 2008; 

Kumar et al. 2012). Partitioning data by gene or codon site could help to overcome 

biases caused by simplifications of assumptions across the genome (Rannala & 

Yang 2008). Further methods for partitioning NGS data are needed and, as is the case 

for Xiphophorus, will be aided by linkage and gene annotation information. 

 

In addition, likelihood analyses can provide strong support for incorrect topologies 

when analyses are based on data sets with nonrandom distributions of missing data, as 

is the case with large phylogenetic data sets (Simmons 2012a,b a, b). In recent 

analyses using hypothetical examples, Simmons (2012a,b) showed such biases can 

occur even without mutation rate heterogeneity among characters and with a well-

fitting model and when applied to simple data matrices. Using parsimony-based 

analyses rather than relying only on parametric methods is one approach 

recommended for testing whether likelihood-based results are likely to be artifactual 

(Simmons 2012a). Specifically, Simmons (2012a) suggests limiting phylogenetic 

inferences to branches that are supported in the parsimony strict consensus and 

investigating further any discrepancies between parsimony and parametric analyses. 

Here, we find no discrepancies in the results between different types of phylogenetic 

analysis suggesting that in this case, likelihood analyses are not adversely affected by 

missing data. 

 
Evolution of a sexually selected trait 
Previous estimations of the Xiphophorus phylogeny have raised two conflicting 

scenarios for the evolution of the sexually selected exaggerated male trait—the sword 

(e.g. Basolo 1995a,b; Meyer 1997). Traditionally, swordless platyfish have been 

estimated as basal and the swordtails (with swords) more derived (Rosen 1979; 

Rauchenberger et al. 1990), providing evidence for the trait having arisen in line with 

the pre-exiting bias hypothesis because it could be shown that ‘already’—assuming 

their basal placement—platyfish females prefer swords and, thereby, might have 

driven the subsequent evolution of swords in platyfish. 
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Here, using ML analyses, we provide support for the alternative hypothesis that the 

sword, including its colouration, may have evolved in the immediate ancestral lineage 

of the genus, therefore also bringing into question whether the pre-existing bias in 

female preference accounts for the evolution of the sword trait (see also 

Kang et al. 2013; Figure 3.2). Rather, the different characteristics, including basic 

presence, colour and also dark pigmented dorsoventral margins, have been reduced 

and lost in the evolutionary history of the genus. However, a pre-existing bias in 

female preference for the sword trait cannot be ruled out because the ancestral state of 

the outgroups remains ambiguous (Figure 3.2). In addition, under MP, the ancestral 

lineage cannot be assigned to either a sworded or nonsworded state. Further, although 

females in a sister species of one outgroup, Priapella olmecae, are known to prefer 

sworded males over their own nonsworded males (Basolo 1998), the preferences of 

other closely related species remain untested. Identifying the driving force behind the 

evolution of the sword trait would benefit from implementing a greater array of 

female preference studies. We also note that the limitations in conducting 

phylogenetic analyses with RAD data, as detailed above, mean that the evolutionary 

history of the sword trait should also be considered with caution. 

 
Nuclear- vs. mtDNA-based phylogenies 
The high phylogenetic resolution achieved in this study using a large set of nuclear 

markers throughout the genome allows an informative comparison with previous 

mtDNA estimates of the evolutionary relationships among this group of fish. We find 

discordance between the RAD nuclear-based phylogeny estimated here (Figure 3.1) 

and previously estimated mtDNA-based phylogenies (Meyer et al. 1994, 2006; 

Kang et al.2013; see also Figure 3.3). Specifically, in the RAD-marker-based tree, 

both species group with the southern swordtail clade—a result that is expected based 

on previous DNA studies and their phenotypic resemblance to other southern 

swordtails. In the mtDNA-based tree, these species grouped with the southern 

platyfish. Three main evolutionary scenarios, which are not necessarily mutually 

exclusive, are likely to give rise to such a phylogenetic pattern (see Figure 3.3). 

First, hybridization with backcrossing, where as hypothesized by Meyer et al. 

(1994, 2006), the discordantly placed species may be good hybrid species resulting 

from hybridization between a southern swordtail and a southern platyfish (likely the 

maternal species) followed by repeated backcrossing with southern swordtail males. 
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Incongruence between molecular phylogenies based on different marker types is a 

recognized signature of past hybridization (Arnold 1992; Avise 1994, 2000; 

Seehausen 2004; Arnold & Meyer 2006). Such differences between marker sets, 

supported here by a nuclear-based phylogeny, along side previously documented 

behavioural characteristics of the putative parental lineages and intermediate 

morphology of the putative hybrid X. clemenciae (Meyer et al.2006), provide support 

for hybridization events giving rise to these species. In addition, the large degree of 

similarity throughout the mappable regions of the genome, between X. mixei and the 

putative hybrid species (Figure 3.4), suggests that hybridization followed by 

backcrossing is a possible evolutionary scenario leading to such discordance. 

 

A second related mechanism is introgressive hybridization, where even infrequent 

gene flow between different species in addition to the basic characteristic differences 

between mitochondrial and nuclear DNA, and the actions of selection or drift, can 

result in conflicts between mitochondrial and nuclear data (e.g. Shaw 2002; 

Sota 2002; Rognon & Guyomard 2003; Ballard & Whitlock 2004; Good et al. 2008; 

Barbaneraet al. 2009; Pustovrh et al. 2011; Miller et al. 2012). Here, a putative 

scenario is that introgression occurred between the incongruently placed species 

lineages and a platyfish. At the same time, there may have been selection for the 

platyfish mtDNA haplotype, either direct or indirect, under the particular habitat 

conditions resulting in the platy-like haplotype introgressing into the genomes 

of X. clemenciae and X. monticolusand becoming fixed. We note that other 

demographic effects, rather than strict selection, can also promote such patterns (e.g. 

see Excoffier & Ray 2008). The small size of the mitochondrial genome, the lack of 

recombination in the genome and the maternal nature of inheritance mean that it 

likely represents a single molecular history, and in some cases the mtDNA from one 

taxon can completely replace that of another (i.e. mitochondrial DNA capture), 

without evidence of nuclear introgression or morphological signal (Ballard & 

Whitlock 2004; e.g. Bernatchez et al.1995). Importantly, even without introgression, 

differences in divergence patterns between nuclear and mitochondrial DNA often 

come about because of the evolutionary properties of these DNA classes (Ballard & 

Whitlock 2004; Rheindt & Edwards 2011). Future investigations will be required to 

determine whether indeed there is selection for a platy-like mitochondrial genome in 

natural populations of the incongruently places species. Additionally, a mitochondrial 
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genome-wide phylogenetic analysis of all Xiphophorus species may allow a high-

resolution estimate of the evolution of this molecule among an entire genus. Further, 

with the completion of the Xiphophorus genome assembly and annotation, it will 

become possible to determine which genomic regions support the different 

evolutionary relationships and what their functions are. 

 

Third, discordance between the nuclear and mitochondrial DNA-based trees may be 

due to incomplete lineage sorting. This possibility cannot be ruled out and will be 

resolved further through a sliding window-based analysis proposed above; however, 

there are two main reasons why this scenario is less likely. First, current geographic 

distributions of the species align well with the nuclear-based RAD phylogeny but 

similarly support the mtDNA-based phylogeny. In particular, overlapping 

distributions between the widely occurring platyfish, X. maculatus, and the more 

restricted distributions of the incongruent species suggest introgression likely 

accounts for the observed phylogenetic discordance rather than incomplete lineage 

sorting. Yet, we note that such introgression has not been reported so far, and our 

detailed phylogeographic analysis and sampling did not find a single instance of 

introgression between X. maculatus and X. clemenciae (Jones et al. 2012). Second, 

here we find that in ~63% of regions throughout the genome, X. mixei has the highest 

similarity with the incongruently placed species, compared with only about 50% with 

the platyfish (Figure 3.4). This suggests that the RAD tree presented here represents a 

true species tree, while introgression with a platyfish, or the differential evolutionary 

history of the mitogenome, led to the discordance observed between the 

mitochondrial and nuclear genomes. Although mtDNA has a smaller effective size 

and therefore is expected to resolve in phylogenies faster, the evolutionary properties 

of this maternally nonrecombining molecule can differ from the true species history. 

Under the scenario that X. clemenciae and X. monticolus arose via hybridization with 

backcrossing, our data suggest that the X. mixei lineage is likely to be the paternal 

lineage of both putative hybrid species (Figure 3.1). Different to previous work 

(Meyer et al. 2006), the high support for the monophyly of the clemenciae clade 

recovered here strongly supports this inference. In addition, this putative paternal 

species overlaps in its current geographic distribution with both putative hybrid 

species (Kallman & Kazianis 2006), and gonopodium characters between all three 

species are similar (Jones et al. unpublished). Similar to the two hybrid 
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species, X. mixei has a restricted distribution suggesting the hypothesis of a single 

origin for both species is likely, although this assumption is contingent on current 

distributions reflecting past distributions of the X. mixei lineage. Our clock estimates 

suggest that the clemenciae clade diverged one million years ago, meaning we can 

broadly infer that the incongruently placed species diverged at this time. 

Interestingly, X. mixei has a shorter sword than both hybrid species suggesting that 

selection for longer swords was possibly weaker in this lineage after hybridization 

occurred (see Figure 3.2). 

 

Additional behavioural studies are required to provide further insight into the 

mechanisms that promoted the possible hybrid origin of these 

twoXiphophorus species. The latter will also allow fruitful temporal comparisons with 

documented ongoing hybridization in the genus that may be examples of insipient 

speciation, such as between X. malinche and X. birchmanni (Culumber et al. 2011; 

Rosenthal & García de León 2011). 
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Abstract 

African cichlid fishes are an ideal system for studying explosive rates of speciation 

and the origin of diversity in adaptive radiation. Within the last few million years, 

more than 2000 species have evolved in the Great Lakes of East Africa, the largest 

adaptive radiation in vertebrates. These young species show spectacular diversity in 

their coloration, morphology and behavior. However, little is known about the 

genomic basis of this astonishing diversity. Recently, five African cichlid genomes 

were sequenced, including that of the Nile tilapia (Oreochromis niloticus), a basal and 

only relatively moderately diversified lineage, and the genomes of four representative 

endemic species of the adaptive radiations, Neolamprologus brichardi, Astatotilapia 

burtoni, Metriaclima zebra, and Pundamila nyererei. Using the tilapia genome as the 

reference genome, we generated a high-resolution genomic variation map, consisting 

of single nucleotide polymorphisms (SNPs), short insertions and deletions (indels), 

inversions and deletions. In total, around 18.8, 17.7, 17.0 and 17.0 million SNPs, 2.3, 

2.2, 1.4 and 1.9 million indels, 262, 306, 162, and 154 inversions, and 3509, 2705, 

2710 and 2634 deletions were inferred to have evolved in the N. brichardi, A. burtoni, 

P. nyererei and M. zebra respectively. Many of these variations affected the annotated 

gene regions in the genome. Different patterns of genetic variation were detected 

during the adaptive radiation of African cichlid fishes. For SNPs, the highest rate of 

evolution was detected in the common ancestor of N. brichardi, A. burtoni, P. 

nyererei and M. zebra. However, for the evolution of inversions and deletions, we 

found that the rates at the terminal taxa are substantially higher than the rates at the 

ancestral lineages. The high-resolution map provides an ideal opportunity to 

understand the genomic bases of the adaptive radiation of African cichlid fishes.  
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Introduction 

Cichlid fishes are one of the most extreme examples for adaptive radiations in 

vertebrates (Kocher, 2004; Salzburger and Meyer, 2004; Henning and Meyer, 2014). 

More than 2000 species evolved during the last few million years in the three Great 

Lakes of East Africa.  With >250 endemic species in Lake Tanganyika, >800 species 

in Lake Malawi and > 500 species in Lake Victoria these are the largest adaptive 

radiations in vertebrates (Kocher, 2004; Henning and Meyer, 2014). Lake Tanganyika 

is with maximally 7-8 million the oldest of these lakes.  Lake Malawi is younger with 

about 2-4 Million years and the current form of Lake Victoria is probably less than 

100,000 years old.  These young species, particularly of Lakes Malawi and Victoria 

are both extremely young, yet spectacularly diverse in morphology, coloration and 

behavior.  Since most species of Lakes Malawi and Victoria can be hybridized in the 

laboratory for forward genetic studies, we’ve referred to them as ‘natural mutants’ 

that can be used for studying genomic diversification by natural and sexual selection 

(Meyer, 1993; Kuraku and Meyer, 2008; Henning and Meyer, 2014). A large body of 

work, including transcriptome sequencing (Salzburger et al., 2008; Lee et al., 2010; 

Baldo et al., 2011), BAC library construction (Lang et al., 2006), candidate gene 

sequencing (Terai et al., 2002; Terai et al., 2006; Hofmann et al., 2009; Fan et al., 

2011) and microarrays (Gunter et al., 2011; Loh et al., 2013), have been conducted in 

an effort to study the molecular basis of the adaptive radiation of African cichlid 

fishes (reviewed by (Fan et al., 2012)).  

 Recently, the cichlid genome consortium sequenced five African cichlid 

genomes, including the Nile tilapia (Oreochromis niloticus), Neolamprologus 

brichardi (from Lake Tanganyika), Astatotilapia burtoni (lives in and around Lake 

Tanganyika), Metriaclima zebra (from Lake Malawi), and Pundamila nyererei (from 

Lake Victoria) (Brawand et al. submitted manuscript). The analyses of the genomes 

of these five African cichlids shows that their rapid evolution is associated not with 

one, but with multiple mechanisms, including an excess of gene duplications, 

transposable element expansions, fast evolution of conserved non-coding elements, 

and the evolution of novel micro RNAs (Brawand et al. submitted manuscript). 

However, cichlid research has felt the lack of the comprehensive comparative analysis 

of large-scale genomic variation. Ordered by size, genomic variation can take on the 

form of single nucleotide polymorphisms (SNPs), short insertions and deletions 
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(indels), and larger structural variation (SVs, normally > 50 bp). Furthermore, SVs 

can be classified as insertions, inversions, deletions, duplications and translocations 

(Alkan et al., 2011a). The advent of next generation sequencing (NGS) technologies 

have revolutionized the genomic variation studies (Alkan et al., 2011a), as high-

density maps were generated for various model systems. These maps, consisting of a 

wide spectrum of variations, are of important for a deeper understanding of speciation 

from a genomic perspective (Quinlan et al., 2010; Mills et al., 2011b; Zhan et al., 

2011; Feulner et al., 2013; Zichner et al., 2013; Jones et al. 2012b). For example, the 

recent studies showed that the adaptive evolution of threespine stickleback has been 

shown to associate with the reuse of the standing variations, but also by the SVs such 

as chromosomal inversion and deletions ( Jones et al., 2012a; Jones et al., 2012b; 

Chan et al., 2010; Feulner et al., 2013).  

 In this study, using the recently sequenced five African cichlid genomes, we 

revealed some patterns of genomic variation that accompany the adaptive radiation of 

African cichlids. The aims of the present study were threefold: first, we characterized 

the prevalence and locations of the genomic variation in the African cichlid genomes. 

Second, we analyzed the variation in a phylogenetic context, which will enable us to 

have a deeper understanding of the questions such as: what is the origin of the 

variation? How processes like natural selection operate on different types of variation? 

Third, we inferred the potential functional impact of this variation using gene 

annotation information. The in-depth analyses of the genomic variation will not only 

enable us to assess the impact of the genomic differentiation on the functional 

portions of the genome, but also provide us with potential mechanisms for the rapid 

evolution of cichlid fishes.     

Material and methods 

DATA COLLECTION 

The Broad Institute determined the five African cichlid genomes using Illumina 

technology. Briefly, one individual per species was sequenced using paired-end and 

mate-paired libraries. The raw reads of each species were assembled using 

ALLPATHS-LG pipeline (Gnerre et al., 2010). The tilapia genome was further 

anchored into 22 linkage groups using linkage map information (Brawand et al., 

submitted manuscript). The information of the five African cichlid genomes was 

listed in the Supplementary Table 1. In this study, the raw sequencing data were 
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downloaded from the NCBI SRA database  (for accession numbers of the libraries see 

Supplementary Table 2).  

 

DATA PROCESSING 

The SRA files were converted to Fastq format using the fastq-dump (version 2.3.2) in 

the NCBI SRA toolkit. Sickle (https://github.com/najoshi/sickle) was used to remove 

the sequencing adaptors, to mask bases with quality score lower than 20, and to 

exclude reads less than 50 bp in length with parameters -q 20, -l 50.  

 We processed the reads from the paired-end and mate-paired libraries 

separately. The overlapping paired-end reads (insertion size: 180 bp, sequencing 

length: 100 bp) were first trimmed and we only kept the first and the last 50 bp in the 

first and second read using fastx_trimmer of the Fastx toolkit (version 0.0.13) 

(http://hannonlab.cshl.edu/fastx_toolkit/). For the mate-paired libraries (insertion size 

3000 bp, sequencing length: 36 bp), we first mapped the raw reads to their 

corresponding genomes using BWA (version 0.7.3a-r367) (Li and Durbin, 2009)  and 

excluded the read pairs that are facing each other, as these reads could be the potential 

contaminations of paired-end reads in the mate-paired libraries. The remaining mate-

paired reads were reverse-complemented, therefore the orientation of the mate pair 

reads are as same as the paired-end reads, to fit the requirements of the software in the 

downstream analyses.   

 The anchored tilapia genome was used as reference genome and mapped the 

filtered paired-end and mate-paired reads from tilapia, N. bricharid, A. burtoni, P. 

nyererei and M. zebra genomes separately using BWA (version 0.7.3a-r367) (Li and 

Durbin, 2009). The raw mapping results were converted to BAM format and 

ambiguously mapped reads removed by requiring a mapping quality >= 20 using 

Samtools (version 0.1.19-44428cd) (Li et al., 2009). Duplicated read pairs were 

removed using the MarkDuplicates in the Picard toolkit (version 1.92) 

(http://picard.sourceforge.net/). The filtered bam files from the former steps were 

utilized for variation detection. 

 

SNPs and indels 

SNPs and indels were genotyped using GATK (version 2.6.5) (McKenna et al., 2010; 

DePristo et al., 2011). Specifically, reads in the indel regions were realigned locally to 

minimize the number of the mismatching bases in each read; the raw SNP and indel 
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callings were filtered with the parameters of phred-scaled quality score > 30, depth of 

coverage between 6 and 5000, and the strand bias based on the phred-scaled p-value 

using Fisher’s exact test < 200. We intersected the coordinates of the SNPs and indels 

with the transposable element regions in the tilapia genome using the intersectBed in 

the Bedtools version v2.17.0 (Quinlan and Hall, 2010). The SNPs and indels located 

in the transposable element regions were excluded in the further analyses. The effects 

of the SNPs and indels were estimated by the SNPEff version 3.3f based on the gene 

annotation information of the tilapia genome. We classified SNPs and indels as 

intergenic, intronic, upstream (within 5 kb upstream of a gene), downstream (within 5 

kb downstream of a gene) and exonic ones. The highest effect of a SNP or indel was 

selected using VariantAnnotator in the GATK toolkit (McKenna et al., 2010; DePristo 

et al., 2011). The presence and absence the SNPs and indels across different species 

was checked using the Seqmule pipeline (Guo et al., 2013).  

 

STRUCTURAL VARIATION 

SV was detection by Pindel (version 0.2.5a1) with default parameters. As quality 

control, we first detected SVs using the mapping result of Tilapia reads against the 

tilapia genome. SVs then found in the Tilapia genome were considered to be potential 

assembly errors. Therefore, the SVs detected in the N. brichardi, A. burtoni, P. 

nyererei, and M. zebra genomes were filtered out if they overlapped with the SVs in 

the tilapia genome.  

 For the N. brichardi, A. burtoni, P. nyererei and M. zebra genomes, we 

estimated the SVs based on the mapping results of the paired-end and mate-paired 

libraries separately and merged the results using mergeBed in the Bedtools version 

v2.17.0 (Quinlan and Hall, 2010).  

 The raw results from Pindel were converted to the VCF format using 

pindel2vcf in the Pindel package (Ye et al., 2009). All the SVs that overlapped with  

transposable elements were excluded from further analyses. Genes overlapping with 

the SV regions were identified using intersectBed in the Bedtools version v2.17.0 

(Quinlan and Hall, 2010). The enrichment of the gene ontology (GO) in the SV 

regions was examined using the Fisher’s exact test (with false discover rate < 0.05) in 

the Blast2GO (Conesa et al., 2005; Gotz et al., 2008). We used Multovl version 1.2.98 

with default parameters to check whether SVs overlaps across different species 

(Aszodi, 2012).  
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ORIGIN AND RATE OF GENETIC VARIATION 

The origin of the genetic variation (e.g SNPs, indels, inversions and deletions) was 

analyzed in a phylogenetic context. We mapped the variation to the phylogeny from 

the African cichlid genome project, which was estimated using around 2.7 million 

four-fold degenerate sites from the alignments of nine teleost genomes (zebrafish, 

fugu, tetraodon, stickleback, medaka and the five African cichlid genomes). Based the 

maximum parsimony assumption, if a variation was shared by sister taxa, we assumed 

the variation had evolved in the common ancestor of these taxa rather than having 

evolved independently in two species. The origin of variation shared by non-sister 

taxa is hard to determine using this method, as these variants could evolve 

independently in different species or due to the low sample size (one individual per 

species) used in this study. Therefore, we excluded these variants in the further rate 

analyses. To compare the rates of variation at different lineages, we first estimated the 

divergence time of the species used in this study. By assuming the cichlids in Lake 

Victoria (P. nyererei) and Lake Malawi (M. zebra) diverged from their most recent 

common ancestor 2.3 million years ago (Friedman et al., 2013), the divergence time 

for other lineages was estimated using a nonparametric approach (Sanderson, 1997) in 

the TreeEdit version v.1.0a10 (Rambaut and Charleston, 2002). Then, the rate of 

variation was calculated by dividing the number of lineage specific variation by the 

divergence time.      

Result 

In total, 992 Gb raw sequence data were analyzed in this study (supplementary table 

2). We achieved at least 20x coverage for all the species after filtering with the 

criteria mentioned before. In the following sections, we will focus on the genomic 

variation in 22 chromosomes, which make up about 71% of the whole tilapia genome 

assembly.   

 Around 17 million SNPs were detected in the N. brichardi, A. burtoni, P. 

nyererei and M. zebra genomes by using the tilapia genome as the reference genome 

(Table 4.1, Figure 4.1). Whereas most of the SNPs locate in the intergenic and 

intronic regions of the genomes (> 70%), many SNPs (around 4%) located the exonic 

regions in all the four species (Table 4.1) and the ratio between non-synonymous and 

synonymous SNP is around 0.7 (Table 4.1). Of all 20 162 genes in the 22 
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chromosomes, we found around 77% of the genes with at least one non-synonymous 

SNP (data not shown). Except for the genes in the N. brichardi genome, the top 1% of 

the genes with highest proportion of the non-synonymous SNPs (normalized by the 

total exon length) is significant enriched in the pathways related to immune response 

in the A. burtoni, P. nyererei and M. zebra genomes.  

 The number of indels in these data sets ranges from 1 440 691 to 2 317 313 in 

the four species (Table 4.1). Proportionally, indels occur as frequently as SNPs in the 

intronic, intergenic, upstream and downstream regions but are less common in the 

exonic regions (<1% vs >4%, Table 4.1). Based on the gene annotation of the Tilapia 

genome, some of the exonic indels may have deleterious effects, such as frameshifts 

or the loss of start and stop codons. In comparison to the genome-wide indels, the 

exonic indels are enriched for sizes divisible by three, which indicate the indel events 

may affect a whole codon (Figure 4.3). 

           Using paired-end and mate-paired data, Pindel identified 621, 683, 371, and 

389 inversions in the N. brichardi, A. burtoni, P. nyererei and M. zebra genomes 

(Table 4.2). The average length of the inverted region ranges from 98 025 to 214 075 

in different species (Table 4.2). The longest inversion, 24 423 751 bp, was located at 

LG20 of the P. nyererei genome, which involves 853 genes. After comparing it with 

the annotated gene regions in the tilapia genome, we found that 262, 306, 162, and 

154 genes overlapped with inverted regions in the N. brichardi, A. burtoni, P. nyererei 

and M. zebra genomes (Table 4.2). However, no GO terms is significantly enriched in 

the inverted regions.   

In addition to SNPs, indels and inversions, we also assessed long deletions (> 50 bp). 

15 833, 10 695, 9 840, and 10 070 long deletions were identified in the N. brichardi, 

A. burtoni, P. nyererei and M. zebra genomes respectively (Table 4.1). N. brichardi 

has the greatest number of deletions; however, the average length in the P. nyererei 

genome is large than other species (Table 4.2). After intersecting with the annotated 

gene regions, we found the genes affected by the deleted regions were associated 

more than expected with enzyme regulator activity, protein kinase activity, and 

calcium ion binding functions. 

 Different patterns of genetic variation were detected during the speciation of 

African cichlids (Figure 4.2). For the evolution of SNPs, large number of the SNPs 

(9.8 million) can be traced back to the common ancestor of N. brichardi, A. burtoni, P. 

nyererei and M. zebra and resulted in a substantially higher rate of SNP evolution 
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(from 1.7 ~3.3 fold changes) in comparison to other lineages (Figure 4.2A). However, 

we didn’t detect the similar patterns in the evolution of inversions and deletions. The 

rates of inversions and deletions at the common ancestor of these four species are the 

slowest rate in comparison to other lineages, especially in comparison to the 

haplochromine lineages (Figure 4.2C and Figure 4.2D). The rate of indels evolved 

uniformly in all lineages (Figure 4.2B).    

Discussion 

The genome sequence data collected by the cichlid genome consortium provides an 

ideal opportunity to study genome evolution of African cichlid fishes. Using these 

whole genome sequencing data, we generated a high-resolution map of genomic 

variation in African cichlid fishes (Figure 4.1). The resolution of most of this genetic 

variation down to the nucleotide level enabled us to conduct an initial investigation of 

their potential impacts to the adaptive radiation of African cichlid fishes. 

SNPs are the most common form of the genetic variation in the cichlid genomes. On 

average, we found around 17 million SNPs in the genomes of N. brichardi, A. burtoni, 

P. nyererei and M. zebra. Although the relative low number in comparison to the 

SNPs in the other regions, many non-synonymous SNPs evolved during the adaptive 

radiation of African cichlids (Table 4.1). The genes with excessive non-synonymous 

SNPs are significantly enriched with genes involved in immune pathway. Immune 

genes are commonly characterized by signature of positive selection during speciation 

process (Jansa et al., 2003; Nielsen et al., 2005; Jiggins and Kim, 2007; Jones et al., 

2012a). The selection can be strongly intensified during the colonization of new 

habitat as new pathogens may induce primary challenges to host immune system 

(Matthews et al., 2010; Jones et al., 2012a).   

 Consistent with former study based on around 200 SNPs (Loh et al., 2013), our 

finding of higher level of standing variation, in comparison to the lineage specific 

SNPs (Figure 4.2A), support the important role of standing variation in the rapid 

evolution of African cichlid fishes. First, extensively shared standing variation may 

promote the rapid evolution of African cichlids. The faster adaptation from standing 

variation than from de novo mutations, as standing variation are readily available; 

start with a higher frequency and with higher fixation rate; are older than new 

mutations and might have been tested by natural selection in different environmental 

conditions or even in different species (Barrett and Schluter, 2008). Second, the high-



 Chapter 4 – genomic structural variations in cichlids 

 80 

level standing variation provide clue to parallel morphology evolution in African 

cichlids. During the adaptive radiation of African cichlid, similar phenotypes (e.g. 

body shape, trophic jaw, coloration, strip pattern, fleshly lips, parental care strategy 

etc.) have evolved in parallel (Kocher et al., 1993; Kidd et al., 2012). Accumulating 

evidence showed that the parallel phenotypic evolution by recruiting standing 

variation in the ancestral populations especially in the recently diverged species 

(Colosimo et al., 2005; Hohenlohe et al., 2010; Elmer and Meyer, 2011; Conte et al., 

2012; Jones et al., 2012b). Our results suggest that the parallel phenotype evolution in 

African cichlids could be resulted in segregating the deeply rooted ancestral 

polymorphisms. Comparing the rate of SNP evolution during the adaptive radiations 

of African cichlids, a higher rate of SNP evolution was observed in the lineage of the 

common ancestor of all four representatives of the three East African cichlid 

radiations: N. brichardi, A. burtoni, P. nyererei and M. zebra (Figure 4.2A). This 

could be the result of the relaxed purifying constrain or positive selection for 

adaptation to the niches in the lake, compared to the ancestral stream environment. 

Environmental factors often change selection pressure that either eliminates or 

weakens the purified selection that was important in the former habitat (Lahti et al., 

2009) or increases the frequency of the beneficial alleles by positive natural selection 

(Nielsen et al., 2007).  

In comparison to SNPs, we found much fewer indels in exons (Table 4.1) and if there, 

the length is highly likely to be divided by three (Figure 4.3). This was also reported 

in the genomes of cattle (Zhan et al., 2011), human (Mills et al., 2011a), and 

sticklebacks (Feulner et al., 2013). The rare presence of the indels in the exonic 

regions reflects the strong purify selection against this form of variation, which 

disrupts protein coding. Based on the gene annotation of the Tilapia genome, some of 

those exonic indels may have deleterious effects, which needs further validation in the 

future. However, we cannot rule out that some predicted effects of the exonic indels 

resulted from an incorrect gene model in the Nextgen genomes (Alkan et al., 2011b) 

or from sequencing errors.  

In contrast to the SNP evolution, the rates of SV at the haplochromine lineages are 

higher than the ancestral lineages (Figure 4.2C and Figure 4.2D). A large body of 

research has examined the role of genomic structure variation (including inversion 

and deletion) in local adaptation and speciation (Noor et al., 2001; Kirkpatrick and 

Barton, 2006; Chan et al., 2010; Jones et al., 2012b; Feder et al., 2013). For example, 
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multiple lines of evidence show that loci involved in local adaptation (Coluzzi et al., 

2002; Anderson et al., 2005; Kirkpatrick and Barton, 2006; Lowry and Willis, 2010) 

and pre- or postzygotic isolations were mapped to inverted regions (Noor et al., 2001; 

Rieseberg, 2001; Ayala et al., 2013).  The evolutionary importance of inversions lies 

in their ability to suppress recombination when they are heterozygous between 

population or species (Sturtevant, 1917). Therefore, co-adapted alleles may embed in 

the inverted regions and will not be eroded by introgression (Dobzhansky, 1947; 

Dobzhansky, 1970). Besides, structural variation can also affect the gene expression if 

the breakpoints overlap with regulatory regions (Wesley and Eanes, 1994; Chan et al., 

2010; Harewood et al., 2012). For example, repeated deletion of the enhancer of the 

Pitx1 changed the gene expression pattern and is responsible for the independently 

loss of the pelvic fin in the freshwater stickleback populations (Chan et al., 2010).  

Our data set of structure variation provides a starting point to further investigate the 

impact of structural variation during the adaptive radiation of African cichlid fishes. 

Especially, given the ongoing gene flow between cichlids from different lakes 

(Verheyen et al., 2003; Joyce. D. A  et al., 2011; Loh et al., 2013), the lineage specific 

SV (Figure 4.2C and Figure 4.2D) would be highly informative in understanding the 

speciation-with-gene-flow.   

 Our analyses provide a first glance at the genomic variation of genomes of 

cichlid fish of adaptive radiation of East Africa. Although only one individual per 

species was sampled in this study, we detected a large amount of variation in the 

cichlid genomes. Much of the genomic variation locates in functionally important 

regions (e.g. exonic or regulatory regions) of the genome and may contributed to the 

local adaptation and speciation of cichlids. Some variation may have severe effects to 

the genes as they cause open reading frame shifts. Along with the SNPs and indels, 

we also investigated inversions and deletions in the derived species. A next step is to 

evaluate the functional impacts of these regions in different waves of adaptive 

radiation by systematically investigating the variability and selection pressures of 

these regions through population genomics data in many different species of African 

cichlids.  
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Table 4.1 Summary of the SNPs and indels in the African cichlid genomes. 

	  	  

	  

N. brichardi A. burtoni P. nyererei M. zebra 

SNP	  

Synonymous (%) 440813 (2.3) 410635 (2.3) 411584 (2.4) 405220 (2.4) 

Nonsynonymous (%) 311551 (1.7) 289739 (1.6) 290001 (1.7) 291171 (1.7) 

Upstream (%) 1503602 (8.0) 1415307 (8.0) 1346770 (7.9) 1349864 (8.0) 

Downstream (%) 2940995 (15.6) 2784038 (15.7) 2659723 (15.7) 2664669 (15.7) 

Intron (%) 7693416 (40.8) 7232387 (40.8) 6962386 (41.0) 6958755 (41.0) 

Intergenic (%) 5955045 (31.6) 5577008 (31.5) 5319811 (31.3) 5303501 (31.2) 

Total 18845422 17709114 16990275 16973180 

indel 

Exon (%) 15583 (0.7) 14909 (0.7) 9912 (0.7) 13663 (0.7) 

Upstream (%) 183740 (7.9) 174367 (7.9) 113395 (7.9) 147365  (7.9) 

Downstream (%) 413967 (17.9) 394421 (18.0) 259539 (18.0) 337612 (18.0) 

Intron (%) 1007681 (43.5) 959217 (43.7) 629137 (43.7) 819930 (43.8) 

Intergenic (%) 696342 (30.0) 651827 (29.7) 428708 (29.7) 554392 (29.6) 

Total 2317313  2194741 	   1440691 	   1872962 	  
The intergenic, intronic, up- and downstream and exonic regions were based on the 
annotation of the tilapia genome.  
 
 
 
 

Table 4.2 Summary of the inversions and deletions in the African cichlid genomes 

  N. brichardi A. burtoni P. nyererei M. zebra 

Inversion 

Number 621 683 371 389 

Longest (bp) 11374460 19074784 24423750 14318936 

Shortest (bp) 51 51 51 51 

Average length (bp) 98025 58793 214075 161034 

Number of genes 

affected 
262 306 162 154 

Deletion 

Number 15833 10695 9840 10070 

Longest (bp) 982119 634424 2445312 790935 

Shortest (bp) 50 50 50 50 

Average length (bp) 561 795 981 646 

Number of genes 

affected 
3509 2705 2710 2634 

The number of the genes affected indicates the number of the genes overlaps with in 
the inversion and deletion regions. 
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Figure 4.1 The distribution of genomic variation in the African cichlid 
genomes. The most outer ring showed the chromosomal ideogram in a 
clockwise orientation. The panels from outside to inside summarized the 
SNP density, indel density and the location of the inversions and 
deletions, which were identified in the N. brichardi (in red), A. burtoni 
(in green), P. nyererei (in blue) and M. zebra (in orange) genomes. The 
SNP and indel densities were scanned using a 50 kb sliding window. The 
histograms in the inversion and deletion panels represent the position of 
the inversion and deletion and the widths of the histograms show the size 
of the variations. The results were visualized using Circos (Krzywinski et 
al., 2009). 
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Figure 4.2 The evolutionary patterns of SNPs, indels, inversions and deletion during 
the adaptive radiation of African cichlids. The phylogeny was adopted from the 
cichlid genome paper (Brawand et al. submitted manuscript). The evolution of SNP, 
indel, inversion and deletion were shown in panel A, B, C and D. The numbers before 
and after slash are the number of the lineage specific variation and the divergence 
time (million years). The numbers of the SNPs and indels on the phylogeny were 
scaled by millions. The numbers of the inversions and deletion were not scaled by 
millions. The histogram shows the number of the variations normalized by the 
corresponding divergence time. Nb, Ab, Pn and Mz indicate Neolamprologus 
brichardi, Astatotilapia burtoni, Pundamila nyererei and Metriaclima zebra. 
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Figure 4.3. Indel length distribution. The Y-axis is the proportion of the indels in the 
exon region (Red) and genome wide (Blue). The X-axis is binned by the length of the 
indel. A, B, C, D present in the indel length distribution in the N. brichardi, A. 
burtoni, P. nyererei and M. zebra genomes. 
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To be submitted to Nature 
 

Chapter 5 - The genomic substrate for adaptive 
radiation: genomes of five African cichlid fish 

 

Abstract 

Cichlid fishes are famous for large, diverse and replicated adaptive radiations, most 

dramatically in the Great Lakes of East Africa. To understand both the molecular 

mechanisms underlying cichlid phenotypic diversity and the stunning number of 

diverse species, we sequenced the genomes and transcriptomes of the Nile Tilapia 

(Oreochromis niloticus), a weakly radiating ancestral lineage, and four members of 

the East African lineage: Neolamprologus brichardi/pulcher (representing an older 

radiation in Lake Tanganyika), Metriaclima zebra (recent Lake Malawi radiation), 

Pundamilia nyererei (very recent Lake Victoria radiation), and Astatotilapia burtoni 

which lives in and around Lake Tanganyika but has not radiated. We found that East 

African cichlids are characterized by an excess of gene duplication compared to 

Tilapia and other teleosts; an abundance of non-coding and coding sequence whose 

evolution has accelerated; expression divergence associated with transposable 

element insertions in orthologous gene pairs; and regulation by novel miRNAs. Rapid 

cichlid speciation is associated with genomically widespread diversifying selection on 

coding and regulatory variants, some of which were recruited from ancient 

polymorphisms. Synthesis of these data suggests that periods of relaxed purifying 

selection and amassing standing variation shaped cichlid genomes and preceded 

subsequent evolutionary diversification based on a variety of genomic changes. 
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Introduction 

Wide variation in the rates of phenotypic diversification among lineages is a feature 

of evolution that has fascinated biologists ever since Darwin1,2. With over 2,000 

known species, hundreds of which coexist in individual African lakes, cichlid fish are 

amongst the most striking examples of adaptive radiation, the phenomenon whereby a 

single lineage diversifies into many and ecologically varied species in a short span of 

time2,3 (Figure. 5.1). The largest radiations, those in Lakes Victoria, Malawi and 

Tanganyika, have generated between 200 (Tanganyika) and 600 (Malawi and 

Victoria) species per lake. The largest are also the most recent radiations, with just a 

few ten to hundred thousand years for Victoria and no more than 2 million years for 

Malawi4,5.  The evolution of these species and their genomes has been shaped by 

cycles of population expansion, fragmentation and contraction as lineages colonized 

lakes, diversified, collapsed and re-colonized lakes, and by episodes of adaptation to 

different niches and strong sexual selection. 

 

Evolutionary biologists have long puzzled over the diversity and richness of cichlid 

radiations that evolved within a handful of lakes in very short succession. The 

radiations in Lake Victoria and Malawi display the fastest sustained rate of speciation 

in vertebrates. Lake radiations benefited from substantial genetic diversity, acquired 

by repeated colonization and periodic infusions through hybridization with genetically 

distant river cichlids6,7. 

. 

Cichlid phenotypic diversity encompasses variation in behavior, body shape, 

coloration and ecological specialization. The frequent occurrence of convergent 

evolution of similar ecotypes (Figure 5.1) suggests a primary role of natural 

selection8,9. In addition, the importance of sexual selection is demonstrated by a 

profusion of exaggerated sexually dimorphic traits like male nuptial color and 

elaborate bower building by males4. Ecological and sexual selection converges in the 

cichlid visual system, where diverse trichromatic color vision and novel spherical 

lenses promote sensitivity in a highly dimensional visual world of clear water 

lakes10,11. Rapidly evolving sex determination systems, often linked to male and 

female color patterns, may also speed cichlid diversification12,13. Ecological, social 
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and behavioral variation correlates with striking diversity in brain structures14, 

apparent early in development15. 

 

The exceptional phenotypic variation makes cichlids different from most other fish 

groups, including those that share the same habitats with them but did not radiate to 

any comparable extent. However, why cichlids would be able to evolve in this 

exceptionally highly dimensional phenotype space remained unexplained.  

 

We sequenced, assembled and annotated the genomes of five representative cichlid 

species from throughout the East African radiation. Here we describe the comparative 

analyses of the five cichlid genomes coupled with an analysis of the genomic 

architecture of species divergence in the Lake Victoria species flock to examine the 

genomic substrate for rapid diversification. 

 

Genome Assembly and Annotation  

We sequenced the genomes of the Nile Tilapia (Oreochromis niloticus), a weakly 

radiating lineage, ancestral to the East African radiations, and four members of the 

East African lineage (haplochromines): Neolamprologus brichardi/pulcher 

(representing an older radiation in Lake Tanganyika), Metriaclima zebra (recent Lake 

Malawi radiation), Pundamilia nyererei (very recent Lake Victoria radiation), and 

Astatotilapia burtoni which lives in and around Lake Tanganyika but has not 

radiated) (Supplementary Figure 5.1). For each species DNA from a single individual 

was sequenced using Illumina technology and assembled using ALLPATHS-LG16, 

producing highly contiguous assemblies with contig and scaffold sizes comparable to 

other vertebrate Illumina assemblies (Supplementary Figure 5.1). The A. burtoni 

assembly is slightly more fragmented likely due to the inability to obtain high 

molecular weight DNA, while the N. brichardi assembly displayed marginally 

reduced contiguity due to the higher level of heterozygosity (1/365 bp) of the 

sequenced individual. A total of 1356 markers were used to anchor the scaffolds of 

the O. niloticus genome to 24 linkage groups corresponding to the 22 chromosomes17 

thereby aiding subsequent annotation and genome analyses.  
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For O. niloticus, protein-coding genes were predicted by both Ensembl (Ensembl 

release 68, July 2012) and by modeling protein coding genes with EvidenceModeler 

(EVM)18-20 and PASA21, while genes of the four East African lake cichlids were 

annotated solely by EVM/PASA with support from the O. niloticus Ensembl gene 

predictions. All annotation pipelines used assembled RNA-seq data generated from 

several tissues from each of the sequenced species (supplemental RNA sequencing 

information). All annotations were projected among the species’ genome alignments 

and only genes with conserved coding sequence and intact splice donors and 

acceptors were retained for the final interspecies annotation (Supplementary 

methods). This process yielded 24,559 protein coding gene annotations for O. 

niloticus, 23,436 for A. burtoni, 21,673 for M. zebra, 20,611 for P. nyererei, and 

20,119 for N. brichardi (Supplementary Figure 5.1). Predicted gene numbers are 

similar to those obtained for other teleosts (such as medaka, stickleback and zebrafish, 

Supplementary Figure 5.1). In addition, between 600 and 1700 multiexonic long 

ncRNA were identified in the cichlid transcriptomes, and 1,344 miRNA loci (259 – 

286 per cichlid species) were identified from deep sequencing of small RNAs in late 

stage embryos.  

 

Analysis of the transposable element (TE) landscape of four East African cichlid 

genomes revealed that approximately 16-19% of their DNA consist of TEs 

(Supplementary Figure 5.2) compared to previous estimates (14%) in O. niloticus 22. 

These numbers are similar to those of other published teleost genomes and are lower 

than for amphibian and mammalian genomes (Supplementary Figure 5.3a). As in 

most fish genomes, DNA transposons contribute over 60% of cichlid TEs; 

(Supplementary Figure 5.3 b,c). Three waves of TE insertions were detected in each 

of the cichlid genomes (Supplementary Figure 5.4), one more than in the Medaka 

(Oryzias latipes) the closest sequenced genome to cichlids. This difference is partly 

due to a cichlid-specific burst of the Tigger family23. Notably, this TE family has 

continued expanding in the representative species of the youngest radiation, Lake 

Victoria (represented by P. nyererei; Supplementary Figure 5.4a).  
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Sources of Evolutionary Innovation in the Cichlid Genomes  

In an attempt to characterize the mechanisms that underlie the rapid evolutionary 

diversification of cichlids, we examined many types of genomic changes including 

protein changes, gene duplications and divergence of their expression patterns, 

changes in regulatory elements and the evolution of miRNAs.  

 

Fast evolving genes 

An elevated rate of non-synonymous nucleotide substitutions can be used to estimate 

the extent of accelerated evolution (resulting from relaxed constraint or positive 

selection on protein coding gene evolution); this approach has been applied 

previously in the context of cichlid vision10 and morphology24,25. To increase power, 

we estimated the dN/dS ratio by sampling the concatenated alignments of all genes 

annotated with particular Gene Ontology (Biological Process) terms. A higher dN/dS 

rank was obtained in haplochromines for 299 terms, in N. brichardi for 254 terms or 

in O. niloticus, for 89 terms compared to stickleback (Supplenatry Figure 5.5a; 

Supplementary dataset 5.1). The most accelerated terms in cichlids include ‘eye 

development’ in N. brichardi, ‘ectoderm development’ in haplochromines, and 

‘pectoral fin morphogenesis’ in O. niloticus (Supplementary Dataset 5.1). In general, 

terms involved in morphological and developmental processes ranked significantly 

higher in haplochromines than in O. nilotiocus (p-value=0.036, Mann-Whitney U-

test). In contrast, only 11 out of 620 terms showed significantly higher dN/dS values 

in stickleback relative to cichlids (Supplementary Datasete 5.1).  

 

In addition, we selected 23 candidate genes that had previously been identified as 

involved in morphogenesis, vision and pigmentation, which are processes thought to 

play a role in adaptive evolution of cichlids. Of these, three (ednrb1, kfh-g and rho) 

are predicted to have undergone accelerated evolution in the common ancestors of the 

East African radiations (Supplementary Figure 5.5b). Five recent non-synonymous 

substitutions occur in ednrb1, which encodes endothelin receptor type B1 

(Supplementary Figure 5.6a). All five non-synonymous changes are predicted to sit 

intracellular domains and to modify interactions with G proteins (Supplementary 

Figure 5.6 b,c). Variants in ednrb1 affect color patterning26 and the endothelin 
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pathways (ET1/EDNRA and ET3/EDNRB1) are implicated in the development of the 

pharyngeal jaw apparatus and in colour patterning.  

  

We also sought protein-coding genes that exhibit an increased number of non-

synonymous variants in haplochromines compared to N. brichardi and O. niloticus. 

Two developmental genes, nog2 and bmpr1b, emerged from the analysis showing 

haplochromine-specific substitutions. This result is notable given that a ligand 

(bmp4)24, receptor (bmpr1b) and antagonist (nog2) in the BMP pathway, all known to 

influence cichlid jaw design8, show accelerated rates of protein evolution in 

haplochromine cichlids. 

 

A substantial increase in Gene Duplication in the ancestry of lake cichlids  

Gene duplication allows for subsequent divergent evolution of the resultant gene 

copies enabling functional innovation of their proteins and/or expression patterns27. 

By reconciling gene and species trees28 we found that the number of preserved gene 

duplicates increased sharply on the branch leading to the East African lake radiations. 

We find 280 duplications in the lineage leading to the common ancestor of the lake 

radiations and 148 events in the common ancestor of the haplochromines. When 

normalizing for branch lengths this corresponds to an approximate 4.5 to 6-fold 

increase in gene duplicates that occurred in the common ancestral population of the 

East African lake radiations relative to earlier populations (Figure 5.2a). Read-depth 

analysis and array comparative genomic hybridization analyses confirmed that these 

results mostly reflect gene duplication events rather than the separate assembly of 

sequence-divergent alleles (Supplementary Figure 5.7).  

The O. niloticus genome harbors the lowest number of recently duplicated genes 

while the A. burtoni genome has the highest number, when normalized for branch 

length (Figure 5.2a; Supplementary Figure 5.7).  Inferred duplication rates decrease in 

each lake radiation subsequent to the split from the common ancestral population 

(Figure 5.2a). This could reflect true reduced rates or the challenge of separating near 

sequence identical gene paralogues when assembling these genomes.   

Cichlid-specific gene duplicates do not show statistically significant enrichment for 

particular gene categories (Figure 5.8a; Supplementary Dataset 5.4 & 5.5). However, 

among 74 gene families which have consistently increased gene dosage in all cichlid 
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genomes (on average 4 copies per cichlid, Supplementary Figure 5.8b), 33 have 

undergone duplications in cichlids but not in Stickleback or Medaka ‘ and, as 

expected27, duplicate gene pairs are rarely preserved in multiple cichlid lineages. The 

33 that have unique duplications include genes whose proteins are implicated in a 

variety of functions including plexin B2 (PIXB2), a transmembrane receptor involved 

in axon guidance and cell migration, apolipoprotein D (APOD), a glycoprotein 

involved in cellular transport and stomatin  (STOM), a highly conserved integral 

membrane protein implicated in ion channel regulation and membrane trafficking. 

Expansion of the olfactory receptor gene family, which is a frequent feature of 

vertebrate evolution29, was seen also in O. niloticus, but not in lake cichlids 

(Supplementary figure 5.9). Overall, these data suggest that radiating lake cichlids 

possess an unexpectedly large number of gene duplicates that segregate rapidly 

amongst lineages.  

Expression Patterns of Duplicated Genes have diverged 

Differences in the expression patterns of duplicate genes may contribute to species-

specific evolution. The expression patterns of 888 duplicate gene pairs from the 

common ancestor of the East Africa cichlids were categorized according to whether 

they are expressed widely among tissues (52.8%), are similarly restricted in their 

expression patterns for both gene copies (26.6%), or, in at least one gene copy, have 

newly gained expression in one or more tissues (20.6%). 7.5% of duplicates lost or 

gained complete tissue specificity, many (43%) of which have gained specific 

expression in the testis. For each of the stomatin and RNF141 gene pairs, one gene 

copy is broadly expressed while expression of the other is restricted to the testis 

(Figure 5.2b). RNF141 is the zebrafish orthologue of the human ZNF230 transcription 

factor found in abundance in testicular tissue of fertile men suggesting a role during 

spermatogenesis. This observation is particularly interesting in the context of strong 

sexual selection30 observed in many East African cichlids12,13 including our sequenced 

species with the exception of N. brichardi. 

 

Another example implicates the pro-opiomelanocortin (pomc) genes which encode a 

preprohormone that is cleaved into numerous functional peptides (melanocyte 

stimulating hormone: MSH, adrenocorticotropic releasing hormone: ACTH, β-

lipotropin: β-LPH, β-endorphin: β-END), involved in a multitude of physiological 
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processes including pigmentation and behavior31.  While all pomc and mcr genes are 

expressed in brain tissue, we found that there is considerable variability in tissue 

expression profiles across paralogs among species. Little is know about the function 

of pomc in cichlids but previous studies have demonstrated a role in the regulation of 

skin pigmentation32,33. 

 

TE insertions affect gene expression of orthologous genes 

To evaluate whether insertion of TEs may have altered the expression of some 

orthologous genes, we also analyzed the distribution of TE insertions near the 5’ UTR 

(0-20kb upstream), or 3’ UTR (0-20 kb downstream) of orthologous gene pairs. 

Besides possibly altering levels of gene expression, insertions of TEs into UTRs can 

create new targets for microRNA binding, or even result in precursors for new 

microRNAs.  We find that genes with TE insertions near the 5’ UTRs are associated 

with a significant change in gene expression level in all tissues (FDR<0.05, Mann-

Whitney test, Figure 5.2c) compared to genes without TE insertions. In contrast, TE 

insertions near 3’ UTRs are significantly associated with increased gene expression in 

all tissues except brain and skeletal muscle (FDR<0.05, Mann-Whitney U-test).  

 

Generally, when inserted within or near genes in the transcriptional sense orientation, 

TE insertions show the expected pattern of purifying selection (Figure 5.3a). Such 

TEs often contain polyadenylation signals that result in transcriptional arrest23 and are 

therefore preferentially selected against. In all five cichlid species, intronic TE 

insertions occur preferentially in the antisense orientation of protein coding genes, 

with the strongest bias being observed for LTR or LINE elements (Figure 5.3a). As 

expected, intronic DNA transposons, and LINEs or LTRs present in intergenic 

regions, fail to show a significant orientation bias and SINE elements show a 

moderate bias for antisense insertions (Figure 5.3b).  

 

Surprisingly, none of the five cichlid genomes showed any deficit of sense-oriented 

LINE insertions with ~15% divergence, which correspond to transposable element 

insertions in the common cichlid ancestor (Figure 5.3c). This suggests that ancestral 

cichlids went through an extended period of weak purifying selection during which 

overall TE activity increased (Supplemental Figure 5.4). However, in more recent 

history, despite undergoing multiple population bottlenecks, such as during formation 
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and colonization of the East African lakes, haplochromine cichlids showed an 

increased efficiency in purging potentially deleterious TE insertions. 

 

Accelerated Evolution of regulatory elements cause altered gene expression  

Changes in regulatory sequences have been shown to underlie phenotypic differences 

between populations of the same species and closely related species10,34. We 

identified 13,053 conserved noncoding elements (CNEs) using PhastCons35 on a 9-

way alignment of teleosts (zebrafish, Tetraodon, stickleback, medaka, O. niloticus, N. 

brichardi, A. burtoni, P. nyererei and M. zebra; see Methods). These CNEs are likely 

to be under extreme purifying selection36. Of these, 625 CNEs (4.8%) exhibited 

significantly accelerated evolution (FDR-adjusted p < 0.05) specifically in one or 

more of the East African lake cichlids and are called accelerated CNEs (aCNEs, 

Supplementary Dataset 5.6). Manual inspection of the aCNE alignments shows that 

while the majority of them (93%) have experienced a higher rate of nucleotide 

substitutions, approximately a quarter of them have also experienced insertions (23%) 

and/or deletions (32%). The aCNEs are distributed in intergenic regions (70%), 

introns (28%) and UTRs (2%) of protein-coding genes.  

The largest number of aCNEs is found in N. brichardi (n=214), with lower numbers 

found in A. burtoni (n=140), P. nyererei (n=129) and M. zebra (n=142). 

Approximately half the aCNEs (n=370 aCNEs) are accelerated in only one species 

(Supplementary Figure 5.10  a-d and h; Supplementary Dataset 6) while the other half 

are common to two or more species (Supplementary Figure 10 e-g). The latter aCNEs 

have either accumulated mutations independently in different lineages or their 

accelerated evolution might have been initiated in a common ancestor.  

The majority of aCNEs in lake cichlids showed enrichment for nearby genes involved 

in ‘homophilic cell adhesion’ (p=5.8x10-4) and ‘G-protein coupled receptor activity’ 

(p=6.4x10-4) (Supplementary Dataset 7). The aCNE-associated genes have functions 

such as calcium-release channel activity and protein binding (Supplementary Dataset 

5.7). To verify the cis-regulatory function of these aCNEs compared to the 

corresponding CNEs in O. niloticus (hCNE), we assayed the ability of six selected 

hCNE-aCNE pairs to drive reporter gene expression in transgenic zebrafish. The 

assays not only indicated their potential to function as enhancers but also 

demonstrated that aCNEs have altered the expression pattern of their target genes in a 
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specific manner in all tested cases (Supplementary Figure 5.10). For example, an 

aCNE in P. nyrerei is associated with the PBX-1 gene (Figure 5.4a). This gene 

encodes a nuclear protein that belongs to the PBX homeobox family of transcriptional 

factors and it is involved in the regulation of osteogenesis, and skeletal patterning and 

programming. Both the hCNE in O. niloticus and the corresponding aCNE in P. 

nyrerei share expression in the optic tectum, whereas only the P. nyrerei aCNE has 

also floor plate, heart and blood cell expression (Figure 5.4b).  

Novel MicroRNAs in cichlids also alter gene expression 

MiRNAs offer another effective way of altering gene expression. Among the 1,344 

miRNA loci (259 – 286 per cichlid species) identified from deep sequencing of small 

RNAs in late stage embryos (Figure 5.5a), we discovered: a) 40 cases of de novo 

miRNA emergence and nine cases of apparent miRNA loss; b) four distinct mature 

miRNAs with mutation(s) in the seed sequence; c) at least 14 cases of arm switching 

(changes in miRNA processing that result in previously degraded RNA strands being 

utilized as a mature miRNA37)  and d) one case of seed shifting (changes in miRNA 

processing that shift the 5’end of the miRNA)37 and e) 92 distinct miRNAs with 

mutation(s) outside the seed sequence.  

 

We explored miRNA spatial expression patterns in one case of arm switching (t_mze-

miR-7132a-5p and t_mze-miR-7132a-3p) and for four de novo miRNAs (Figure 5.5b 

and Supplementary Figure 5.11). In the case of the arm switching, spatial expression 

of the miRNA is clearly differentiated between the two pairs, consistent with other 

cases described in previous reports38. The spatial expression of the four de novo 

miRNAs (miR-10029, miR10032, miR-10044, miR-10049) is confined to specific 

tissues (e.g., fins, facial skeleton, brain) and is strikingly complementary to genes 

predicted to contain target sites for these miRNAs (miR-10032 targets neurod2, and 

miR-10029 targets bmpr1b), (Figure 5.5b and Supplementary Figure 5.11). The 

neurod2 gene is known to be involved in brain development and neural differentiation 

while bmpr1b, previously described amongst the fast evolving genes, is implicated in 

the development and morphogenesis or nearly all organ systems. Complementary 

spatial expression of miRNA and target gene is an expectation when miRNAs 

function to canalize morphogenesis39. The evolutionary dynamics of miRNAs and 
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interactions with target sequences40 may contribute an additional source of regulatory 

variation for evolution.  

 

Population Genomics 

 

While the generation of novel mutations and maintenance of variation are important 

for enabling evolution, population genetic parameters are key to what mutations are 

kept and recruited for adaptation and speciation. We therefore next investigated 

population genomics of the recent radiation of Lake Victoria cichlids to infer the 

nature of genetic variants and the evolutionary forces involved. 

 

Extensive shared polymorphisms 

 

Owing to their relatively recent divergence time and the potential for gene flow 

between lakes and between lakes and rivers6,7,41, we predicted that incomplete lineage 

sorting (ILS) and shared polymorphisms may have played a major role in shaping the 

genomes of haplochromine cichlids. Previous studies estimated that A. burtoni 

diverged from the common ancestor of M. zebra and P. nyererei 7-15 MY ago and 

that the three lineages split in short succession5 . We found that nearly half (43%) of 

the nucleotides sequenced are incompletely sorted amongst the three haplochromines 

(Figure 5.6a). Furthermore, assuming a constant mutation rate, and an Ab-Mz-Pn 

speciation event 10MY ago, we predict the subsequent speciation event between Mz 

and Pn to be ~8.5MY ago’. The degree of ILS is highly variable across chromosomal 

location. Compared with intergenic regions, coding regions were found to be slightly, 

yet significantly, depleted in ILS (43.5% vs 41.0%, P < 0.001). The percentage of 

ILS bases is higher in haplochromine cichlids than in the similarly divergent primate 

trio gorilla-chimp-human and the reduction of ILS in coding sequence is significantly 

lower in cichlids (30% vs. 22% for the primates)42. This suggests that natural selection 

has been a more efficient force on primate than on haplochromine genomes. 

 

The genomic signatures of a very recent and ongoing adaptive radiation: Lake 

Victoria 
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A hallmark of cichlid fish adaptive radiation is rapid speciation without geographical 

isolation. The most rapid case is that of Lake Victoria where several hundred endemic 

species emerged within the past 15k years43. To gain insights into the forces that play 

roles in adaptation and speciation, we performed genome-wide analysis of genetic 

variation in six sympatric and closely related species of the genera Pundamilia, 

Mbipia and Neochromis, all of which are endemic to Lake Victoria. All of these 

species can hybridize and produce fully viable and fertile offspring. We used the 

genome resources generated for P. nyererei to investigate the number of differentiated 

genomic regions in each species comparison and the magnitude of the differentiation. 

We then further characterized the regions of differentiation to learn: 1) about the 

genomic distribution of effects of selection acting in the radiation; 2) about the nature 

(coding vs regulatory) of the functional sites under selection; 3) whether 

adaptation/speciation occurred by selection on standing variation, new mutations or 

both. 

 

Speciation is driven by divergent selection on many genes  

We performed Illumina sequencing of Restriction Site Associated DNA (RAD) tags 

and obtained data on ca. 95K SNP sites after filtering. The average genome-wide 

divergence was significant in all pairwise species comparisons (p<0.001). In each 

pairwise comparison we find many SNPs with high FST spread across all 

chromosomes (Figure 5.6), where in each pair 250 to 439 of these constitute 

significant outliers from the FST distribution (FDR<5%; Figure 5.6). Phylogenetic 

trees reconstructed from the concatenated RAD sequence data resolve species with 

high bootstrap support44. Taken together, these results suggest that even the most 

recent rapid speciation in African lake cichlids is associated with genomically 

widespread divergence. Fixation of alternative alleles between species happens but is 

restricted to a minority of the many diverging loci, consistent with models of 

polygenic adaptation from standing genetic variation. 

 

Functional sites under selection are associated with both coding and regulatory 

sequences 

We used the annotated P. nyererei reference genome to identify genes that diverged 

during and soon after speciation for three sister species pairs and two pairs of more 

distant relatives. The sister species pairs Pundamilia nyererei/P. pundamilia and the 
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Mbipia lutea/M. mbipi each differ conspicuously in male breeding colouration 

(yellow or red versus blue; Figure. 5.6), while the morphology is relatively conserved 

within these pairs. The reverse is true for the sister species Neochromis 

omnicaeruleus/N. sp. “unicuspid scraper”, which have diverged in body shape and 

feeding morphology but have retained similar male breeding coloration. Similarly, the 

more distant relatives P. nyererei/M. lutea and P. pundamilia/M. mbipi have diverged 

in body shape and feeding morphology but have similar male breeding coloration. We 

annotated all SNPs and calculated the proportions of SNPs that fall into exons, or into 

regions expected to contain cis-regulatory elements (windows of 25 kbp either side of 

genes and introns), in categories of increasing FST. The proportion of SNPs in exons 

increases from 5 to10% in the full set of SNPs, to >20% at highly divergent SNPs 

(FST > 0.8) in both pairs of sister species that differ primarily in male breeding 

coloration, while this trend is inverted in the two comparisons of blue species that 

have diverged primarily in morphology; no trend is observed in the comparison of the 

two yellow/red species (Fig. 6c). In contrast, the proportion of SNPs in introns 

increases from 40-45% in the full set of SNPs to 55-70% at highly divergent SNPs 

(FST > 0.8) in both pairs of blue species that differ predominantly in morphology, 

whereas in both colour divergent sister species it decreases from 40-45% to about 

20%. 

 

These data suggest contrasting genomic mechanisms underlying phenotypic evolution 

depending on whether speciation is driven primarily by divergent selection on 

coloration and associated traits or on morphology. These results support two 

predictions from evolutionary developmental biology45: (i) variation in coding 

sequence is most likely to be involved in the divergence of physiological and/or 

terminally differentiated traits like color; (ii) regulatory variation is most likely more 

important in morphological change which is more likely to involve genes with 

pleiotropic effects in developmental networks. 

 

To identify SNPs associated with parallel evolution of similar coloration in sister 

species pairs, we compared FST for each SNP in all pairwise comparisons of the four 

Mbipia and Pundamilia species. This revealed 3 candidate SNPs on LG6, 7 and 22 

that are highly divergent in all four comparisons of species with different colors but 

nearly undifferentiated between species with similar colors (Figure 5.6c). The SNP on 
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LG7 falls within a QTL interval for yellow vs. blue color (and sex determination) in 

Malawi cichlids42. None of these SNPs is fixed again suggesting polygenic 

adaptation. 

 

Speciation often involved sorting of ancient polymorphisms 

We wanted to know if genetic variation predating the origin of the species flock by 

million of years was an important source of alleles that are recruited for divergence 

during speciation. We identified all SNPs in each of our three comparisons of sister 

species pairs and determined their orthologous sites in the four cichlid reference 

genomes. We find that 14-15% of all SNPs are variable among the other four cichlid 

reference genomes. The proportion of annotation categories amongst these putative 

“ancient variant sites” changes with FST threshold in a similar way as in the full SNP 

dataset but more strongly (Figure 5.6c). The proportion of SNPs in exons increases 

from between 9 and 15% among all ancient variant sites to between 30 and 100% at 

highly divergent SNPs (FST > 0.8) in both pairs of sister species that differ primarily 

in male breeding coloration. Among the ancient exonic variants that became fixed in 

the red/blue Pundamilia speciation event is srd5a2b, a teleost-specific duplicate of 

srd5a2 which, in mammals, has been implicated in sexual differentiation46. srd5a2 

can convert testosterone to dihydrotestosterone, and we hypothesize that a change 

affecting srd5a2 could possibly impact male nuptial colour development. There is no 

statistically significant trend in the pair of blue sister species that have diverged 

primarily in morphology, but two ancient variants in potentially cis-regulatory regions 

became fixed. 

 

Comparing the proportions of putative ancient variant sites among all SNPs in each 

annotation category and for increasing thresholds of FST in the sister species pairs, we 

find trends for larger contributions of ancient variants to gene-associated than to non-

genic regions (Likelihood ratio tests on 2x2 contingency tables; exons: Pundamilia 

p=0.016, Neochromis p=0.015; flanking regions: Pundamilia p=0.020; all others 

p>0.1).  

 

These analyses suggest that divergent selection driving rapid adaptive radiation tends 

to sort ancient polymorphisms in coding genes and regulatory sequences in the rapid 

radiation of Lake Victoria cichlids. 
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Conclusions  

In African lakes, nearly 1500 new species of cichlid fish evolved in a few million 

years when environmentally determined opportunity for sexual selection and for 

ecological niche expansion was met by an evolutionary lineage with unusual potential 

to adapt and diversify. Our analyses of the genomes of five representative cichlid 

species from throughout the East African radiation, allowed us for the first time to 

shed light into the complex evolutionary mechanisms that give East African cichlids 

their unusual propensity for diversification. 

 

Comparative analyses of our high quality genomes provide evidence for early 

accumulation of genetic variation under relaxed constraint through multiple 

evolutionary mechanisms including accelerated regulatory and coding evolution, 

increased gene duplication, TE insertions, novel micoRNAs and interspecific 

hybridization.  In addition, our data on the genomic architecture of the Lake Victoria 

species flock suggest that bursts of speciation are associated with divergent selection 

on many regions in the genome, both coding and non-coding, often recruiting variants 

from standing variation. 

 

That adaptive radiations were preceded by periods of relaxed stabilizing selection 

during which time genetic variation accumulates, has long been predicted by theory44. 

Ernst Mayr called these periods ‘genetic revolutions45’ and suggested that changes to 

the genetic environment – namely the ecological setting in which populations reside – 

could promote lineage diversification. To our knowledge, this is the first time that 

genomic data demonstrate this empirically for a large adaptive radiation. 

 

The analysis of these newly sequenced, assembled and annotated cichlid genomes 

indicate that many different changes in the genomes of ancestral East African cichlids 

may have been required for the spectacular adaptive radiation not a single one. 

Continued use of these valuable genomic resources will fuel genomic analyses in the 

cichlid model system further dissecting the process of adaptation and speciation, as 

well as the genetic basis of adaptive and behavioral traits, thus transforming our 

understanding of the dynamics of genome evolution and adaptive radiation. 
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Figure 5.1 The adaptive radiation of African cichlid fish. Top left: Map of Africa 
with the locations of lakes in which cichlid fish have radiated into many different 
species. Right: the five genome species: Pundamilia nyererei (endemic of Lake 
Victoria); Neolamprologus brichardi (endemic of Lake Tanganyika); Metriaclima 
zebra (endemic of Lake Malawi); Oreochromis niloticus (widely distributed in rivers 
across northern Africa); Astatotilapia burtoni (distributed in rivers connected to Lake 
Tanganyika). The three radiation genome species are shown in the context of their 
constituent adaptive radiations. One example of the major ecotypes is shown from 
each lake to illustrate the repeated parallel origins of similar adaptations: a – pelagic 
zooplanktivore; b – rock-dwelling algae scraper; c – paedophage (absent from Lake 
Tanganyika); d – scale eater; e – snail crusher; f – reef-dwelling planktivore; g – fat-
lipped insect eater; h – pelagic piscivore; i – ancestral river-dweller that also occurs in 
the lakes alongside the radiation members. Bottom left: Phylogenetic tree illustrating 
the relationships between the five genome species, the major adaptive radiations and 
the major river cichlid lineages. The tree is from [126], pruned to the major lineages. 
Time scale shown on the x-axis based on [126, 127]. Fish pictures courtesy Ad 
Konings (14), Ole Seehausen (9), Frans Witte (1), Walter Salzburger (1), Marcel 
Haesler (1), Oliver Selz (1). 
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Figure 5.2 Gene duplication in the ancestry of East Africal lake cichlids (a) Numbers 
in black represents divergence between species. Shown the neutral genomic 
divergence between the sequenced species using ~2.7 million 4-fold degenerate sites 
obtained from the alignment of the genomes of 9 teleost species. The resulting neutral 
substitution model suggests ~2% pair-wise divergence between the three 
haplochromine species and a ~6% divergence to N. brichardi. In red the number of 
duplicated genes. (b) Expression patterns of duplicate genes. Matrix represents the 
expression level of retained duplicate genes from the cichlid common ancestor in the 
specified tissues. (c) Effect of TE insertions on gene expression of orthologous genes. 
All 5 cichlids are merged into the same dataset. Groupings are based on whether one 
gene copy lies within 20kb up or downstream of a transposable element.  
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Figure 5.3 Orientation bias of transposable elements within or near non-duplicated 
genes. (a) Orientation bias of intron sequence in the 5 cichlid species shown as 
log2(sense/antisense). (b) Cumulative orientation bias of transposable elements over 
time in introns of protein coding genes. Age is shown as divergence from the TE 
consesnsus sequence and bias as the cumulative proportion of sense insertions of 
transposable elements. (c) Insertion bias of LINEs in introns in sliding windows over 
time in O. niloticus, N. brichardi and combined haplochromines. Proportion of sense 
oriented LINEs in introns is shown. Age is show as percent divergence from 
consensus. 
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Figure 5.4 Reporter gene expression of a selected O. niloticus hCNE - P. nyrerei 
aCNE pair in transgenic zebrafish. (a) Nile Tilapia Pbx1a locus showing the 
conservation track and the corresponding P. nyrerei aCNE (LB18.20714); (b) 
Reporter gene expression in transgenic zebrafish. Expression is shown for both the 
hCNE in O. niloticus and the corresponding aCNE in P. nyrerei. 
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Figure 5.5 Novel Cichlid microRNAs. (a) Novelty in MicroRNAs mapped on the 
phylogenetic tree of the five cichlid species; (b) Complementary expression of mir-
10029 (B, D, F) and its predicted target gene bmpr1b (A, C, E) in stage 18 (6dpf) 
Metriaclima zebra embryos. C-D are 18µm sagittal sections. In C and D arrows point 
to expression (black) or lack of expression (white) in the somites, presumptive 
cerebellum, and optic tectum (from left to right). In E and F, arrows point to 
expression and lack of expression in the somites (dorsal) and the gut (ventral). In all 
panels, anterior is to the right. 
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Figure 5.6 Genomic divergence stems from ILS as well as both novel and older 
coding and noncoding variation. (a) Incomplete Lineage Sorting is supported by the 
representation of possible coalescence times and trees predicted by coalHMM. In 
genealogy 0, the M. zebra-P. nyererei divergence falls between the two speciation 
times, Tzn and Tznb. In genealogies 1 (dashed line), 2 and 3, all coalescence events 
are ancients and occur before Tznb (b) The genomic basis of species divergence in 
Lake Victoria cichlids. Phylogenetic analysis of RAD sequence data reveals well-
supported differentiation among extremely young sister species pairs in Lake 
Victoria. Although analysis of the complete dataset (top) renders the genus Mbipia 
non-monophyletic, when the top 1% of divergent loci are excluded from the dataset 
the monophyly of each genus is well supported (bottom), suggesting that selection 
strongly influences reconstructed phylogenetic topologies.  (c) Pairwise genomic 
divergence among  species of Lake Victoria cichlid fish. The sister species 
Pundamilia nyererei/P. pundamilia and Mbipia lutea/M. mbipi differ in male 
breeding colouration (yellow to red versus blue), while their morphology is relatively 
conserved. The reverse is true for the sister species Neochromis omnicaeruleus/N. sp. 
“unicuspid scraper”, that have diverged in body shape and feeding related 
morphology but have retained similar male breeding coloration. Similarly, the more 
distant relatives P. pundamilia/M. mbipi and P. nyererei/M. lutea have diverged in 
body shape and feeding morphology but have similar male breeding coloration. 
Genomic divergence plots show the distribution of FST for SNPs along chromosomes. 
The three SNPs colored red indicate sites that are significantly divergent in color 
contrasting species pairs, but not divergent in same-color species pairs, suggesting a 
potential role for these sites in the evolution of parallel blue-red/yellow male 
coloration. Barplots for all sites show the proportion of SNPs in four annotation 
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categories: exons (orange), introns (dark blue), 25kbp flanking genes (turquoise), or 
none of the above (gray), for categories of increasing FST. Stars indicate a significant 
enrichment in the number of SNPs in that given annotation category compared to the 
95% confidence intervals derived from resampling the full SNP datasets; dots indicate 
that the observed value equals the upper bound of the 95% confidence interval. Color 
contrasting species pairs show significant enrichment in the number of SNPs in exons 
at highly divergent sites whereas for all same-color species contrasts, the proportion 
of SNPs in exons tends to be lower at highly divergent sites than in the full dataset. 
Barplots for “ancient variant” sites (see text) show annotation category proportions 
for increasing FST thresholds. There is an excess of gene-associated, mainly exonic 
SNPs at divergent “ancient variant” sites compared to the set of SNPs that are not 
variable among the distantly related reference genomes. These patterns resemble 
those for all SNPs but are more extreme.    
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Chapter 6 - Positive Darwian selection drives the 
evolution of the morphology-related gene, EPCAM, in 

particularly species-rich lineages of African cichlid 
fishes 
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Abstract 

 
The study of genetic evolution within the context of adaptive radiations offers insights 

to genes and selection pressures that result in rapid morphological change. Cichlid 

fishes are very species-rich and variable in coloration, behavior, and morphology, and 

so provide a classical model system for studying the genetics of adaptive radiation. In 

this study, we researched the evolution of the epithelial cell adhesion molecule 

(EPCAM), a candidate gene for the adaptive evolution of morphology broadly, and 

skin development specifically, in fishes. We compared EPCAM gene sequences from 

a rapidly speciating African cichlid lineage (the haplochromines), a species-poor 

African lineage (Nile tilapia Oreochromis niloticus), and a very young adaptive 

radiation in the Neotropics (sympatric crater lake Midas cichlids, Amphilophus sp.). 

Our results, based on a hierarchy of evolutionary analyses of nucleotide substitution, 

demonstrate that there are different selection pressures on the EPCAM gene among 

the cichlid lineages. Several waves of positive natural selection were identified not 

only on the terminal branches, but also on ancestral branches. Interestingly, 

significant positive or directional selection was found in the haplochromine cichlids 

only but not the comparatively species-poor tilapia lineage. We hypothesize that the 

strong signal of selection in the ancestral African cichlid lineage coincided with the 

transition from riverine to lacustrine habitat. The two neotropical species for which 

we collected new sequence data were invariant in the EPCAM locus. Our results 

suggest that functional changes promoted by positive Darwinian selection are 

widespread in the EPCAM gene during African cichlid evolution. 
 

Introduction 

Adaptive radiation—the rapid generation of exceptional adaptive diversification 

within a lineage—is considered one of the central explanations for the diversity of life 

on earth (Schluter 2000; Gavrilets and Losos 2009). Ecological opportunities play an 

important role in adaptive radiation, especially when an ancestral species invaded an 

unutilized niche early in the radiation. The species then diversifies, as new ecological 

niches provide evolutionary opportunities with relaxed selection or strong disruptive 

or directional selection (Schluter 2000; Eldredge et al. 2005; Kapralov and 
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Filatov 2006). It is well accepted that divergent natural selection is the primary 

mechanism of adaptive evolution, and this can be evidenced at the molecular level 

(Schluter 2001, 2009; Rogers and Bernatchez 2007). Well-known empirical examples 

of adaptive radiation include: Darwin’s finches, Hawaiian honeycreepers 

(Schluter 2000), cichlid fishes in East African great lakes (Salzburger et al. 2007) and 

cichlid fishes in the Nicaraguan crater lakes (Elmer et al.2010b). The genetic basis of 

adaptive radiation greatly attracts the interest of biologists (Barrier et al. 2001; 

Kapralov and Filatov 2006; Jeukens et al. 2009) because, among other reasons, it can 

give insight to the genetic basis of evolution with reduced phylogenetic and 

geographical noise. 

 

Cichlid fishes are an ideal model system to study the genetic basis of adaptive 

radiation. First, species richness is extremely high compared with other adaptive 

radiations; in the great lakes of East Africa almost 2000 species have evolved from a 

common ancestor within the past few million years (Meyer et al. 1990; Salzburger et 

al. 2002; Verheyen et al. 2003; Elmer et al. 2009). Second, the age of the adaptive 

species flocks range among lakes, allowing for comparisons across different temporal 

scales. The oldest extant radiation began more than 2 million years ago in Lake 

Tanganyika (Meyer et al. 1990; Meyer 1993; Salzburger et al. 2005; 

Seehausen 2006). In Lake Victoria, more than 500 endemic species, the renowned 

‘superflock’ of cichlid fishes, evolved within the past 100,000 years (Meyer et 

al. 1990; Verheyen et al.2003; Abila et al. 2004; Elmer et al. 2009). Third, a great 

amount of phenotypic and morphological diversity has arisen with adaptation to new 

ecological niches. Specifically, cichlids have repeatedly evolved parallel or 

convergent body shapes and colorations suited to similar but often independent 

environments (Kocher et al. 1993; Ruber et al. 1999; Koblmuller et al. 2004; Hulsey 

et al. 2008; Elmer et al. 2010b). Yet many cichlid species remain extremely 

genetically similar (Sturmbauer and Meyer 1992). Thus, they can be regarded as 

“natural mutants” (Meyer et al. 1993; Kuraku and Meyer 2008). Recent studies have 

identified multiple genes that contribute to the adaptive radiation of cichlids by using 

non-candidate gene (Gerrard and Meyer2007; Elmer et al. 2010a) and candidate gene 

approaches to seek the genetic basis of traits related to the visual sensory system 

(Sugawara et al. 2002; Spady et al. 2005; Seehausen et al. 2008; Hofmann et al.2009), 

parental care behavior (Summers and Zhu 2008), reproductive evolution (Gerrard and 
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Meyer 2007), coloration (Salzburger et al. 2007) and jaw morphology (Terai et 

al. 2002b; Kijimoto et al. 2005; Albertson and Kocher 2006). Fourth, a growing 

amount of molecular data from African cichlids (Watanabe et al. 2004; Kobayashi et 

al. 2009; Salzburger et al. 2008; Lee et al. 2010) and neotropical cichlids (Elmer et 

al. 2010a) are available by which to investigate and examine the molecular evolution 

of genes that contribute to the adaptive radiation of cichlid fishes. The recent 

availability of molecular data from neotropical cichlids (Fan, Elmer and Meyer, in 

prep.) provides reliable outgroup information (Zardoya et al. 1996; Farias et al. 1999) 

for the tests of positive Darwinian selection detection in African cichlids, since the 

short divergence time between African and neotropical cichlids is relatively short 

(85.1 and 40.5 million years, based on gondwana fragmentation and fossil record) 

(Genner et al. 2007) compared to the evolutionary divergence (>100 million years) 

between cichlid fishes and other model system fishes (Steinke et al. 2006). 

 

The African cichlid adaptive radiation is famous for the extremely variable 

morphologies that have arisen and diversified (Meyer 1993). Candidate genes inferred 

from zebrafish have proven successful at elucidating patterns of molecular evolution 

and adaptive diversification in cichlid fishes (e.g. Terai et al.2003; Sugie et al. 2004; 

Salzburger et al. 2007). In the present study, we analyze the evolution of a candidate 

gene related to morphological changes and skin development in fishes: the epithelial 

cell adhesion molecule (EPCAM or CD326). EPCAM belongs to the cell adhesion 

molecular (CAM) family (Baeuerle and Gires 2007; Trzpis et al. 2007), which not 

only play a role in cell adhesion, but also in cell proliferation, migration, and 

differentiation. These processes are known to be fundamental in morphogenesis 

(Trzpis et al. 2008a). For example, a recent study indicates that the mutant in this 

gene display defects in both epithelial morphologies and integrity in zebrafish embryo 

development (Slanchev et al. 2009) though its role in ocular epithelial cells remains 

unknown (Forrester et al. 2010). We tested the role of Darwinian selection in the 

molecular evolution of presumably functional changes in the EPCAM gene across 

diverse lineages of cichlid fishes, based on the ratio of non-synonymous to 

synonymous mutations (K a/K s ratio, or ω). The ratio of K a/K s is a strong signal of 

positive, or directional, Darwinian evolution and has been used extensively to identify 

and analyze the role of selection in gene evolution in fishes (e.g. Dann et al. 2004; 

Gerrard and Meyer 2007; Elmer et al. 2010a). 
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Using a candidate gene approach based on EPCAM sequences from neotropical and 

African cichlid lineages, we considered the following hierarchy of hypotheses. First, 

given that African great lake cichlids show extremely high morphological diversity, 

we tested for evidence of positive selection on the molecular evolution of EPCAM in 

the African clade as a whole. Given that this analysis indicated a strong positive 

signal of positive selection on EPCAM, we then sought in more detail the timing of 

this selection and the nucleotide regions under selection. Thus, second, we tested the 

non-neutral molecular evolution in each of the derived lineages of African cichlids 

(recent evolution) and the ancestral lineages (earlier evolutionary pressures). If 

EPCAM was only recently under positive selection then we should identify patterns 

in derived lineages. However, if EPCAM was involved in earlier diversification, then 

we predicted to find positive selection on the ancestral sequences. 

Materials and Methods 

The full length protein-coding nucleotide sequence of the EPCAM gene from the 

stickleback (Gasterosteus aculeatus) genome (transcript ID: 

ENSGACT00000003469; 921 bp) was downloaded from the Ensembl database 

(Hubbard et al. 2002) and used as a query sequence to search the NCBI EST database 

(Boguski et al. 1993), with the BLAST (Altschul et al. 1990) search restricted to the 

family Cichlidae. The EPCAM gene is composed of nine exons according to the 

Ensembl database (Hubbard et al. 2002). The EST sequence of EPCAM was 

downloaded for each cichlid species for which it was available and a single EST 

sequence per species was assembled by CAP3 (Huang and Madan 1999) using default 

parameters when multiple ESTs were available for one species. EPCAM sequences 

from two neotropical crater lake cichlid speciesAmphilophus 

amarillo and Amphilophus sagittae (unpublished data) were included as the outgroup 

sequences. 

 

The assembled EST sequences were aligned in ClustalX using default parameters 

(Thompson et al. 2002). After alignment, we identified the open reading frame (ORF) 

in the assembled cichlid ESTs by comparing with EPCAM protein-coding sequence 

from stickleback. Non-coding regions were excluded from further analysis. To 

exclude estimation bias caused by partial sequences, we used only full length protein-
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coding nucleotide sequences of EPCAM in the further analysis. Based on incomplete 

tilapia genome sequences that are publicly available (Kocher, unpublished 

data http://cichlid.umd.edu/blast/, database: RRS5KB-SCAFF.e60.c0.p60), only one 

copy of the EPCAM gene can be found in cichlids so our analyses will not be 

complicated by the asymmetrical evolution of paralogues. 

 

The best molecular substitution model for EPCAM was selected by a hierarchical 

likelihood ratio test after testing in Modeltest version 3.7 (Posada and Crandall 1998). 

We reconstructed a phylogenetic tree using a maximum likelihood approach with 

PhyML version 3.0 (Guindon et al. 2009) given an HKY model (Hasegawa et 

al. 1985) of molecular evolution and gamma-distributed rate variation among sites. 

The robustness of the topology was tested with the highest likelihood using 100 

bootstrap cycles. Trees were visualized in Figtree version 1.3.1 

(http://tree.bio.ed.ac.uk/software/figtree/). 

 

The improved branch-site model (Zhang et al. 2005) by codeml in the PAML package 

Version 4.4 (Yang 2007) was employed for the positive selection analysis at broad 

groupings of lineages. The codon-based model is more sensitive to detect positive 

Darwinian selection on particular lineage comparing with other average sites methods 

(Yang and Nielsen 2002). We first compared the signal of positive selection between 

different lineages: (i) African cichlids versus neotropical cichlids and (ii) Lake 

Victoria ‘superflock’Haplochromis species versus all other cichlids. The branches of 

interest were assigned as foreground branches in the branch-site model. 

 

We conducted further analyses to detect whether there is a signal of positive selection 

in different stages of cichlid evolution: in the derived or ancestral lineages. We used 

the branch-site model to separate the branches in a phylogenetic tree into two classes: 

foreground branches (i.e., branches of interest) and background branches. The user-

specified foreground branch is tested for a signal of positive selection in comparison 

with a null model that assumes that signals of negative (class 0) and neutral selection 

(class 1) on codons. The alternative model is that the foreground branches will show a 

signal of positive selection relative to the background branches showing negative or 

neutral selection. To avoid local optima in the maximum likelihood integrations, three 

different initial omega values (ω = 0.5, ω = 1, ω = 2) were used to evaluate the 
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parameter estimation. The improved branch-site model assumes positive natural 

selection can only involve a small number of codons, which is a robust method to 

detect positive selection in recent diverged species (Zhang et al. 2005). The likelihood 

ratio test (LRT) was used to determine the statistical significance of the signal of 

positive selection by comparing the likelihood difference of a gene sequence under 

the null and alternate models (Yang and Nielsen 2002; Zhang et al. 2005). The LRT 

method has been shown to be both accurate and robust in simulation studies 

(Anisimova et al. 2001). 

 

Given that the signal of positive selection can be affected by only a small portion of 

the codons in a gene (Golding and Dean 1998), positively selected sites were inferred 

using a Bayes empirical Bayes (BEB) method, which reduces sampling error in small 

data sets (Yang et al. 2005) and therefore improves accuracy and robustness for our 

analysis. BEB probabilities greater than 0.75 at single codon positions were 

considered significant values. 

Results 

Cichlid EMCAP Genes and Phylogeny Construction 
 
The dataset of cichlid ESTs currently publicly available on NCBI is mainly composed 

of sequences from African cichlid species. Using stickleback full length cDNA of the 

EPCAM gene as query sequence, we assembled EPCAM sequences from the African 

basal haplochromine Astatotilapia burtoni, which is a riverine and lacustrine species 

(Salzburger et al. 2008), the Nile tilapia Oreochromis niloticus, which is an African 

riverine habitat species that has recently invaded many lake habitats (Lee et al. 2010), 

and three African Lake Victoria ‘superflock’ cichlids Haplochromis 

chilotes, Haplochromis sp. ‘Matumbi hunter’, andHaplochromis sp. ‘red tail sheller’ 

(Watanabe et al. 2004; Kobayashi et al. 2009) (Supplementary Table 6.1). Neotropical 

representatives were two species of Midas 

cichlid, Amphilophus amarillo and Amphilophus sagittae from Nicaraguan crater lake 

Xiloá (accession number: JN391522, JN391523). The assembled sequence from A. 

burtoni was excluded from further analyses since it did not reach our length criterion 

(451 bp in the coding region) and would therefore bias the selection analyses. 
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Maximum likelihood phylogenetic reconstruction of the EPCAM gene produced a 

topology with high supporting values at branch nodes (Figure 6.1). The topology was 

in agreement with current understanding about the evolutionary relationships and 

geographical distribution of cichlids (Meyer et al. 1990; Genner et al. 2007). Two 

divergent clades were identified: one for the neotropical cichlids and the other for the 

African cichlids. Within the African clade, tilapia is basal to the monophyletic tribe 

Haplochromini. 

 
Test of Positive Selection in Major Cichlid Clades 
 
First we tested for positive selection on the EPCAM gene between African 

(Oreochromis + Haplochromis) and neotropical (Amphilophus) cichlids using the 

modified branch-site model (Zhang et al. 2005). Significant positive selection was 

detected in the evolution of the EPCAM gene sequence in the African cichlid clade 

(ωF = 6.08, P < 0.001) (Table 6.1). EPCAM sequences were identical in both species 

of Amphilophus and therefore showed no sign of selection within the neotropical 

clade. 

 

                    
Figure 6.1 The phylogeny of African and neotropical cichlids based on the EPCAM 
gene.  

The symbol ** and * indicate the bootstrap values equal to 100 or at least 84. The 
numbers of non-synonymous/synonymous mutations are listed in bold (not italic) 
under the branches. The ancestral sequences of all internal nodes were build under the 
M8 (beta & w) model in PAML 
 
Test of Positive Selection in Major Cichlid Clades 
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First we tested for positive selection on the EPCAM gene between African 

(Oreochromis + Haplochromis) and neotropical (Amphilophus) cichlids using the 

modified branch-site model (Zhang et al. 2005). Significant positive selection was 

detected in the evolution of the EPCAM gene sequence in the African cichlid clade 

(ωF = 6.08, P < 0.001) (Table 6.1). EPCAM sequences were identical in both species 

of Amphilophus and therefore showed no sign of selection within the neotropical 

clade. 
 

Second, we tested for a signal of positive selection on the EPCAM sequences 

exclusively from the clade of three Haplochromis cichlids from Lake Victoria and 

identified a strong signal of positive selection (ωF = 37.03, P < 0.001, Table 6.1) on 

the EPCAM gene in the haplochromine lineage. 

 

Test of Positive Selection in Derived Cichlid Lineages 

 

Each cichlid species was specified as a foreground branch to test for positive selection 

separately in each derived lineage. We found significant positive selection on 

the Haplochromis sp. ‘red tail sheller’ branch (ωF = 999, P < 0.001, Table 4.1). No 

signal of positive selection was identified in Haplochromis sp. ‘Matumbi hunter’ 

or Haplochromis chilotes (Table 6.1). The extreme value of ωF = 999 indicates rare 

synonymous substitutions in the foreground branch. 

 

The branch-site model predicted positively selected amino acid sites 

in Haplochromis sp. ‘red tail sheller’ at positions 72 and 198 (BEB 

probability > 0.75) which resulted the substitutions from Lysine (K) to Arginine (R) 

in position 72 and from Proline (P) to Glutamic acid (E) in position 192. To exclude 

the possibility of an inflated prediction of positive selection that can be caused by 

polymorphisms in very recently diverged populations (Peterson and Masel 2009), we 

checked the SNP information for the positively selected site. The novel alleles 

showing a sign of selection are unique to Haplochromis sp. ‘red tail sheller’ (data not 

show), which indicates it is not due to shared polymorphism. 

 
Table 6.1 Parameter estimations of the branch-site model for three evolutionary 
hierarchies of cichlid fishes: total clades, derived lineages, and ancestral lineages. 
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  Tested branch ωF LRT P value 

Clade 

All African cichlids 6.08 22.08 <0.001 

Haplochromis 37.03 22.26 <0.001 

Derived 

Oreochromis niloticus 23.20 5.34 ns 

H. sp. ‘red tail sheller’ 999 14.78 <0.001 

H. sp. ‘Matumbi hunter’ 1.05 0 ns 

H. chilotes 999 1.43 ns 

Ancestral 

African ancestor 16.34 12.21 <0.001 

Haplochromis ancestor 75.84 22.26 <0.001 

Ancestor of H. sp. ‘Matumbi 
hunter’ and H. chilotes 999 10.32 <0.01 

The absolute numbers of non-synonymous and synonymous mutations for each 
branch are listed in Figure 6.1 ωF = K a/K s ratio of the foreground branch; 
LRT = likelihood ratio test. P values > 0.01 are listed as non-significant (ns). 
ωF = 999 indicates the presence of non-synonymous mutations in the absence of 
synonymous mutations (i.e., K a/K s is undefined because K s = 0) 
 
Test of Positive Selection on Ancestral African Lineages 
 
We tested for a signal of positive selection in the ancestral sequences of each 

hierarchical clade of the African cichlids, i.e., (i) ancestor to H. 

chilotes + Haplochromis sp. ‘Matumbi hunter’, (ii) ancestor to all Haplochromis, and 

(iii) ancestor to all African cichlids (Oreochromis + Haplochromis) (Figure 4.1). All 

three ancestral sequences showed a statistically significant signal of positive selection, 

though the strength of selection differs across hierarchies (Table 6.1). The selection 

pressure in the ancestor sequence of allHaplochromis is stronger than that of the 

evolutionarily deeper grouping of all African cichlids (ωF = 75.84 vs. 16.34). An 

ωF value of 999 (e.g. at the ancestral sequence to Haplochromis sp. ‘Matumbi hunter’ 

and H.chilotes) is caused by sequence divergence comprised only of non-synonymous 

mutations (i.e., K s = 0). 
 

Interestingly, different, non-overlapping codon sites showed significant signals of 

positive selection across the three hierarchies of ancestral sequences (Figure 6.2). This 
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may reflect that the nucleotide substitutions were driven by temporally and 

molecularly different selection pressures and, therefore, show different evolutionarily 

independent signals. 

 

            
Figure 6.2 Sites showing a signal of positive selection in the ancestral branch of all 
African cichlids. (a), all Haplochromine cichlids (b), and Haplochromis sp ‘Matumbi 
hunter’ and H. chilotes (c). The position stands for the codon position on the cDNA 
sequence. The horizontal line indicates the Bayes empirical Bayes probability of 
positively selected sites equal to 0.75.  

 
Unfortunately, there is no structural information for the EPCAM gene available in the 

current protein data bank (Berman et al. 2000). Therefore, we predicted the protein 

structure prediction using the interproscan software (Quevillon et al. 2005) online tool 

(http://www.ebi.ac.uk/Tools/InterProScan/). The thyroglobulin 1 domain was 

identified (E value = 5.1e−14) and predicted to span from codon position 89–137, a 

common domain in the EPCAM family (Baeuerle and Gires 2007). However, all of 

the positively selected nucleotide sites that were determined in our analysis are 

located outside of this domain and were without significant domain search hits. 
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Discussion 

In this study, we analyzed the evolution of the EPCAM gene across diverse cichlid 

lineages. Because of its importance in fish morphogenesis (Slanchev et al. 2009), we 

considered EPCAM to be a relevant candidate for being involved in the exceptional 

morphological and phenotypic diversifications of cichlid fishes. We identified a 

strong signal of positive direction selection in the evolution of the African cichlid 

lineage, especially that of the Lake Victoria ‘superflock’ of cichlid fishes, 

the Haplochromis (Table 6.1; Figure 6.1). Selection was less strong in the more 

species depauperate tilapia lineage. The fact that EPCAM was not always found to be 

under selection in all lineages indicates it is not obligatory that the gene show such a 

signal through its evolution. 

 

Local adaptation is one of the driving forces in the evolution of cichlid species 

(Kocher 2004). One prediction that stems from this is that different, lineage-specific 

directional selection pressures should be identified on the genes involved in local 

adaptation. The more than 2,000 cichlid species found in East Africa display a great 

variation in phenotypic attributes such as body shape, jaw shape, and coloration. 

Thus, we hypothesized that a gene known to play an important role in morphological 

variation in other fishes (Slanchev et al. 2009) may a target of positive natural 

selection during cichlid evolution. 

 

To test this hypothesis, we first compared the evolution of the EPCAM gene between 

representative African and neotropical cichlids and identified that the EPCAM gene is 

under significant and strong positive selection in the African cichlids as a whole 

(Figure 6.1; Table 6.1). Then we examined in more detail the Lake Victoria 

‘superflock’ of Haplochromis cichlids, that are renowned for their spectacular 

adaptive radiation (Meyer et al. 1990; Verheyen et al. 2003; Salzburger and 

Meyer 2004) and, indeed, identified a significant signature of positive selection in the 

EPCAM gene in this group (ωF = 37.03, P < 0.001). 

 

Second, we teased apart the hierarchical level at which Darwinian selection is 

evidenced in the evolution of the African cichlids. In the derived lineages of four 

species, that are representative of extremely rapidly evolved Lake Victoria cichlid 
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“super flock” only the species Haplochromis sp. ‘red tail sheller’ showed significant 

signatures of positive selection in the evolution on EPCAM sequence 

(ωF = 999, P < 0.001). The extremely high signal of selection pressure (undefined or 

“999”) indicates that only non-synonymous mutations and no synonymous mutations 

were found in this branch. This small genetic difference could result in considerable 

phenotypic changes, for example by a single amino acid replacement between closely 

related species (Hoekstra et al. 2006) or may be a signal of relaxed purifying selection 

during adaptive evolution (Hughes 2007). We propose that positive selection, rather 

than relaxed purifying selection, more likely drove the fixation that is only found at 

these non-synonymous sites based on two reasons. First, the function and amino acid 

sequences of the EPCAM gene are conserved across vertebrate evolution (Trzpis et 

al. 2008b; Slanchev et al. 2009). Second, if relaxed purifying selection is caused by 

small population size (Ohta 1995), we would expect to observe an increased genetic 

diversity in the genome wide scale. However, other researches show that ESTs and 

multiple genomic nucleotide markers show very limited genetic differentiations 

among Lake Victoria cichlid fishes (Elmer et al. 2009; Kobayashi et al. 2009). 

 

We did not detect a signature of positive selection in the other two Lake Victoria 

cichlids, H. chilotes and Haplochromis sp. ‘Matumbi hunter’ though we did detect 

selection in the common ancestral branch. Two possible explanations for this could be 

either the insufficient genetic variability between these recently diverged species, or a 

signal of purifying selection on derived branches. A similar change of selection 

regime, from positive selection on the ancestral branch to purifying selection on the 

derived branch was, for example, shown in the evolution of gut lysozymes in the 

colobine lineage of primates (Messier and Stewart 1997). 

 

In the processes of speciation in cichlids, it is proposed that the most major 

morphological changes occur at the initial stages of habitat adaptation, often followed 

by subsequent subtler evolution into more finely partitioned ecological niches and 

color divergence based on sexual selection (Kocher 2004). To test whether this model 

is correct, it is important to determine whether positive selection influenced the 

sequences earlier than in the derived, extant lineages. Three waves of positive 

selection were detected in the ancestral sequences of the African cichlids 

(ωF = 16.34, P < 0.001), Haplochromis cichlids family in Lake Victoria 
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(ωF = 75.84, P < 0.001) and Haplochromis sp. ‘Matumbi hunter’ and H. 

chilotes (ωF = 999, P < 0.01). These results suggest that functional changes in the 

EPCAM gene happened at different and various stages during African cichlid 

evolution and thus the signal of selection pressures differs along the phylogeny. The 

strongest positive selection was identified in the ancestral lineage leading to the 

extraordinarily diverse lineage of haplochromine cichlids, which could be the result of 

adaptation to the vast set of new open lake niche once the colonization of Lakes 

Victoria and Malawi from riverine haplochromine lineages took place (Salzburger et 

al. 2005; Elmer et al. 2009). The positively selected sites among three ancestral 

sequences were not overlapping, which may reflect the divergent selection caused by 

adaptations to different environments (Figure 6.2a vs. Figure 6.2b vs. Figure 6.2c). 

 

Cichlids from the African Great Lakes have been found to have accelerated rates of 

non-synonymous substitution in a number of candidate genes relative to riverine sister 

lineages. Comparative analyses and functional analyses tended to indicate that this 

molecular pattern is the result of stronger natural selection, including sometimes 

sexual selection pressures, in the lacustrine habitat. For example, a high rate of non-

synonymous substitution was also identified in the molecular evolution of 

the hagoromo gene in haplochromine cichlids from the endemic adaptive radiations of 

the Great Lake African cichlids. This gene—also a candidate selected based on its 

role in zebrafish development—might play an important role in pigmentation, and its 

evolution might be driven by sexual selection (Terai et al. 2002a). This was further 

confirmed with analyses that showed that cichlid lineages differ with respect to the 

complexity of hagomorogene alternative splicing, and that this splicing complexity 

correlates with lineage speciation rates (Terai et al. 2003). A similar pattern was 

found with the pigmentation candidate gene mitf (Santini and Meyer, unpublished 

data; Sugie et al. 2004). Genes related to vision are also known to be under positive 

selection in lacustrine compared to riverine East African haplochromine cichlid 

species (e.g., Sugawara et al. 2002). Thus, our inferences from the analyses of 

EPCAM are in agreement with findings from other genes relevant to adaptive 

phenotypes in the adaptive radiation of cichlids. It is unclear why the signals of 

natural selection differ among the three extant haplochromines in our study 

(Table 6.1), but it may be that their different ecological niches play a role. Further 
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research on the evolution of EPCAM sequence in species from different lineages and 

habitats will be required to clarify this pattern. 

 

Theoretical analyses have suggested that K a/K s estimates may be elevated in recently 

diverged species due to incomplete sorting of ancestral polymorphism (Peterson and 

Masel 2009). That most of the derived African lineages in our study do not show 

significant positive selection, while the inferred ancestral sequence does, suggests this 

phenomenon apparently does not play a strong role in our analyses. Furthermore, we 

found that positively selected alleles in extant species apparently species-specific. 

 

Our current research is limited to EPCAM sequences only from Lake Victoria, the 

youngest adaptive radiation of the eastern Africa great lakes and rooted with recently 

determined neotropical cichlid EPCAM sequences. Adding more sequences of this 

candidate gene from the African lakes that harbor older cichlid species flocks, such as 

Lake Malawi and Lake Tanganyika, would provide a more comprehensive view of the 

role of EPCAM during the formation of the adaptive radiations of cichlids. Since 

cichlid fishes have evolved parallel phenotypes presumably under similar selective 

regimes due to ecological speciation, one could test the prediction that natural 

selection drives the same advantageous alleles to fixation independently in closely 

related species that share similar environments (Schluter 2009). The fixation of 

different positively selected nucleotide sites within the EPCAM gene suggests that it 

could be employed as candidate gene to test whether parallel morphologies in East 

Africa great lake cichlids (Kocher et al. 1993) are caused by parallel, independent 

substitutions in morphologically relevant genes. 
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Chapter 7 - Genomics of adaptation and speciation in 
cichlid fishes: recent advances and analyses in 

African and Neotropical lineages 
 

Abstract 

 
Cichlid fishes are remarkably phenotypically diverse and species-rich. Therefore, they 

provide an exciting opportunity for the study of the genetics of adaptation and 

speciation by natural and sexual selection. Here, we review advances in the genomics 

and transcriptomics of cichlids, particularly regarding ecologically relevant 

differences in body shape, trophic apparatus, coloration and patterning, and sex 

determination. Research conducted so far has focused almost exclusively on African 

cichlids. To analyse genomic diversity and selection in a Neotropical radiation, we 

conducted a comparative transcriptomic analysis between sympatric, ecologically 

divergent crater-lake Midas cichlids (Lake XiloáAmphilophus 

amarillo and Amphilophus sagittae). We pyrosequenced (Roche 454) expressed 

sequence tag (EST) libraries and generated more than 178 000 000 ESTs and 

identified nine ESTs under positive selection between these sister species (Ka/Ks > 1). 

None of these ESTs were found to be under selection in African cichlids. Of 11 

candidate genes for ecomorphological differentiation in African cichlids, none 

showed signs of selection between A. amarillo and A. sagittae. Although more 

population-level studies are now needed to thoroughly document patterns of 

divergence during speciation of cichlids, available information so far suggests that 

adaptive phenotypic diversification in Neotropical and African cichlids may be 

evolving through non-parallel genetic bases. 

 

1. The genomics of adaptation and speciation in cichlids 

 
Cichlid fishes are spectacularly species-rich and phenotypically diverse in 

morphology, behaviour and coloration, and therefore have become a ‘non-model’ 

model system for studying genomic diversification by natural and sexual selection [1–

3]. Many of the more than 2000 species have diversified based on ecological niche 
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within lakes and often in parallel within and across radiating lineages [2]. Frequently, 

many closely related species coexist that have diverged without geographical isolation 

and therefore presumably, or demonstrably, under divergent selection and through 

ecological speciation [4,5]. 

 

In part because of their relevance for basic evolutionary biology and speciation 

research, as well as the economic importance of tilapia, cichlid fishes are the focus of 

a multi-species genome sequencing effort [6]. As of early 2011, the tilapia genome 

(Oreochromis niloticus) was completed and assembled, and whole genome 

sequencing of four other African Rift Lake species is near completion (F. Di Palma 

2011, personal communication). These species will be great models for studying 

genomic divergence during adaptive radiation [7]; some genomic, linkage mapping or 

transcriptomic resources already exist for many of them (e.g. for the basal 

haplochromine Astatotilapia burtoni [8–11]). Cichlids have a moderately sized 

genome (approx. 1.1 Gb), can be bred and crossed in the laboratory for mapping and 

encompass an amazing morphological and behavioural phenotypic variability. 

Further, being approximately 113 ± 11 Myr diverged from medaka (Oryzias latipes) 

[12]—a model fish species with a fully sequenced and well-annotated genome—

means that even in advance of whole genome sequencing for a cichlid species, there 

has been a flurry of genomic and transcriptomic research. 

The aims of our present paper are twofold. First, we review recent advances in 

understanding adaptive radiation in cichlid fishes using genetic, genomic and 

transcriptomic approaches. To date, this research has primarily been focused on 

African cichlids. Second, to address the dearth of information on Neotropical cichlid 

adaptive radiations, we present a new study on the transcriptome divergence of two 

young, sympatric Nicaraguan crater-lake cichlid species. Further, we address whether 

there are parallel genetic signals of selection across these African and Neotropical 

adaptive radiations and found surprisingly little congruence. 

(a) Niche, body shape and trophic apparatus 

 

Speciation in cichlid fishes involved extremely high levels of morphological 

divergence, primarily related to ecologically relevant variation in body shape and size, 
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and the trophic apparatus [13]. Moulded by selective pressures of living in similar 

habitats or employing similar foraging preferences [14,15], African and Neotropical 

cichlid fishes have independently evolved parallel ecomorphs within and across their 

respective radiations [15,16], including elongate limnetic or predatory types, large 

jawed snail-crushing morphs, small-mouthed algae scrapers and thin-headed, thick-

lipped crustacean suckers. Genomic differentiation associated with these rapidly 

evolving body, mouth and jaw shapes is an exciting—though so far little 

investigated—aspect of the genetics of speciation in cichlids. 

 

Body shape varies greatly within cichlid adaptive radiations but may be relatively 

invariant in other, less species-rich lineages. Analysing transcriptome sequence data 

for African and Neotropical cichlid fishes, we recently identified accelerated 

evolution and signals of positive selection in the epithelial cell adhesion molecule 

(EPCAM) gene in the haplochromine ‘superflock’ cichlids in Lake Victoria relative to 

the species-poor basal tilapia (O. niloticus) lineage [17]. Functional analyses of 

EPCAM in zebrafish (Danio rerio) have shown its indispensable role in epithelial 

morphogenesis and skin development [18], making this a candidate gene for future 

analyses of body shape and trophic differentiation associated with adaptation in 

haplochromine cichlids. 

 

Ecologically divergent cichlid species can differ dramatically in their jaw and 

dentition structures; there is a tight correlation between pharyngeal jaw morphology, 

dentition and foraging preference [4,19–21]. Thus, the pharyngeal jaw may be an 

evolutionary key innovation intrinsic to the rapid speciation of cichlid fishes [21,22] 

and the genetic basis of adaptive variation in jaws and dentition has been the focus of 

several studies. Albertson et al. [23,24] found that few loci were involved in the 

radiation of cichlid jaw apparatus but that these were under strong directional 

selection. In particular, bone morphogenetic protein 4 (Bmp4) is a critical locus 

responsible for mandibular morphological variation (reviewed in Albertson & Kocher 

[25]). Moreover, some genomic regions contain multiple quantitative trait loci 

(QTLs). For example, the QTLs for tooth, jaw and skull shape all mapped to the same 

interval in one linkage group [26]. Divergent selection on this genomic region may 

then affect multiple traits simultaneously and explain the covariation and 

parallel/convergent evolution often observed in cichlids [26]. Besides sequence 
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variation in Bmp4 [26,27], craniofacial differences may result from variation in gene 

expression. Through microarray experiments, significant expression differences were 

observed in the genes cimp1 and magp4 during head and jaw development in closely 

related Lake Victoria cichlids [28,29], suggesting the importance of gene expression 

to phenotypic diversification within the species flock. However, the contributions of 

these differently expressed genes to morphological differences between species 

remain to be validated [30]. 

 

Dentition is also an excellent niche indicator for cichlid fishes: for example, the outer 

row of teeth of biting species is normally small but closely spaced and multi-cusped, 

in contrast to suction feeders' large and loosely spaced teeth [25]. Tooth shape and 

cusp number are positively correlated to the number of teeth in Malawi cichlids [31] 

and this trait appears to be mainly controlled by a single gene [32]. Transcriptomic 

experiments have shown that Malawi cichlids with different dentition have variable 

spatio-temporal gene expression [33] of conserved, ancient dental gene networks [34]. 

Knowledge of the genetic basis of the trophic apparatus in cichlids may therefore 

illuminate the genetics of their rapid adaptation and speciation. 

 
(b) Coloration and patterning 

 
Unlike complex traits such as body shape, across many vertebrate taxa coloration 

tends to be of a simple genetic basis and therefore a more tractable target for 

comparative genomics [35,36]. Cichlids show an amazing breadth of coloration and 

patterning, and this has recently been a fruitful topic of genomic investigation for 

Neotropical and African species. For example, various species of the Neotropical 

Midas cichlid complex (Amphilophus citrinellus complex) have a melanic (‘dark’) 

and amelanic (‘gold’) phenotype (Figure 7.1a), with gold determined by the dominant 

allele of a single locus [37]. This colour polymorphism is not sex-linked (in contrast 

to the common genetic pattern for gold African Rift Lake cichlids) and is the basis of 

assortative mating resulting in intraspecific genetic divergence in sympatry in at least 

one Nicaraguan crater lake; therefore, it may be a trait that is involved in incipient 

sympatric speciation [38]. Henning et al. [37] found that, although the expression of 

the gene Mc1r (a common candidate gene for coloration [35]) was upregulated in the 

skin of gold fishes, comparative genomic analyses identified no sequence 
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polymorphism in Mc1r between gold and dark Midas cichlids. Further, none of the 

nearby single nucleotide polymorphisms assorted with colour in the mapping crosses 

nor colour polymorphic populations from the wild. An analysis of conserved non-

coding elements surrounding the Mc1r locus, compared with the genomes of five 

model fish species, failed to identify relevant polymorphisms. Combined, this 

suggests that mutations in Mc1r or surrounding regions have no effect on the gold 

Midas phenotype and the causal genetic locus remains to be found. 

 

                          
 
Figure 7.1 Cichlid fishes show a rich array of coloration and behavioural phenotypes 
that have recently been investigated using genomic and transcriptomic approaches. (a) 
A breeding pair of Midas cichlids (Amphilophus xiloaensis) from crater Lake Xiloá, 
Nicaragua. The female has the ‘gold’ (amelanic) coloration and the male shows the 
typical ‘dark’ coloration of white and black bars. See §1b for more details. Photo 
credit: Ad Konings. (b) The haplochromine cichlid Paralabidochromis ‘red fin 
piebald’ from Lake Victoria, Africa, showing (i) a typical orange blotch (OB) 
phenotype and (ii) a typical white blotch (WB) phenotype. See §1b,c for more details. 
Photo credit: P. Eriksson. (c) Neolamprologus pulcher is a cooperatively breeding 
cichlid from Lake Tanganyika. This image shows two helpers-at-the-nest (left) and a 
breeder female (right). See §1d for more details. Photo credit: J. Desjardins. 

 
In contrast, coloration is sex-linked in many African cichlids and may be associated 

with multiple loci [39]. Males of the Lake Malawi cichlid Pseudotropheus saulosi are 

blue and females are yellow. Gunter et al. [40] recently compared gene expression in 

the skin of both sexes/colours by cDNA microarray. Forty-five unique genes were 



 Chapter 7 - Review cichlid genomics 

 146 

differentially expressed in pooled tests and quantitative real-time PCR subsequently 

confirmed five at the individual level. The strongest candidate gene was Copz-1, 

which is known to have a conserved role in pigmentation [40] and is an interesting 

focus of future investigation of the genetic basis of colour polymorphisms. 

 

Although no difference was found in expression levels of the xanthophore-related 

candidate gene colony-stimulating factor 1 receptor a (csf1ra) between yellow and 

blue skin of P. saulosi [40], csf1ra is involved in the yellow pigmentation of the egg 

dummy colour patterning in other African cichlids [41]. Salzburger et al. [41] found 

that csf1ra is expressed in the egg spots of the haplochromine and Ectodini lineages. 

The molecular basis of egg dummies in haplochromine cichlids is possibly derived 

from a de novo substitution in the ligand-binding portion of csf1ra; analyses indicated 

adaptive sequence evolution in the ancestral lineage, which coincided 

phylogenetically with the emergence of egg dummies [41]. 

 

Across African cichlid radiations, sexual selection on colour pattern is one of the most 

important forces for speciation [42], suggesting that positive selection may be acting 

on the gene(s) responsible for coloration. Comparing a zebrafish colour pattern gene 

(hagoromo) between riverine and lacustrine cichlids, Terai et al. [43] identified 

signals of positive selection in the lacustrine species famous for their splendid body 

colours (Table 5.1) and also found increased species-level variation in hagoromo  

alternative splicing [49]. Accelerated evolution and a cichlid-specific isoform of the 

pigmentation candidate gene mitf were also suggested as relevant for the rapid 

evolution of different colorations [50]. 

 

Orange-blotched (OB) and white-blotched (WB) are incompletely sex-linked colour 

pattern phenotypes found in cichlid radiations in different African lakes and their 

basins. OB and WB patterning (Figure 7.1b), while melanin-disrupting and female-

linked in all species tested for the radiations in lakes Malawi and Victoria, are 

determined by different genes [51]. Blotched phenotype in general is correlated with 

increased aggressive behaviour [52] and associated with sexual selection by male 

preference in Lake Victoria OB and WB species [43] and Lake Malawi OB species 

[49], such that only in polymorphic populations do males show a preference for 

blotched females. Therefore, this colour pattern may be a mechanism of rapid 
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sympatric speciation by sexual selection [53–55] and represents a simple genetic basis 

of behavioural phenotypes. 

 

Laboratory mapping crosses followed by association mapping of populations in 

nature pinpointed the causative locus of OB in Lake Malawi cichlids [56]. A single 

origin of the mutation in the Lake Malawi OB species was proposed, but there 

appears to have been an independent origin in Lake Victoria OB species. A single 

gene was found to be associated with the OB phenotype: Pax7 expression is increased 

in tailfins of OB individuals in all three Lake Malawi species examined though no 

sequence differences were found in the Pax7 coding regions [56]. 

 

Closely linked to coloration, the evolution of vision-related genes has been a focus of 

investigation in African cichlid fishes [5,46–48,57]. These studies of sequence and 

expression variation in opsin genes use a candidate gene approach (see [45] for an 

exception) rather than being broadly ‘genomic’, and therefore will not be discussed 

here (but see [3,58] for recent reviews). Our present analyses (Table 7.1) that compare 

expressed opsin sequence patterns in African and Neoptropical sister species identify 

few molecular parallelisms across lineages, but this remains to be investigated further. 
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Table 7.1 Candidate genes of African cichlid species related to vision and light 
perception, bone and tooth development, and morphology. 

 

gene name and 
function studied cichlid species and major findings 

shared 
coding 
region 

(%) 

selection signal 
inA. 

amarilloand A. 
sagittae 

EPCAM 
morphology 

two Midas cichlids, Oreochromis niloticus and 
three Lake Victoria cichlids. Positive selection on 

EPCAM was identified in the Lake Victoria 
lineage [17]. 

100 none, sequences 
identical 

MHC class II 
immune and 

olfactory 

two Malawi species, Pseudotropheus 
fainzilberi and P. emmiltos. Higher genetic 
divergence at putative antigen binding sites 
(ABS) in exon 2 of MHC class II gene [44]. 

100 Ka/Ks = 0.3249 

BMP4 bone 
development 

sixteen lacustrine and riverine habitat cichlids. 
Accelerated rate of evolution of BMP4 in 

lacustrine habitat cichlids [27]. 
56 Ka = 0,Ks = 0.0107 

SPP120 
fertilization 

Orechromis niloticus and six haplochromines. A 
subregion is under positive selection in African 

cichlids [45]. 
55 none, sequences 

identical 

CSF1Ra 
coloration and 

egg spot 

nineteen cichlid species from Eastern Africa. 
Extracellular ligand-binding and receptor-

interacting domain were under positive selection 
in the ancestral haplochromine lineage, which 

coincided with the egg-dummies [41]. 

38 none, sequences 
identical 

RH1 light 
perception 

Oreochromis niloticus and 16 species from Lakes 
Tanganyika and Malawi. Different selection 

pressures were detected between species in the 
clear and turbid environments [46]. 

100 none, sequences 
identical 

RH2 light 
perception 

Oreochromis niloticus and 16 species from Lakes 
Tanganyika and Malawi. Different selection 

pressures were detected between species in the 
clear and turbid environments [46]. 

100 none, sequences 
identical 

LWS light 
perception 

twenty-two cichlid species from Lakes Malawi, 
Nabugabo and Victoria. Adaptive and functional 
genetic variations on this gene were identified in 

the Lake Victoria cichlids [47]. 

97 none, sequences 
identical 

SWS1 light 
perception 

sixty-three cichlid species from Lakes Malawi 
and Victoria. SWS1 harbours the greatest 

diversity of functionally critical sites compared to 
other opsin genes in Malawi cichlids [48]. 

94 none, sequences 
identical 

SWS2a light 
perception 

Oreochromis niloticus and 16 species from Lakes 
Tanganyika and Malawi. Different selection 

pressures were detected between species in the 
clear and turbid environments [46]. 

48 Ka/Ks = 0.2740 
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Gene functions, major findings and samples used are drawn from the cited literature. 

These candidate genes were analysed for signals of selection between Neotropical 

species Amphilophus amarillo and Amphilophus sagittae. ‘Shared coding region’ 

indicates the per cent of EST coding region overlapping between A. amarillo and A. 

sagittae compared with the relevant available African cichlid dataset. 

(c) Sex determination 

 

Because coloration and colour patterns are often sex-linked in cichlids, the link 

between sex ratios, genomic incompatibility and colour assortative mating means that 

speciation may be promoted by sex-determining genomic regions [55,56,59]. For 

example, sexually antagonistic selection can promote the evolution of a novel sex 

determiner if genetic conflict (locus-specific alleles that increase fitness of one sex 

but decrease fitness in the other) is thereby resolved [55,60]. It is proposed that, 

across lineages in African lakes, OB coloration may increase fitness by improving 

body camouflage [56] (although OB individuals are arguably more conspicuous, 

further testing is necessary [61]; A. Meyer, personal observation) but OB males may 

suffer reduced mating success because the species' typical nuptial coloration is lost 

[56]. It has been proposed that the genetic conflict inherent in the OB phenotype was 

resolved by the evolution of a dominant female determiner that is tightly linked 

with Pax7, making OB almost exclusively female and therefore no detriment to males 

[56]. 

 
Recent research on the genetic basis of sex identified that at least two sex 

chromosomes evolved during the radiation of Malawi cichlids [59]. Moreover, these 

two sex chromosomes are not overlapping with the sex chromosomes of the Nile 

tilapia (O. niloticus), which are located at different chromosomal regions [59]. Given 

that sex determination is so variable in such a species-rich group as cichlid fishes 

suggests that they may provide an excellent model for studying the initial stages of 

sex chromosome evolution and its role in speciation [62]. 

 
(d) Social behaviour and breeding systems 
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There is a great variability and diversity of social and breeding behaviours in cichlids, 

and this may contribute to rapid speciation. The genetic basis of this behavioural 

variability and plasticity has recently been a focus of research using genomic and 

transcriptomic methods. There may be considerable sex-specific and species-specific 

gene regulation associated with breeding systems such as monogamy or polygyny 

[63]. In the polygynous mating system of A. burtoni, social dominance and therefore 

reproductive potential is associated with differences in gonad size, growth, hormone 

levels and coloration. Social dominance is highly plastic and an individual male may 

switch between dominant and subordinate phenotypes and back (reviewed in [10]). 

By using a microarray approach, it was shown that dominant and subordinate males 

differ significantly in their expression levels of almost 5 per cent of the tested genes, 

including co-regulated gene sets of neuroendocrine pathways [56]. Female A. 

burtoni also differ in gene-expression levels depending on social context: those who 

witness their preferred male win a fight against another male had dramatically 

different expression of the ‘immediate early genes’ c-fos and egr-1in key social and 

reproductively relevant areas of the brain [64]. In a cooperatively breeding cichlid 

with helpers-at-the-nest, Neolamprologus pulcher (Figure 7.1c), it was found that the 

expression of arginine vasotocin was higher in breeding fishes independent of their 

sex [65]. Three different genes were upregulated exclusively in helpers, and gene 

expression of breeding females was more similar to that of males than to helper 

females, suggesting that hierarchy rather than sex was the key modulating factor [65]. 

 

(e) Summary and suggested directions for future research 

 
Research on speciation in cichlids has to date primarily focused on the species-rich 

flocks of the African Rift lakes. While abundant and rapid speciation makes African 

cichlids excellent models for evolutionary biology, research on the origins of species 

in these lakes is complicated by three factors. First, these lakes are old, and conditions 

such as water levels have fluctuated dramatically over time and impacted 

diversification rates and population connectivity [66–68], with the effect of clouding 

the geography of speciation. Second, given considerable time since common ancestry 

for many of these species-rich groups [66,67,69], it is difficult to know the 

environmental and ecological conditions that originally promoted speciation. Third, it 

has proved difficult or impossible to reconstruct the phylogenetic relationships for 
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some of these young and serially hybridizing adaptive radiations [69–71], which 

impedes hypothesis testing. 

 

A better context for testing the ecological conditions and genomic patterns of 

speciation are isolated and homogeneous environments with recently diverged sister 

species [62]. For this reason, the Neotropical adaptive radiation of Midas cichlid 

fishes (A. citrinellus species complex) is an ideal geographical, ecological and 

biological system in which to study the genomics of adaptation and speciation 

(reviewed in [15]). The crater lakes were seeded by Midas cichlids from the great 

lakes, Nicaragua and Managua, and then diversified rapidly in ecology and body 

shape [4,38,72–74]. 

2. Transcriptome diversification in cichlids 

Several interesting and important questions remain to be addressed in genomic studies 

of cichlid radiations. For example, do genes that evolve under positive selection in 

adaptive radiations of African cichlids also contribute to the speciation of Neotropical 

cichlids, or vice versa? Genomic research has focused heavily on the speciation of 

African cichlids (Table 7.1) and we know of only one study on Neotropical cichlids 

[75]. 

 

To address such questions of intra- and inter-adaptive radiation genome evolution, we 

analysed newly generated ESTs for two sympatric, endemic, ecologically divergent, 

very young species of Midas cichlid from the Nicaraguan crater lake Xiloá (ca 6 kyr 

old; Figure 7.2). This species pair, Amphilophus amarilloand Amphilophus sagittae, 

diverged along a benthic–limnetic phenotypic axis [15,76], similar to the Midas 

species pair from the older crater lake Apoyo [4,75]. With the overall goal of 

assessing patterns of genetic parallelism in transcriptome evolution across cichlid 

lineages, we compared signals of divergent selection in the Neotropical adaptive 

radiation from Lake Xiloá with candidate gene sequences under divergent selection 

from the African intralacustrine adaptive radiations. 
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Figure 7.2 The model system used in this study. (a) Lake Xiloá is an isolated crater 
lake in western Nicaragua. Lake Apoyo is a larger and older crater lake to the south. 
(b) Amphilophus amarillo is a benthic and Amphilophus sagittae a limnetic Midas 
cichlid species. 

 
(a) Methods 

 
We generated EST libraries following previous published methods [75]. Briefly, wild-

caught A. amarillo and A. sagittae were bred in the laboratory (University of 

Konstanz) and sibs from a single brood of each species were sampled for RNA at 1 

day (n = 6), one week (n = 10) and one month (n = 2) post-hatch. After pooling RNA 

equimolar for each stage per species, cDNA was generated by random-priming, and 

normalized EST libraries were commercially prepared by Vertis Biotechnologie 

(Freising, Germany). Libraries were normalized in order to maximize the total length 

and number of ESTs sequenced, though this comes at the cost of gene-expression 

inference. Sequencing was carried out at the Genomics Centre of the University of 

Konstanz using Roche 454 FLX Titanium technology. 

 

We adopted a previously implemented analysis pipeline [75] in which the ambiguous, 

low-quality sites and contigs less than 200 bp long were excluded. Putatively 

orthologous genes between species were determined by the bi-directional blast hit 

method. Coding regions of the putative orthologous genes were annotated by 

comparison with currently available vertebrate proteins. High-quality ESTs were 
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defined as those in which sequences from both species contained coding regions with 

E-value ⩽1E − 5. These candidate genes were functionally annotated according to the 

latest version of the Uniprot database [77] and gene ontology was annotated by 

Blast2GO [78]. Amphilophus EST sequences were compared with all publicly 

available African cichlid ESTs. The ratio of non-synonymous to synonymous 

substitutions (Ka/Ks) was estimated with maximum likelihood in PAML v. 4 [79]; 

pairs with Ka/Ks > 1 were confirmed by outgroup comparison with African cichlids. 

 
(b) Results and discussion 

 
(i) Genome-wide estimates of selection in Neotropical cichlids 
 
Sequencing generated a total of 780 104 and 1 000 805 raw reads for A. 

amarillo and A. sagittae, respectively, which assembled into a working dataset of 75 

687 and 102 360 A. amarillo and A. sagittae EST contigs (average n = 50 size of 540 

bp). We identified 39 466 putatively orthologous gene fragments between the two 

species. Given our stringent annotation criterion, this was reduced to 1612 pairs of 

high-quality ESTs. 

 

Nine of these EST pairs showed a strong signal of positive selection (Ka/Ks > 1; 75–

100% of the full-length gene; Figure 7.3). Functional annotation indicated that most 

of these genes were related to cellular, metabolic and biological regulation processes 

(see electronic supplementary material, Table S1). Several of these genes are 

reasonable candidate genes that might contribute to the biological differences between 

cichlid species. For example, the protein product of CLEC3B, tetranectin, is involved 

in the skeletal system development process and its deletion causes deformity in mice 

[80]. Also, the growth arrest and DNA-damage-inducible, gamma (GADD45G) gene 

is an important growth regulator and environmental response gene in humans [81,82]. 

These and others will be interesting candidates for future research on genomic 

patterns of diversification in the Midas cichlid complex. 
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Figure 7.3 The distribution of Ka/Ks for high-quality ESTs between Lake Xiloá A. 
amarillo and A. sagittae. Expressed sequence tags with Ka/Ks <1 fall above the grey 
line. 

 
The low number of genes under positive selection between A. amarillo and A. 

sagittae (nine out of 1612 ESTs, or 0.6%) agrees with the previous findings from 

Lake Apoyo Midas cichlids, wherein 0.8 per cent (14 of 1721) of shared ESTs were 

found to be under selection [75]. This also agrees with theoretical predictions and 

empirical data that very few genes will diverge under positive selection in the early 

stage of speciation, whereas the remaining regions of the genome are 

indistinguishable ([30,83,84] and reviewed in Nosil et al. [85]). Identifying positive 

selection between very recently diverged species (less than 6 kya) can be limited by 

various factors and also our family-based samples. First, the positive selection signals 

between two young species, A. amarillo and A. sagittae, may be elevated by 

segregating polymorphisms in the ancestral species [86]. Adding samples from the 

ancestral species, A. citrinellus, will clarify the origin of the variation between the two 

species, such as lineage-specific mutations or standing variations [87]. Second, most 

genes we identify as being under positive selection have accumulated relatively few 

single nucleotide polymorphisms (SNPs) owing to the short divergence time between 

species [15]. As a result, it is difficult to distinguish whether selection on these genes 

has significance for evolution. Thus, functional tests of these genes or more rigorous 

statistical methods based on population samples [88] are needed in future studies. 
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(ii) Parallel molecular evolution between African and Neotropical cichlids 

  
These Midas cichlid sister species differ in ecomorphological traits such as body 

shape [15], coloration, breeding depth and habitat [38,76], and diet and lower 

pharyngeal jaw shape [76]. Therefore, we tested for interspecific signals of selection 

at 11 previously published candidate genes associated with these aspects of 

diversification in the adaptive radiation of African cichlid fishes (Table 7.1). We 

found that the EST coding region sequences of all these candidate genes either had no 

nucleotide substitutions between A. amarillo and A. sagittae or showed no signal of 

positive selection (Ka/Ks ≪ 1; Table 7.1). 

 

The candidate genes from African cichlids that we tested in the Midas cichlids can be 

grouped into two basic categories: genes related primarily to communication and 

sexual selection (e.g. colour and light perception) and genes related to morphology 

(e.g. body shape and trophic apparatus). The observation that none of these candidate 

genes shown previously to be involved in the adaptive radiation of African cichlid 

fishes exhibit a signal of positive selection in the orthologous genes between Midas 

cichlid species (Table 7.1) suggests a non-parallel genetic basis across the New and 

Old World lineages of cichlids, at least specifically the flocks under comparison. We 

suggest four possible reasons for this finding. 

 

First, it may be that the phenotypic targets of selection during Midas cichlid 

diversification are entirely different from those of African cichlids (for which ESTs 

have been sequenced to date), making the different genetic basis or non-parallel 

molecular signals of selection unsurprising. In this case, future contrasts of additional 

Neotropical and African species could potentially identify shared genetic signals of 

selection in ESTs if the contrasted species had experienced similar phenotypic 

selection. For example, sexual dimorphism in coloration is a hallmark of most African 

cichlid fishes and known to be a target of selection [5], whereas Midas cichlid fishes 

are not sexually dimorphic in colour. However, for phenotypic variation more under 

natural (rather than sexual) selection, such as in trophic apparatus [34], immunity (e.g. 

MHC complexes [44]) and vision [48], one might expect that the phenotypic targets 

of selection and their genetic bases may be the same between African and Neotropical 

lineages. This requires further investigation. 
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Alternatively, it may even be that equivalent ecomorphological differentiation and 

adaptation occurs by different genetic routes in African cichlids compared with 

Neotropical cichlids. In this case, even comparing parallel adaptive phenotypes across 

lineages would still identify non-overlap of genes under selection because the 

underlying genetic processes and architecture of parallel phenotypes might be entirely 

different. 

Third, there might be genetic parallelism underlying phenotypic parallelism in 

Neotropical versus African cichlids that cannot be identified by examining the coding 

region of ESTs (e.g. from cis-regulatory elements). Other transcriptomic approaches 

that can infer abundance (e.g. RNA-Seq) and location (e.g. in situstaining) of variable 

gene expression would be required to identify this type of genomic parallelism. 

 

Finally, there are limitations in the strength of our approach to infer positive selection 

between A. amarillo and A. sagittae. Family-based sampling with normalized libraries 

cannot quantify intraspecific polymorphism or lineage-specific fixation and could 

either over- or underestimate shared mutations. Thus, even if coding region mutations 

are informative about selection between species, our approach may lack power to 

detect it. This and previous studies [75] therefore act as a launch pad for future gene-

specific and population-level approaches to transcriptome evolution in the Midas 

cichlid species complex (in preparation). 

 

There are only a handful of examples in which the genetic bases of adaptations are 

known; therefore, it is too early to draw conclusions about the generalities of 

particular mechanisms. It is clear, however, that adaptive changes may not always 

involve the same genes, even between closely related species (reviewed in earlier 

studies [3,89]). Only further genomic and transcriptomic comparisons between 

Neotropical and African cichlid adaptive radiations, ideally aided by mapping and 

whole genome comparisons, can discern these differences. All comparisons gain 

tremendously in power if made in an explicit phylogenetic framework. 

 



 Chapter 7 - Review cichlid genomics 

 157 

3. Conclusions and future directions 

Cichlid fishes have long been an ecological and evolutionary model system for 

studying the formation of adaptive radiation and rapid speciation. In the age of 

genomics, cichlids are proving themselves even more to be an informative and 

accessible research system. Recent research on traits under ecological and/or sexual 

selection—such as ecological niche, jaws and teeth, coloration, reproductive 

behaviour, and sex determination—has been successful at exposing and quantifying 

underlying evolutionarily relevant genomic and transcriptomic variation. Candidate 

gene approaches, or traditional population genetic work, could not have identified the 

selected loci owing to their low frequency, though these loci appear to be important 

elements of genomic or transcriptomic differentiation. Recent insights highlight the 

advances that ‘next-generation’ technologies promise to yield. Soon, complete 

genomic sequences will permit better annotation, synteny analyses and information on 

the relevance of structural variation in the explosive rates of diversification of cichlid 

fishes. The advent of the genomic era in cichlid fish biology will therefore likely yield 

profound insights into fundamental questions in evolutionary biology. 
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Chapter 8 - Rapid evolution and selection inferred 
from the transcriptomes of sympatric crater lake 

cichlid fishes 
Abstract 

 
Crater lakes provide a natural laboratory to study speciation of cichlid fishes by 

ecological divergence. Up to now, there has been a dearth of transcriptomic and 

genomic information that would aid in understanding the molecular basis of the 

phenotypic differentiation between young species. We used next-generation 

sequencing (Roche 454 massively parallel pyrosequencing) to characterize the 

diversity of expressed sequence tags between ecologically divergent, endemic and 

sympatric species of cichlid fishes from crater lake Apoyo, Nicaragua: 

benthic Amphilophus astorquii and limnetic Amphilophus zaliosus. We obtained 

24 174 A. astorquii and 21 382 A. zaliosushigh-quality expressed sequence tag 

contigs, of which 13 106 pairs are orthologous between species. Based on the ratio of 

nonsynonymous to synonymous substitutions, we identified six sequences exhibiting 

signals of strong diversifying selection (Ka/Ks > 1). These included genes involved in 

biosynthesis, metabolic processes and development. This transcriptome sequence 

variation may be reflective of natural selection acting on the genomes of these young, 

sympatric sister species. Based on Ks ratios and p-distances between 3′-untranslated 

regions (UTRs) calibrated to previously published species divergence times, we 

estimated a neutral transcriptome-wide substitutional mutation rate of 

∼1.25 × 10−6 per site per year. We conclude that next-generation sequencing 

technologies allow us to infer natural selection acting to diversify the genomes of 

young species, such as crater lake cichlids, with much greater scope than previously 

possible. 
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Introduction 

 
Cichlid fishes are one of the most species-rich vertebrate families and much of this 

richness is reflected in morphological adaptations related to trophic niche, such as 

body shape, mouth and jaw form (Rüber et al. 1999; Clabaut et al. 2007; Salzburger 

2009). The Midas cichlids in Nicaragua have evolved rapidly into different trophic 

niches in young crater lakes (Barlow & Munsey 1976; Wilson et al. 2000; Vivas & 

McKaye 2001; Stauffer & McKaye 2002; Barluenga et al. 2006; Stauffer et al. 2008). 

In crater lake Apoyo, such eco-morphological speciation has occurred in sympatry: a 

trophically and genetically distinct endemic limnetic species, Amphilophus zaliosus, 

evolved from a benthic or generalist ancestor in the past 10 000 years (Barlow & 

Munsey 1976; Barluenga et al. 2006) (Figure 8.1). Amphilophus astorquii, a recently 

described benthic species, is also strictly endemic to crater lake Apoyo 

(Stauffer et al. 2008), where it is the most abundant species in the lake (McCrary & 

López 2008). Disruptive natural selection within the crater lake environment is likely 

to have driven species’ divergent ecologies and morphologies (Barlow & Munsey 

1976; Parsons et al. 2003; Barluenga et al. 2006; Elmer et al. in press), resulting in 

reproductive isolation (Baylis 1976) and population differentiation at putatively 

neutral genetic regions (microsatellites, amplified fragment length polymorphisms, 

mitochondrial DNA) (Barluenga et al. 2006). Given the Lake Apoyo Midas cichlid 

species flock’s genetic monophyly (Wilson et al. 2000;Barluenga & Meyer 

2004; Barluenga et al. 2006; Bunje et al. 2007), the species’ strict endemism, and 

trophic differentiation (Stauffer et al.2008), it is highly probable that not only A. 

zaliosus (Barlow & Munsey 1976; Barluenga et al. 2006) but also A. astorquii arose 

in lake Apoyo by sympatric speciation (Stauffer et al. 2008). Despite the established 

ecological and neutral genetic differences, we lack estimates of gene sequence 

diversity between the benthic and limnetic species. Further, we have no information 

about how divergent natural selection may have affected these species’ genomes 

within the very short evolutionary time span since their divergence from a common 

ancestor. 
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Figure 8.1 Lake Apoyo is a crater lake in western Nicaragua and has no water 
connection with neighbouring crater or great lakes. Amphilophus zaliosus is a 
limnetic endemic species that evolved in sympatry in Lake Apoyo (lower above). 
Amphilophus astorquii is an endemic benthic species (lower below). 

 
Emerging techniques based on ‘next generation’ sequencing or massively parallel 

sequencing, such as low-pass shotgun genome sequencing and expressed sequence tag 

(EST) analyses, are proving to be valuable additions to evolutionary and ecological 

research (Ellegren 2008; Rokas & Abbot 2009). Research areas such as population 

genetics (Lynch et al. 2008), experimental evolution (Shendure et al. 2005) and 

phylogenetics (Moore et al. 2006, 2007) have successfully synthesized genome data 

to address biologically meaningful questions. The spearhead for research on the 

genomic bases of species differences is work on human genome comparisons, which 

seek to identify the features that distinguish us from our primate relatives and to 

quantify the variability between human populations. For example, a comparison 

between the human and chimp genomes indicated that they are 98.4% similar (Chen 

& Li 2001), and that genes related to immune functions, spermatogenesis, olfaction 

and sensory perception are probably under positive selection in the human lineage 

(Bustamante et al. 2005; Nielsen et al. 2007). This human research has driven the 

development of cost-effective techniques, which have opened the door for genome 

research on nonmodel organisms: the ‘new frontiers’ of genomics research 
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(Collins et al. 2003). There are specific challenges that are encountered when using 

massively parallel sequencing technologies on nonmodel organisms because a 

reference genome is rarely available. In some cases, a close relative provides a 

scaffold for read assembly: for example, having a sequenced honeybee genome 

facilitated wasp transcriptome research (Toth et al. 2007), the silkworm genome aided 

analysis of Glanville fritillary butterfly ESTs (Vera et al. 2008) and chicken and zebra 

finch genomes inform transcriptome research on non-model bird species 

(Kunstner et al. 2010; Wolf et al. 2010). Sufficiently long sequence reads from 

massively parallelized sequencing can compensate for the lack of a reference genome 

so 454 pyrosequencing, with currently the longest available read lengths, is the 

platform favoured for such scenarios (Rokas & Abbot 2009). In the context of our 

research, a completely sequenced cichlid genome is underway (International Cichlid 

Genome Consortium 2006) but is not yet complete. 

 

Expressed sequence tags represent a sample of the spatiotemporally expressed 

genome: the transcriptome. EST studies can be used as an entry into gene expression 

and comparative genome-level questions in nonmodel organisms when other genomic 

resources, such as a sequenced genome, are not yet developed (Bouck & Vision 

2007; Hudson 2007). EST studies – one of the most cost-effective methods for gene 

discovery (Bouck & Vision 2007) – are made even more robust and efficient using 

massively parallelized sequencing. This has eliminated the need for cloning ESTs, 

which introduces bias, and has greatly increased the quantity of data that can be 

generated in a short time at a reduced cost compared with traditional Sanger 

sequencing of cDNA libraries (Weber et al. 2007; Wheat, in press). Parallelized 

sequencing of transcriptomes allows us to identify candidate genes without imposing 

strong a priori expectations or biases (although most studies restrict their starting 

material to pertinent tissues and/or developmental stages when resources are limited). 

Implicit in this approach to identify transcriptome differences between species is the 

expectation that gene (or transcript) sequence differences may be relevant to some 

interspecific phenotypic variation. 

 

In this study, we use massively parallelized pyrosequencing (454 GS FLX) to 

characterize the transcriptome sequence diversity between two young, endemic and 

ecologically divergent sympatric species of Midas cichlid fish from the neotropical 
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crater lake Apoyo, Nicaragua. A. zaliosus is an open water, elongate limnetic 

species. A. astorquii is a high-bodied, short benthic species. Both species breed in the 

littoral zone during the same breeding season, with A. zaliosus breeding in solitary 

pairs and A. astorquii in colonies of pairs. We aim to identify interspecific EST 

sequence variation and infer orthologous genes that may be showing signs of 

diversifying natural selection (a non-neutral rate of synonymous and nonsynonymous 

substitutions between sequence pairs). We identify transcriptome sequence variation 

that reflects the impact of natural selection on the genome. Using the neutral 

substitutional mutation rate inferred from Ks and the similarities in 3′-untranslated 

regions (UTR), we estimate a transcriptome-wide substitutional mutation rate for 

these neotropical cichlids. By using pyrosequencing technology, we infer mutation 

rates and the effects of natural selection across the genome and transcriptome with 

greater speed and scope than previously possible. 

 

Materials and methods 

 
Generating samples 
 
Intraspecific crosses were established between pairs of Amphilophus 

astorquii and Amphilophus zaliosus. These adults have been laboratory-reared under 

common conditions since they were collected in Lake Apoyo as fry 2–4 years before. 

When a clutch was successfully produced, three time points were sampled from each 

species: day of hatching (1 dph), 1 week post-hatching (1 wph) and 1 month post-

hatching (1 mph). Samples were collected in a standardized manner and time of day. 

Fry and juvenile fish were killed following approved protocols and placed in 

RNALater (Qiagen). These were held at 4 °C for less than 1 month before being 

stored at −20 °C. A portion of each sample not stored in RNALater was fixed in 4% 

paraformaldehyde overnight, stepped into methanol, and then stored at −20 °C to 

provide an archive of the stage-specific morphologies. 

 
RNA extraction 
 
RNA extractions were performed simultaneously. For each species, sample sizes 

were: 6 individuals of 1 dph, 10 individuals of 1 wph, and 2 individuals of 1 mph. 
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Fewer individuals were included in 1 dph than 1 wph because the high quantity of 

yolk in the 1 dph samples was found to cause poor quality and quantity of total RNA. 

Only the head (cut immediately behind the gill cover) was used for 1 mph samples to 

avoid contaminating the sample with gut flora and fauna. After removing RNALater, 

samples were homogenized in 1 mL of Trizol (Invitrogen) in an MP Biosciences 

homogenizer at intensity 5.0 for 20 s. RNA extraction was performed using the 

manufacturer’s protocol and re-precipitated for 3 h with one volume of 4M LiCl. 

Pellets were recovered by centrifugation and dissolved in 20 µL pH 8.0 

diethylpyrocarbonate water (DEPC). The quantity and quality of total RNA was 

assessed by spectrophotometry and gel electrophoresis. Between 1 and 2 µg of each 

sample was requested for commercial normalized library construction, and equal 

quantities of RNA from each stage were pooled per species. 

Normalized library development 

 

We commissioned a 3′-fragment normalized cDNA library to be constructed by a 

third-party service provider (Eurofins MWG GmbH, Ebersberg, Germany). Briefly, 

from total RNA, first-strand cDNA was synthesized using reverse transcriptase and an 

oligo(dT)-adapter primer. Second-strand synthesis was performed with a N6 random 

adapter primer. cDNAs were then amplified with 17 (A. zaliosus) or 18 (A. astorquii) 

cycles of long and accurate polymerase chain reaction (PCR) (Barnes 1994). Libraries 

were normalized by hydroxylapatite chromatography and the ss-cDNA was then 

amplified by PCR. cDNA was size selected for 450–550 bp including the 5′- and 3′-

454 and cDNA adapters. 

 
454 Sequencing and assembly quality control 
 
The normalized cDNA library was sequenced in one GS FLX (Roche 454) Standard 

Chemistry run (half a plate per species at equimolar concentrations) by Eurofins 

MWG. Reads were assembled using the Eurofins MWG in-house bioinformatics 

pipeline. Adapter sequences were clipped and contigs were assembled using MIRA 

2.9.15 (Chevreux et al. 2004) based on 40 bp overlap, 90% homology and a minimum 

of five reads deep on average. Singleton raw reads were excluded. 
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We subjected all contigs to an extensive quality control procedure. First, sequences 

were screened for contamination by BLASTn searches (E-value E-20) 

against Escherichia coli genome and human and mouse EST databases (downloaded 

December 2008). Two E. coli contamination sequences were identified in the A. 

astorquii pool and excluded. Second, low-quality bases were masked using an in-

house Perl script (S. Fan) given a quality score threshold of Q > 20. Third, contigs 

with interspersed repeats and low-complexity DNA sequences were excluded using 

an in-house script (S. Fan) parsing the results of RepeatMasker (version 3.2.6 with 

repeat library 20090120) (Smit et al. 1996), since such sequences would impede 

orthologous EST identification. Contigs <200 bp long were excluded from further 

analyses. 

 
Transcriptome functional annotation 
 

Functional annotation was performed online using Blast2GO (Version 2.3.4) 

(Conesa et al. 2005; Götz et al. 2008), which performs a BLASTx search against the 

nonredundant database on NCBI (default parameters were used). Annotated accession 

numbers and Gene Ontology (GO) (The Gene Ontology Consortium 2000) numbers 

were derived from NCBI QBLAST (Altschul et al. 1997) based on an E-value ≤1E-5 

and a high-scoring segment pair cut-off greater than 33. The annotation procedure 

was conducted using the following parameters: a pre-E-value-Hit-Filter of 10−6, a pro-

Similarity-Hit-Filter of 15, an annotation cut-off of 55, and a GO weight of 5. 

 
Identifying orthologous ESTs 
 
We used the bidirectional best hit method in BLAST with a bit score threshold of >300 

to identify ESTs that are putatively orthologous between the two species. 

Bidirectional best hit has been found to out-perform more complex orthology 

identification algorithms (Altenhoff & Dessimoz 2009). Our bidirectional best hit 

threshold ensures that the alignment of two ESTs is longer than 150 bp. 

 
Predicting the open reading frame and the untranslated region 
 
Open reading frames (ORF) for the putatively orthologous ESTs were determined 

by BLASTx (NCBI blast version, 2.2.19) (Altschul et al. 1997) against all known 
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vertebrate proteins from the Universal Protein Resource (The UniProt Consortium 

2008) and protein data sets for five teleost fishes (fugu, medaka, green spotted 

pufferfish, stickleback and zebrafish) in the Ensembl database (Hubbard et al. 2005) 

(Ensembl 52) using a threshold of <1E-5. If both orthologous ESTs could be 

annotated, the coding regions were extracted according to the BLASTx results. The 

coding sequences were aligned by ClustalW version 2.0 (Larkin et al. 2007). The 3′-

untranslated region (UTR) of each contig was identified based on the results of the 

ORF prediction. We searched downstream of the coding region to identify the stop 

codon (TAG, TAA or TGA). If the number of base pairs between the stop codon and 

end of the coding region were divisible by three (i.e. matched a reading frame by 

being the length of an amino acid), then downstream of the stop codon was 

considered a ‘true 3′-UTR’. If the number of base pairs between the coding region and 

the stop codon was not divisible by three, then downstream of the ORF was 

considered a ‘pseudo-UTR’ and excluded from further analyses. 

 
Estimating substitution rates 
 
We estimated the rate of nonsynonymous substitutions per nonsynonymous site (Ka) 

to the number of synonymous substitutions per synonymous site (Ks) between 

putatively orthologous coding regions using a maximum-likelihood method (Yang & 

Nielsen 2000) implemented by yn00 in the PAML toolkit (vers. 4.0) (Yang 2007). 

Orthologous ESTs with a Ks rate >0.1 were excluded from further analyses to avoid 

analysing paralogous genes (Bustamante et al. 2005). 

 
Estimating the overall substitutional mutation rate 
 
We estimated an overall substitution rate for the cichlid genome based on divergence 

between orthologous EST pairs (entire EST, including coding region and 

UTRs > 50 bp long) and synonymous mutations calibrated with a maximum age of 

crater Lake Apoyo (Kutterolf et al. 2007). Only UTRs contiguous with orthologous 

coding regions were used in distance calculations to avoid including artefacts of 

assembly. The rate (r) (in substitutions/site/year) is calculated from the mean genetic 

distance between sequences (d) divided by the divergence time between two species 

(2t). d for coding regions is based on the Ks rate, since under the neutral theory of 

evolution Ks should be proportional to the neutral mutation rate (Hurst 2002). d for 
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UTRs was estimated by a Jukes-Cantor (Jukes & Cantor 1969) corrected pairwise 

distance. 

Results 

Sequencing and assembly quality control 
 
We received a total of 114 Mb from one run, approximately evenly represented in 

both species (Table 8.1). Sequences are deposited in the NCBI Short Read Archive 

(Accession no. SRA009759.2). The average read length was just over 200 bp 

(Table 8.1). This is shorter than the 220–270 average read length expected from the 

GS FLX technology and may be because of the 3′-library construction method. Our 

total number of base pairs meets Roche 454 expectations of 100 Mb per run for GS 

FLX standard chemistry. Raw reads were assembled into 57 566 contigs. Fewer than 

100 hits per pool could be attributed to the mitochondrial genome (from neotropical 

cichlids: NCBI Accession no. NC_009058, NC_011168). After quality control 

(see Methods and materials), our sample consisted of 24 174 Amphilophus 

astorquii and 21 382 Amphilophus zaliosus‘high-quality ESTs’ ranging in length from 

200 to 1277 bp. These sequences were used for further analysis. 

 

A total of 2289 A. astorquii and 2119 A. zaliosus ESTs showed homology (i.e. 

significant e-values) with known proteins from the vertebrate protein database 

(Universal Protein Resource) and five fish protein databases (Ensembl). This 

represents about 10% of the ESTs being successfully annotated, a proportion that is 

less than the 20% to 40% of ESTs often annotated from a traditional Sanger 

sequenced EST library (e.g. Cerda et al. 2008; Salzburger et al. 2008) but similar in 

absolute numbers. By proportion our annotation success is lower because 454 reads 

tend to be biased towards the 3′-transcript end (Shin et al. 2008) and are shorter than 

traditional Sanger sequences. Also, we used a 3′-fragment extension library protocol 

that should maximize depth but at the cost of 5′ ends, which makes annotation more 

difficult (G. Gradl, personal communication). 
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Table 8.1 Sequencing coverage was approximately equal in both species, suggesting 
that there was no bias towards any particular pool of RNA 

  
Amphilophus 
astorquii 

Amphilophus 
zaliosus Total 

Total number of reads 300 610 262 494 563 104 
Total number of bases 60 732 547 54 132 058 114 864 605 
Average read length 202 206 

 Assembly results 
   Number assembled 231 293 199 628 

 Number too short and excluded 13 749 11 567 
 Number of all contigs 30 569 26 997 57 566 

Total number of bases 8 143 429 7 167 699 15 311 128 
‘High quality’ ESTs 

   Total number of contigs 24 174 21 382 45 556 
Average length 300 299 

 ±SD 79 76 
 Median length 275 277 
 Maximum length 1 277 1 271   

‘High quality’ ESTs are those used for subsequent analyses. Total represents the two 
species combined. Numbers of bases and read length are trimmed of tags and low 
quality bases. EST, expressed sequence tags. 
 

Functional annotation 
 
Of our data, 3152 (13%) of the A. astorquii and 2673 (12%) of the A. zaliosus contigs 

were annotated with an inferred biological function based on currently known 

proteins in the NCBI nonredundant protein database (BLASTx). Approximately equal 

numbers of the EST sequences for A. astorquii and A. zaliosus had GO resource 

assignments relating to three major divisions. The first, ‘biological process’, refers to 

the ‘biological objective to which the gene or gene product contributes’ (The Gene 

Ontology Consortium 2000). Within the function of ‘biological process’, 15 

categories were identified and these were perfectly paired between species. The two 

most abundant categories were: (i) ‘cellular and metabolic processes’, to which 46% 

of both species’ ESTs were dedicated (2810 A. astorquii and 2705 A. zaliosus ESTs); 

and (ii) ‘development process’, to which 10% of ESTs were dedicated (627 A. 

astorquii and 593 A. zaliosus ESTs) (Figure 8.2). The second major division is 

‘molecular function’, which refers to some biochemical activity that is performed by 

the gene, without a temporal or spatial context (The Gene Ontology Consortium 

2000). EST coverage of this division was similar between species: 10 categories of 
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‘molecular function’ were found in A. astorquii and nine categories 

in A. zaliosus (genes corresponding to auxiliary transport protein activity function 

could only be found in theA. astorquii transcriptome) (Figure 8.2). Of these ESTs 

ascribed to ‘molecular function’, most A. astorquii (71%, 2347 sequences) and A. 

zaliosus (75%, 2222 sequences) ESTs were dedicated to binding functions and 

catalytic activity. The third division is ‘cellular component’, which describes the sub-

cellular location where a gene product is active (The Gene Ontology Consortium 

2000). Again, coverage is similar between species: nine categories were found in 

the A. astorquii transcriptome and 11 categories were found in the A. 

zaliosus transcriptome. Gene products were mainly expressed intracellularly (A. 

astorquii: 3456 sequences or 51%; A. zaliosus: 3274 sequences or 50%) or in the 

organelle (A. astorquii 1241 sequences or 18%; A. zaliosus: 1202 sequences or 18%). 

The matched proportion of GO categories between A. astorquiiand A. 

zaliosus suggests that our library and 454 sequencing covered both species’ 

transcriptomes equally. 

 
Orthologous EST identification 
 
We identified 13 106 pairs of ESTs that are putatively orthologous between the two 

species (hereafter referred to as ‘orthologous ESTs’). The median length of sequence 

shared by the orthologous ESTs (i.e. alignment length) is 264 bp, ranging from 153 to 

767 bp. A total of 1721 pairs of orthologous ESTs matched to the ORFs of known or 

unknown proteins. 
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Figure 8.2 Blast2GO assignment for 3152 Amphilophus astorquii and 2673 
Amphilophus zaliosus ESTs. The proportion of ESTs assigned to different categories 
is approximately equal. 

 

Untranslated region identification 
 
The untranslated region of each orthologous EST was identified based on the 

predicted coding region. Thirty-three pairs (median length 78 bp, ranging from 51 to 

153 bp) of UTRs that are informative for divergence were found in the orthologous 

ESTs. 

Estimated Ka/Ks 
 
Based on a data set of 1721 pairs of ESTs that were orthologous and had an ORF that 

could be predicted (criterion 1E-5), divergence was sufficiently high for 44 ESTs 

(3%) of which both a Ka and a Ks rate could be calculated. Of these, six orthologous 

ESTs have a Ka/Ks > 1 and eight orthologous ESTs have a Ka/Ks between 0.5 and 1 

(Figure 8.3). For the remainder of the orthologous ESTs, we could calculate either 

only Ka (175 orthologous ESTs, 10%), only Ks (103 orthologous ESTs, 6%), or the 

orthologous ESTs were identical (1399 or 81%), making a ratio 

incalculable. Ka/Ks > 1 suggests that strong positive selection has acted to change the 
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protein DNA sequence (Yang & Bielawski 2000) whileKa/Ks above 0.5 is a less 

conservative cut-off that has also proven useful for identifying genes under positive 

selection (Swanson et al. 2004). EST pairs with Ka/Ks > 1 function in biosynthetic and 

metabolic processes, brain development and cognition, response to hormone stimuli, 

and nervous system development. Those ESTs with Ka/Ks between 0.5 and 1 related 

to metabolic processes, tissue, blood and hormone regulation and regeneration 

(Table 8.2). 

                       
Figure 8.3 Distribution of Ka and Ks. A nonzero Ka and a Ks ratio could be calculated 
for 44 ESTs. ESTs with Ka/Ks > 1 fall above the grey line while ESTs 
with Ka/Ks = 0.5–1 fall between the black and grey lines. 
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Table 8.2 Ratio of nonsynonymous (Ka) to synonymous (Ks) substitutions, number of 
polymorphisms (SNPs), bit scores, E-values, Gene Ontology (F, molecular function, 
P, biological process, C, cellular components), hit sequence name, the species of 
origin for this hit and the accession identification numbers for homologues in other 
species of the 14 candidate genes (ESTs) showing a signal of evolution by 
diversifying natural selection. 
 

 
 
                                     
 

Ka/Ks

Numbe
r of 
SNPs

Amphilop
hus 
astorquii 
Bit score

Amphilop
hus 
zaliosus B
it score

Amphilop
hus 
astorquii 
E-value

Amphilop
hus 
zaliosus 
E-value Gene ontology

Hit sequence 
name

Species of 
origin

Accession 
IDs

7.682 4 88.2 148 3.00E-17 2.00E-35

F: isomerase activity; 
P: biosynthetic 
process

Phenazine 
biosynthesis-like 
domain-
containing protein 
2 Salmo salar

tr|B5X8N7|B
5X8N7_SAL
SA

2.836 5 82.8 127 1.00E-15 5.00E-29

P: amino acid 
metabolic process; P: 
ATP metabolic 
process; C: lysosomal 
membrane; C: 
integral to membrane; 
F: l-cystine 
transmembrane 
transporter activity; P: 
brain development; P: 
cognition; P: l-cystine 
transport; P: 
glutathione metabolic 
process; C: late 
endosome; C: early 
endosome Cystinosin Oryzias latipes

ENSORLP0
0000003583

2.453 7 70.1 120 7.00E-12 6.00E-27 Not available
Novel protein 
coding Oryzias latipes

ENSORLP0
0000003819

1.320 4 143 125 7.00E-34 1.00E-28 Not available Conserved domain
Gasterosteus 
aculeatus

ENSGACP0
0000016806

1.040 8 87 131 6.00E-17 3.00E-30

C: cytoplasm; P: 
response to hormone 
stimulus; P: epithelial 
cell differentiation; C: 
polysome; P: nervous 
system development; 
F: poly(U) binding; 
C: nucleus; F: 
nucleotide binding

RNA-binding 
protein Musashi 
homologue 1 Oryzias latipes

ENSORLP0
0000024802

1.035 4 92 58.2 2.00E-18 3.00E-08

P: cell redox 
homeostasis; P: 
transport

Thioredoxin 
domain

Bombina 
orientalis

tr|B6VFL5|B
6VFL5_BO
MOR

0.790 4 101 145 2.00E-21 1.00E-34

P: lipid metabolic 
process; P: induction 
of apoptosis; F: 
endopeptidase 
inhibitor activity; F: 
calcium ion binding; 
P: negative regulation 
of angiogenesis; P: 
tissue remodelling; P: 
fibrinolysis; P: lipid 
transport; P: 
proteolysis; F: 
apolipoprotein 
binding; P: myoblast 
differentiation; P: 
muscle maintenance; 
F: serine-type 
endopeptidase 
activity; C: 
extracellular region; 
F: plasmin activity; P: 
blood circulation; P: 
tissue regeneration Plasminogen Danio rerio

tr|Q8AVB0|
Q8AVB0_D
ANRE
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0.714 5 147 162 3.00E-35 2.00E-39

P: response to organic 
nitrogen; P: multidrug 
transport; F: 
xenobiotic-
transporting ATPase 
activity; P: 
canalicular bile acid 
transport; F: ATP 
binding; F: bile acid-
exporting ATPase 
activity; P: response 
to organic cyclic 
substance; P: 
response to estradiol 
stimulus; C: 
basolateral plasma 
membrane; P: 
response to 
lipopolysaccharide; 
C: integral to plasma 
membrane

Canalicular 
multispecific 
organic anion 
transporter 1

Gasterosteus 
aculeatus

ENSGACP0
0000009848

0.702 4 119 122 1.00E-26 1.00E-27

F: actin monomer 
binding; P: cardiac 
muscle contraction; P: 
regulation of the force 
of heart contraction; 
C: myosin complex; 
P: regulation of 
striated muscle 
contraction; F: 
calcium ion binding; 
P: ventricular cardiac 
muscle 
morphogenesis; F: 
motor activity; C: A 
band; C: I band

Myosin light 
chain 4 Oryzias latipes

ENSORLP0
0000021991

0.668 4 142 195 1.00E-33 1.00E-49

C: proteasome core 
complex; P: ubiquitin-
dependent protein 
catabolic process; C: 
nucleus; C: cytosol; 
F: threonine 
endopeptidase activity

Proteasome 
subunit beta type-
6 Precursor

Takifugu 
rubripes

ENSTRUP0
0000003687

0.632 3 98.2 139 2.00E-20 8.00E-33 Not available
A-kinase anchor 
protein 13

Gasterosteus 
aculeatus

ENSGACP0
0000000813

0.621 5 179 162 7.00E-45 1.00E-39

C: proteasome core 
complex; P: ubiquitin-
dependent protein 
catabolic process; C: 
nucleus; C: cytosol; 
F: threonine 
endopeptidase 
activity; P: immune 
response

Proteasome 
subunit beta type-
9 precursor

Gasterosteus 
aculeatus

ENSGACP0
0000000192

0.598 2 143 158 5.00E-34 2.00E-38 Not available
Novel protein-
coding stickleback

Gasterosteus 
aculeatus

ENSGACP0
0000024881

0.548 3 116 105 1.00E-25 2.00E-22

F: 
molecular_function; 
C: 
cellular_component

Coiled-coil 
domain containing 
93

Gasterosteus 
aculeatus

ENSGACP0
0000001928
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Substitution rate estimation 
 
The average Ks rate for 147 orthologous ESTs is 0.0250 ± 0.015 (mean ± SD). The 

average divergence between orthologous and informative UTRs is 0.0252 ± 0.020 

(Figure 6.4). Substitutions in the synonymous sites and 3′-UTR are putatively neutral, 

especially among very closely related taxa (Hurst 2002) (but 

see Hellmann et al. 2003, who find 5′-UTR in humans may be under positive 

selection). The similarity of the two means strongly suggests that our coding region 

and UTR analyses are valid and represent equal and approximately neutral 

evolutionary change. 

 

                    
Figure 8.4 Mean Ks value and corrected p-distance of 3′-untranslated regions for 
orthologous ESTs. The means of these mutation rates are the same, suggesting that 
they both indicate neutral and consistent substitution. 

 

Discussion 
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Transcriptome variation in the Midas cichlid species complex 
 
We have identified genes under balancing and positive selection in the extremely 

young crater lake cichlid species Amphilophus astorquii andAmphilophus zaliosus. 

These species are model systems for understanding the ecology and evolution of 

adaptive radiations and sympatric speciation (Barluenga et al. 2006; Elmer et al. in 

press). A. astorquii is endemic to crater lake Apoyo (Stauffer et al. 2008), which 

houses a monophyletic Midas cichlid species flock (Bunje et al. 2007). Thus, 

although the ecology and evolutionary history of the recently described A. 

astorquii have not yet been extensively studied (but see Elmer et al. in 

press; Stauffer et al. 2008; Oldfield 2009) it is very likely that, like A. 

zaliosus (Barluenga et al. 2006), A. astorquii arose by sympatric speciation 

(Stauffer et al. 2008). Because of the young ages of these species, we anticipated that 

genetic differences between species would be very small. This expectation was borne 

out and in this initial screen we find only 14 candidate genes that show signs of 

positive selection while most of the transcriptome is either identical between species 

or was only sampled in one species. This is in agreement with previous research 

indicating that A. zaliosus is only weakly diverged at neutral loci from the other 

Midas cichlids in Lake Apoyo (Barluenga et al. 2006). Nonetheless, this 

transcriptome-wide approach has provided the first indication of putatively functional 

genome divergences between these sympatric species. 

 
Transcriptome sequencing and annotation of ESTs for a nonmodel organism 
 
Pyrosequencing of our normalized cDNA library resulted in 24 174 ESTs for A. 

astorquii and 21 382 ESTs for A. zaliosus. We found that 13 106 pairs of ESTs were 

putatively orthologous between species. This represents a significant increase in the 

number of available cichlid ESTs (generated primarily by a few traditional EST 

studies using Sanger sequencing technology for East African cichlids, 

e.g. Renn et al.2004; Watanabe et al. 2004; Salzburger et al. 2008) and inferred from 

chimeric genomic sequences from the cichlid genome project (Loh et al.2008). 

Currently, approximately 45 000 ESTs are available for three African cichlid 

species, Astatotilapia burtoni, Haplochromis chilotes andHaplochromis‘redtail 

sheller’ (http://compbio.dfci.harvard.edu/tgi/tgipage.html and NCBI dbEST; accessed 
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9 June 2009). Thus, our study contributes both a greater number of new cichlid ESTs 

to the research domain and, to our knowledge, the first neotropical cichlid ESTs. 

 

Because of its relatively long read lengths, 454 pyrosequencing is the best method 

for de novo assembly (Rokas & Abbot 2009), although transcriptome assembly is 

nonetheless difficult and requires deep coverage (Weber et al. 2007; Wheat in press). 

Given that there is a constant upper limit (approximately 100 Mb for GS FLX 

standard chemistry) to the total number of base pairs generated per run, we sequenced 

normalized cDNA to try and maximize coverage of transcripts and reduce sequences 

of abundant transcripts. There will inevitably be a trade-off in cDNA preparation 

methods: whether or not to normalize, and the type of normalization approach to use. 

Largely, this depends on the experimental question being pursued, the diversity of 

input material and the number of sequence reads to be returned 

(Hale et al. 2009;Wheat in press). In this study, we used a 3′ extension approach, 

which purports to maximize depth and overall number of base pairs although at a cost 

of ORF length relative to random priming approaches. The equal coverage between 

species, the comparably high number of total base pairs, and the 3′-UTR bias in our 

results are because of our choice of library preparation. Nonetheless, more sequencing 

to gain deeper coverage and greater assembly power will be required to generate full-

length ESTs for these cichlid species. Additionally, without high-coverage genomic 

sequences, we cannot confirm that our orthologous ESTs are in fact derived from the 

orthologous locus (i.e. expressed from the identical location in the genome) in both 

species. In the near future, with bacterial artificial chromosome (BAC) resources (K. 

Stölting, F. Henning, M. Lang, S. Fukamachi, A. Meyer, in preparation) and an 

emerging cichlid genome as a reference sequence, we will be able to more confidently 

identify genes important in the divergence of these two species and aim to map their 

functional importance. 

 
Natural selection and the transcriptome 
 
Of the 44 EST orthologues for which Ka and Ks could be calculated, six 

have Ka/Ks > 1, suggestive of positive selection acting on those genes by elevating the 

number of nonsynonymous substitutions. Ours may be a very conservative estimate 

because of the strict criteria we used for included orthologues. Eight candidate loci 
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have Ka/Ks between 0.5 and 1. We included ESTs with Ka/Ks > 0.5 in our candidate 

genes of interest because we lack full-length genes, which will artefactually 

decrease Ka/Ks and cause one to overlook genic information relevant for positive 

selection (Swanson et al. 2004). The ESTs we identified as being under strong 

positive selection (Ka/Ks > 1) function in biosynthetic and metabolic processes, 

cognition, response to hormone stimuli and in the nervous system. Eight ESTs 

with Ka/Ks between 0.5 and 1 function in metabolic processes, tissue, blood and 

hormone regulation and regeneration. These genes under natural selection will be of 

particular interest for future research (Jensen et al. 2007), although molecular 

laboratory approaches such as RACE PCR will probably be needed to get full-length 

sequences. Putatively, Darwinian selection or adaptive molecular evolution has 

resulted in important sequence differences between species in these genomic regions 

(Hurst 2009) and/or these regions are relevant to speciation (Noor & Feder 2006). 

 

The ratio of nonsynonymous to synonymous substitutions is considered to be a good 

indicator of selective pressure at the sequence level (Yang & Bielawski 

2000; Bustamante et al. 2005) and has been used to identify protein-coding genes 

under positive and purifying selection in a breadth of organisms (Hurst 2009). 

Evolutionary factors may limit the ability to detect signals of selection on a gene. For 

example, selection may act on putatively silent sites, selection pressures along a gene 

or gene fragment may be heterogeneous, and adaptive evolution may be limited to 

few functional sites (Yang & Bielawski 2000; Hurst 2002; Ellegren 2008). 

Additionally, evolutionarily important changes may lie in the gene regulatory region 

rather than the protein-coding region itself (Prud’homme et al. 2007). Further, gene 

sequence variation between species only demonstrates selection that has occurred in 

the past; to detect on-going or recent selection, population genetic data and 

comparisons are needed (Nielsen et al. 2007). These population- vs. species-level 

differences will be a focus of our future research. 

 

Genome-wide mutation rate estimate of neotropical and African cichlids 
 
We used our interspecific distance estimates based on neutral substitution (Ks and 

UTR) to calculate a transcriptome-wide estimate of substitution rate in these Midas 

cichlids. Thus, the minimum substitution rate would be 0.63 × 10−6 per site per year 
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when calibrated to the maximal age of crater lake Apoyo 

(c. 20 000 years; Kutterolf et al. 2007). Based on a more biologically probable 

speciation time between A. zaliosus and Amphilophus ‘citrinellus’ (which includes all 

benthic morphs in the lake: A. astorquii, Amphilophus chancho and Amphilophus 

flaveolus) of 10 000 years (Barluenga et al. 2006), the substitution rate would be 

1.25 × 10−6 per site per year. If the true divergence time is less than that estimated 

from mitochondrial DNA then the substitution rate would be faster. To our 

knowledge, this is the first transcriptome-wide inference of substitution rate for 

cichlid fishes. 

 

The rate we inferred between Midas sympatric cichlid species based on substitution in 

protein-coding genes is considerably faster than the few previously published 

genome-wide estimates available across taxa (e.g. mammals generally: 

∼2.2 × 10−9 per site per year (Kumar & Subramanian 2002); humans specifically: 

∼3.0 × 10−8 per site per generation (Xue et al. 2009). Little consensus or knowledge 

exists regarding true genome- or transcriptome-level molecular clocks in vertebrates 

(Kumar 2005; Pulquerio & Nichols 2007). Our rate may be elevated by population-

level polymorphism and therefore fall into the much debated possible discrepancy 

between population genetic and phylogenetic mutation rate estimates 

(e.g. Ho et al. 2005; Bandelt 2008) that has evidence in fish mitochondrial DNA 

(e.g. Burridge et al. 2008). Regardless, the substitution rates per year that we have 

generated will be useful to researchers of adaptive radiations of fish in general and 

cichlids in particular, for which interspecific divergences are characteristically 

shallow. 

 

Genomic tools such as pyrosequencing offer a breadth of new, exciting avenues for 

research into the genetic basis underlying this great range of cichlid diversity, both in 

sequence polymorphisms and gene expression variation. By using genome- or 

transcriptome-wide techniques, we can now identify a greater number of candidate 

genes more quickly, with fewer biases, and at less cost than ever before 

(Fontanillas et al.2010, Wheat in press). We can also have better success at discerning 

molecular differences between very closely related species, such as these recently 

diverged cichlid fish. Coupled with studies of parallel evolution, functional effects 
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and fitness experiments, we are embarking on a new era of understanding how natural 

selection on the genome drives speciation. Hopefully, by integrating ecological 

speciation theory (Schluter 2000; Nosil et al. 2009) and emerging genomic and 

transcriptomic resources, we will begin to understand how genetic and ecological 

factors interact and might drive speciation. 
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Conclusion and remarks 
 

Here I briefly contextualize the present results of my studies 

 

In the chapter 2, combining on the genomic and transcriptome data, I found that 

although the significantly slow evolution in the coding regions, the coelacanth 

genome is a very dynamic genome judging by the evolution of transposable elements. 

First, four waves of TE expansions happened during the evolution of coelacanth; 

second, the TEs from at least 14 super-families are currently active and are still 

changing the landscape of the genome. This leads to an interesting question that how 

would the coding regions response to insertions of TEs in the coelacanth genome? In 

the future, we can address this question from different angles. First, what is the 

distribution of the TE insertion hotspots? Do they tend to cluster in the non-coding 

regions of the genome; therefore the coding regions would be less affected by TE 

insertions? Second, did the coelacanth genome evolve certain mechanism (s) to erase 

the TE insertions in the coding regions? 

 
 

I have presented the phylogenomics and swordtail evolution of Xiphophorus fishes in 

the chapter 3. In total, around 66,000 SNPs across all the 26 Xiphophorus species 

were used to reconstruct the phylogenetic relationships in this genus. Such large 

number of SNPs allowed us to resolve among all the major clades and species within 

clade with unparalleled resolutions. The current phylogeny shows three major clades 

of Xiphophorus genus: southern swordtails, northern swordtails and the platyfish. We 

also constructed the evolutionary history of the swordtail, a sexually selected trait in 

Xiphophorus fishes and confirm that it may have been present in the common 

ancestor of this genus. The novel phylogeny also identifies the putative paternal 

species of the two species, which were evolved though hybridization events. 

 
 
In the chapter 4 and 5, I have comprehensively analyzed the genomes of five African 

cichlids (Nile tilapia, N. brichardi, A. burtoni, P. nyererei and M. zebra), which 

represents the largest scale of genomic analyses addressing the genomic bases of the 
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adaptive radiation of African cichlids to date. In the chapter 4, using the tilapia 

genome as the reference genome, we generated a high-resolution genomic variation 

map, consisting of single nucleotide polymorphisms (SNPs), short insertions and 

deletions (indels), inversions and deletions. In total, around 18.8, 17.7, 17.0 and 17.0 

million SNPs, 2.3, 2.2, 1.4 and 1.9 million indels, 262, 306, 162, and 154 inversions, 

and 3509, 2705, 2710 and 2634 deletions were inferred to have evolved in the N. 

brichardi, A. burtoni, P. nyererei and M. zebra respectively. Many of these variations 

affected the annotated gene regions in the genome. Different patterns of genomic 

variation were detected during the adaptive radiation of African cichlid fishes. For 

SNPs, the highest rate of evolution was detected in the common ancestor of N. 

brichardi, A. burtoni, P. nyererei and M. zebra. However, for the evolution of 

inversions and deletions, we found that the rates at the terminal taxa are substantially 

higher than the rates at the ancestral lineages. The high-resolution map provides an 

ideal opportunity to understand the genomic bases of the adaptive radiation of African 

cichlid fishes. In the chapter 5, we found that the rapid evolution of African cichlid 

was resulted in multiple mechanisms including: a). The multiple waves of TE 

expansions, especially one wave is coordinate with the start of the radiation of the 

African cichlids. We also check the impact of the TE insertion to gene expression, 

and found that the insertion of TE altered the recently duplicated genes significantly 

in some tissues. b). Analyzing gene duplication in a phylogenetic context, we found 

an excessive rate of gene duplication in the common ancestor of haplochromine 

cichlids in comparison to other lineages/branches. 

 

In the chapter 6, I analyzed the evolution of epithelial cell adhesion molecule 

(EPCAM), a morphology-related gene in African cichlids. The African cichlids are 

famous for their highly diversified body morphologies that paralleled body shapes 

(‘ecomorphs’) have evolved independently multiple times during the adaptive 

radiations in different lakes [128]. We compared EPCAM gene sequences from the 

species-rich haplochromine cichlids, Nile tilapia, a species-poor lineage, and two 

recently evolved Neotropical cichlids (A. amarillo and A. sagittae).  Based on the 

hieratical Ka/Ks analysis, I found that several waves of positive selection were 

identified in this gene during the adaptive radiation of African cichlids. However, the 

positive selection signals were only identified in the species-rich haplochromine 

lineages, but not in the species-poor tilapia lineage, which indicate the functional 
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changes promoted by positive natural selection in the EPCAM genes may contribute 

the diversified morphological evolution during the adaptive radiation of African 

cichlids.  

 
In the Chapter 7 and 8, I have comparatively analyzed the genomic diversity and 

selection of two pairs of sympatric, ecologically divergent crater-lake Midas cichlids 

(A. zaliosus and A. astroquii from Lake Apoyo, and A. amarillo and A. sagittae from 

Lake Xiloa). Based on the Ka/Ks ratio, a measure of selection pressure in coding 

region [129], six genes between A. zaliosus and A. astroquii (Chapter 7) and nine 

genes between A. amarillo and A. sagittae (Chapter 8) exhibited the sign of positive 

selection (Ka/Ks >1). However, we also found that no evidence supports the parallel 

phenotypes between A. sagittae and A. zaliosus were resulted in the parallel 

substitutions in the coding regions based on our data. Besides, we also test the 

selection pressures of 11 genes, which were under positive selection in the evolution 

of African cichlids, between A. amarillo and A. sagittae and found none of these 

genes show positive selection signal between these two species. This suggested that 

the adaptive radiations of African and Neotropical cichlids may evolved though non-

parallel genetic bases.  
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Record of achievements 
 
 
Chapter 2 

 

Due to the extensive authors in this project, I will only state my contributions. AM 

and SF propose the transposable element (TE) section this project. SF analyzed the 

TE content and active TE in the African coelacanth genome, and compared the TE 

content in the coelacanth genome to in the other vertebrates. SF and AM wrote the 

method and result section about the TE analyses. All authors revised and contributed 

to the final version of the manuscript. 

  

Chapter 3 

FS, JJ, AM designed the experiment. MS and AM provided the Xiphophorus samples. 

JJ extracted the RNA and constructed the libraries for the RAD sequencing with PF. 

PF conduct the RAD sequencing. SF analyzed the RAD reads, developed a Perl script 

to construct SNP matrix, and conducted all the phylogenomic analyses. SF, JJ, PF, 

AM wrote the manuscript. All authors revised and contributed to the final version of 

the manuscript. 

 

Chapter 4 

Due to the extensive authors in this project, I will only state my contributions. SF and 

AM proposed the research project. SF collected all the data and conducted the 

experiments. SF wrote the manuscript. SF and AM revised the manuscript. All 

authors revised and contributed to the final version of the manuscript. 

 

Chapter 5 

SF and AM designed the experiments of transposable element and gene duplication. 

Using the TE libraries constructed by OS, SF analyzed the TE content and TE 

expansion history in the African cichlid genomes. SF conducted the gene duplication 

section. SF and AM wrote the corresponding sections, revised and contributed to the 

final version of the manuscript.  

 

Chapter 6 
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SF proposed the research project. SF assembled the EPCAM ESTs from the African 

cichlids using the sequences from the NCBI database. The Neotropical EPCAM 

sequences were collected from the transcriptomic project that proposed by AM and 

KE (Chapter 7). SF wrote the manuscript. AM, KE, SF revised and contributed to the 

final version of the manuscript. 

 

Chapter 7 

AM and KRE proposed the study. SF reviewed the literature (50%) with KRE (50%). 

KRE extracted the RNA and constructed the libraries for the 454 sequencing. SF 

analyzed the transcriptomic data. SF and KRE wrote the manuscript. AM, SF, and 

KRE revised and contributed to the final version of the manuscript.  

 

Chapter 8 

AM and KRE proposed the study. KRE, JJ and HG extracted the RNA and 

constructed the libraries for 454 sequencing.  SS and SK participated the discussion of 

experimental design. SF developed the research pipelines and analyzed the 

transcriptomic data. AM, HG, KRE, JJ and SF wrote the manuscript. All authors 

revised and contributed to the final version of the manuscript.
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Appendices 
 

Chapter 2 

 
Supplementary Figure 5. TE expansion history in the coelacanth genome. The X-

axis indicates a specific TE family at a given divergence from the repeat consensus 

and Y-axis indicates its fraction of the genome. Arrows indicate the four waves of TE 

burst.  

 

Supplementary Table 7 – Repeat content of selected vertebrate genomes. 
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Supplementary Table 10. Number of active TE families and sequences in the 
coelacanth genome.  
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Chapter 3 
 

Fig. S1 Number of raw reads obtained per individual for each of the 29 species in this 
analysis. 
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Fig. S2  Coverage obtained per individual. Due to the low number of reads achieved 
for X. evelynae, individual samples for this species were combined for further 
analyses. 
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Fig. S3 SNP matrix size found when different numbers of maximum mismatches (5 
or 8) and minimum number of species (15, 20 or 25) are implemented. 
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Fig. S4 Phylogenetic estimations using ML with different maximum mismatches and 
minimum number of species (the following order is shown at each node when 
estimations differed from bootstrap values of 100—m5, sp15; m5, sp20; m5, sp25; 
m8, sp15; m8, sp20; m8, sp25). *indicates a different topology at that node; in the 
clemenciae clade, X. monticolus and X. clemenciae were found to be the most derived 
species using one of six matrices. In the northern platyfish clade, X. couchianus and 
X. gordoni were found to be the most derived using two of six matrices. These 
estimations were less well supported than the topology found using the majority of the 
SNP matrices. 
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Table S1 Overview of RAD raw data and experimental setup. Individual raw read 
data, read data retained after quality control, library number (multiplexing design) and 
sequencing platform. 

ID Species Raw reads 
Retained 

reads 
Library 

ID Illumina platform 
1 X. andersi 2035517 1736644 1 Genome Analyzer IIx 
2 X. andersi 1189689 1020127 1 Genome Analyzer IIx 
3 X. andersi 2003069 1683269 1 Genome Analyzer IIx 
4 X. andersi 1833517 1537519 1 Genome Analyzer IIx 
5 X. andersi 1905231 1538112 1 Genome Analyzer IIx 
6 X. birchmanni 1439028 1220430 1 Genome Analyzer IIx 
7 X. birchmanni 1662941 1367095 1 Genome Analyzer IIx 
8 X. birchmanni 713608 604144 1 Genome Analyzer IIx 
9 X. birchmanni 322208 271278 1 Genome Analyzer IIx 

10 X. birchmanni 730818 622068 1 Genome Analyzer IIx 
11 X. clemenciae 1480614 1260743 1 Genome Analyzer IIx 
12 X. clemenciae 870426 744440 1 Genome Analyzer IIx 
13 X. clemenciae 1436004 1217162 1 Genome Analyzer IIx 
14 X. clemenciae 2208779 1871954 1 Genome Analyzer IIx 
15 X. clemenciae 1445753 1205695 1 Genome Analyzer IIx 
16 X. continens 2006314 1678883 1 Genome Analyzer IIx 
17 X. continens 2590495 2196103 1 Genome Analyzer IIx 
18 X. continens 1769838 1491869 1 Genome Analyzer IIx 
19 X. continens 2374112 1943302 1 Genome Analyzer IIx 
20 X. continens 2360679 1979225 1 Genome Analyzer IIx 
21 X. cortezi 2010541 1570052 1 Genome Analyzer IIx 
22 X. cortezi 2517785 2091521 1 Genome Analyzer IIx 
23 X. cortezi 1510376 1176332 1 Genome Analyzer IIx 
24 X. cortezi 1896573 1586782 1 Genome Analyzer IIx 
25 X. cortezi 1807984 1509075 1 Genome Analyzer IIx 
26 X. couchianus 1359794 1132450 1 Genome Analyzer IIx 
27 X. couchianus 1756188 1459688 1 Genome Analyzer IIx 
28 X. couchianus 1405795 1166835 1 Genome Analyzer IIx 
29 X. couchianus 2007611 1670583 1 Genome Analyzer IIx 
30 X. couchianus 1861809 1568687 1 Genome Analyzer IIx 
31 X. evelynae 89061 47129 1 Genome Analyzer IIx 
32 X. evelynae 109190 37676 1 Genome Analyzer IIx 
33 X. evelynae 82656 65637 1 Genome Analyzer IIx 
34 X. evelynae 119685 30858 1 Genome Analyzer IIx 
35 X. evelynae 91331 74544 1 Genome Analyzer IIx 
36 X. hellerii 2657575 2187297 1 Genome Analyzer IIx 
37 X. hellerii 1376195 1166562 1 Genome Analyzer IIx 
38 X. hellerii 1175927 963050 1 Genome Analyzer IIx 
39 X. hellerii 2644768 2137805 1 Genome Analyzer IIx 
40 X. hellerii 2240933 1819846 1 Genome Analyzer IIx 
41 X. maculatus 2392289 2030066 1 Genome Analyzer IIx 
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42 X. maculatus 2664598 2232880 1 Genome Analyzer IIx 
43 X. maculatus 2458659 2130780 1 Genome Analyzer IIx 
44 X. maculatus 2761977 2332564 1 Genome Analyzer IIx 
45 X. maculatus 2701765 2184029 1 Genome Analyzer IIx 

46 
Priapella 

intermedia 1488015 1227658 1 Genome Analyzer IIx 

47 
Priapella 

intermedia 1324927 1048605 1 Genome Analyzer IIx 

48 
Priapella 

intermedia 1303980 1063899 1 Genome Analyzer IIx 

49 
Priapella 

intermedia 1839071 1371030 1 Genome Analyzer IIx 

50 
Priapella 

intermedia 2250537 1862542 1 Genome Analyzer IIx 
51 X. alvarezi 2267190 1858149 2 Genome Analyzer IIx 
52 X. alvarezi 1950219 1684629 2 Genome Analyzer IIx 
53 X. alvarezi 1893381 1604655 2 Genome Analyzer IIx 
54 X. alvarezi 1629378 1429497 2 Genome Analyzer IIx 
55 X. alvarezi 2534020 2179646 2 Genome Analyzer IIx 
56 X. mayae 1182372 983540 2 Genome Analyzer IIx 
57 X. mayae 1625929 1322301 2 Genome Analyzer IIx 
58 X. mayae 1644366 1371751 2 Genome Analyzer IIx 
59 X. mayae 1704658 1301708 2 Genome Analyzer IIx 
60 X. mayae 1705692 1431643 2 Genome Analyzer IIx 
61 X. milleri 1403704 1210271 2 Genome Analyzer IIx 
62 X. milleri 701446 607280 2 Genome Analyzer IIx 
63 X. milleri 1401956 1198870 2 Genome Analyzer IIx 
64 X. milleri 1486598 1256441 2 Genome Analyzer IIx 
65 X. milleri 1390512 1143271 2 Genome Analyzer IIx 
66 X. montezumae 1397492 1205353 2 Genome Analyzer IIx 
67 X. montezumae 1330524 1086066 2 Genome Analyzer IIx 
68 X. montezumae 1414422 1207120 2 Genome Analyzer IIx 
69 X. montezumae 1615896 1386716 2 Genome Analyzer IIx 
70 X. montezumae 1788415 1533665 2 Genome Analyzer IIx 
71 X. nezahualcoyotl 1426887 1219155 2 Genome Analyzer IIx 
72 X. nezahualcoyotl 1029174 881633 2 Genome Analyzer IIx 
73 X. nezahualcoyotl 1792316 1556109 2 Genome Analyzer IIx 
74 X. nezahualcoyotl 2272398 1941669 2 Genome Analyzer IIx 
75 X. nezahualcoyotl 1735565 1448754 2 Genome Analyzer IIx 
76 X. nigrensis 1703124 1438712 2 Genome Analyzer IIx 
77 X. nigrensis 1321356 1062663 2 Genome Analyzer IIx 
78 X. nigrensis 2036312 1758952 2 Genome Analyzer IIx 
79 X. nigrensis 1853652 1545986 2 Genome Analyzer IIx 
80 X. nigrensis 1811371 1518308 2 Genome Analyzer IIx 
81 X. pygmaeus 1614485 1347330 2 Genome Analyzer IIx 
82 X. pygmaeus 1814467 1553407 2 Genome Analyzer IIx 
83 X. pygmaeus 1436739 1242538 2 Genome Analyzer IIx 
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84 X. pygmaeus 1560897 1288149 2 Genome Analyzer IIx 
85 X. pygmaeus 1831834 1562633 2 Genome Analyzer IIx 
86 X. signum 2210942 1851576 2 Genome Analyzer IIx 
87 X. signum 1622274 1390996 2 Genome Analyzer IIx 
88 X. signum 1255531 1074681 2 Genome Analyzer IIx 
89 X. signum 1882364 1564954 2 Genome Analyzer IIx 
90 X. variatus 1942214 1541327 2 Genome Analyzer IIx 
91 X. variatus 2013019 1710797 2 Genome Analyzer IIx 
92 X. variatus 1715254 1403957 2 Genome Analyzer IIx 
93 X. variatus 1666638 1418649 2 Genome Analyzer IIx 
94 X. variatus 2216207 1890310 2 Genome Analyzer IIx 
95 X. xiphidium 1438746 1213743 2 Genome Analyzer IIx 
96 X. xiphidium 1427310 1219669 2 Genome Analyzer IIx 
97 X. xiphidium 2247555 1868667 2 Genome Analyzer IIx 
98 X. xiphidium 1845286 1551857 2 Genome Analyzer IIx 
99 X. xiphidium 2137591 1825106 2 Genome Analyzer IIx 
100 X. gordoni 56004 42405 3 HiSeq2000 
101 X. gordoni 4501742 3590994 3 HiSeq2000 
102 X. gordoni 4121542 3249804 3 HiSeq2000 
103 X. gordoni 3918356 3107270 3 HiSeq2000 
104 X. gordoni 2887967 2247476 3 HiSeq2000 
106 X. kallmani 3070658 2385940 3 HiSeq2000 
107 X. kallmani 2376213 1777797 3 HiSeq2000 
108 X. kallmani 3075788 2360415 3 HiSeq2000 
109 X. kallmani 2551877 1945691 3 HiSeq2000 
110 X. malinche 1068971 731977 3 HiSeq2000 
111 X. malinche 964570 749176 3 HiSeq2000 
112 X. malinche 1419496 1098294 3 HiSeq2000 
113 X. malinche 1327699 1037748 3 HiSeq2000 
114 X. malinche 1160866 881139 3 HiSeq2000 
115 X. meyeri 4227193 3280449 3 HiSeq2000 
116 X. meyeri 5309473 4191470 3 HiSeq2000 
117 X. meyeri 4286598 3355508 3 HiSeq2000 
118 X. meyeri 3982234 2976101 3 HiSeq2000 
119 X. meyeri 4399339 3447066 3 HiSeq2000 
120 X. mixei 1693699 1318062 3 HiSeq2000 
121 X. mixei 2214571 1634764 3 HiSeq2000 
122 X. monticolus 2977236 2107666 3 HiSeq2000 
123 X. monticolus 3142221 2409918 3 HiSeq2000 
124 X. monticolus 2897041 2299651 3 HiSeq2000 
125 X. monticolus 1822806 1415708 3 HiSeq2000 
126 X. monticolus 2497909 1960602 3 HiSeq2000 
127 X. monticolus 2263119 1744725 3 HiSeq2000 
128 X. monticolus 1724729 1251975 3 HiSeq2000 
129 X. multilineatus 1527470 1191552 3 HiSeq2000 
130 X. multilineatus 2794959 2207661 3 HiSeq2000 
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131 X. multilineatus 2983344 2359709 3 HiSeq2000 
132 X. multilineatus 2679279 2111800 3 HiSeq2000 
133 X. multilineatus 1700017 1280315 3 HiSeq2000 
134 Gambusia affinis 4409794 3462520 3 HiSeq2000 
135 Gambusia affinis 4532607 3537243 3 HiSeq2000 
136 Gambusia affinis 4137891 3288813 3 HiSeq2000 
137 Gambusia affinis 4507454 3400121 3 HiSeq2000 
138 Gambusia affinis 3933670 3012514 3 HiSeq2000 

139 
Heterandria 

formosa 2900456 2226526 3 HiSeq2000 

140 
Heterandria 

formosa 3528681 2685307 3 HiSeq2000 

141 
Heterandria 

formosa 3553594 2736152 3 HiSeq2000 

142 
Heterandria 

formosa 2819164 2189426 3 HiSeq2000 

143 
Heterandria 

formosa 3454520 2660276 3 HiSeq2000 
105 X. kallmani 2673496 2063839 3 HiSeq2000 

 
 

Table S2 Proportion of missing data at all parameters analysed in this study where 
maximum and minimum numbers are calculated for the ingroup taxa (see also Fig. 
S4). 
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Table S3 Estimated time of origin of the major Xiphophorusclades including mean 
and 95% confidence interval values (see also Methods). 
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Chapter 7 
 
Table S1 - Genes that were found to have a ratio of the number of non-synonymous 
mutations per non-synonymous site to the number of synonymous substitutions per 
synonymous site (Ka/Ks) greater than 1 between Midas cichlid species A. 
amarillo and A. sagittae. 

 

 
 
a 99* indicates that only non-synonymous and no synonymous mutations are 
identified. b GO IDs = Gene Ontology identifications, wherein C = cellular 
component, F = molecular function, and P = biological process

Gene$name$

Ka/Ks$

ratio

No.$

SNPs$

Shared$

coding$

region

Functional$description$

from$Uniprot$

GO$IDs

Selection$signal$in$

African$cichlids

NKIRAS2 13.091 9 100%

Atypical$RasHlike$protein$

that$acts$as$a$potent$

regulator$of$NFHkappaHB$

activity$by$preventing$

the$degradation$of$NFH

kappaHB$inhibitor$beta$

(NFKBIB)$by$most$

signals,$explaining$why$

NFKBIB$is$more$resistant$

to$degradation

C:cytoplasm;$

F:GTPase$activity;$

P:IHkappaB$

kinase/NFHkappaB$

cascade;$F:GTP$

binding;P:small$

GTPase$mediated$

signal$

transduction

Ka/Ks$=$0.1213$

between$

Oreochromis*
niloticus $and$
Lipochromis*
'matumbi*hunter'

NDUFAF3 99*$ 2 100%

Essential$factor$for$the$

assembly$of$

mitochondrial$

NADH:ubiquinone$

oxidoreductase$complex

C:nucleus

Orthologous$gene$

only$found$in$

Oreochromis*
niloticus

SAT 11.360 3 100%

NHacetyltransferase$

activity

F:diamine$NH

acetyltransferase$

activity;$

P:metabolic$

process;$

C:cytoplasm

Ka/Ks$=$0.1692$

between$

Oreochromis*
niloticus $and$
Ptyochromis*sp.*
'redtail*sheller'

GADD45G 99* 3 99%

Involved$in$the$

regulation$of$growth$

and$apoptosis.$Mediates$

activation$of$stressH

responsive.$

MTK1/MEKK4$MAPKKK.

P:activation$of$

MAPKKK$activity;$

P:DNA$repair;$P:TH

helper$1$cell$

differentiation;$

P:apoptosis;$

P:regulation$of$

cell$cycle;$

P:interferonH

gamma$

biosynthetic$

process;$

P:negative$

regulation$of

protein$kinase$

activity;$

P:activation$of$

MAPKK

activity;$F:protein$

binding;$C:nucleus

Ka$=$0.0000$Ks$=$

0.0572$between$

Oreochromis*
niloticus $and$
Lipochromis*sp.*
'matumbi*hunter'

DCRE1 99*$ 5 83%

Tetranectin$binds$to$

plasminogen$and$to$

isolated$kringle$4.$May$

be$involved$in$the$

packaging$of$molecules$

destined$for$exocytosis.

C:extracellular$

region;$F:protein$

binding;

P:skeletal$system$

development;$

F:sugar$binding

Orthologous$gene$

can$only$be$found$in$

Oreochromis$

niloticus

PhytanoylH$

dioxygenase

1.5168

5 79%

Produces$NH

acetylneuraminic$acid$

(Neu5Ac)$and$2HketoH3H

deoxyHDHglyceroHDH

galactoHnononic$acid$

(KDN).$Can$also$use$NH

acetylmannosamine$6H

phosphate$and$mannose$

6Hphosphate$as$

substrates$to$generate$

phosphorylated$forms$of$

Neu5Ac$and$KDN,$

respectively.

P:lipopolysacchari

de$biosynthetic$

process;$F:NH$

acylneuraminate$

cytidylyltransferas

e$activity;$F:NH$

acylneuraminateH

9Hphosphate$

synthase$activity;$

C:cytosol;$F:NH

acetylneuraminat

e$synthase$activity

Ka/Ks$=$0.0996$

Oreochromis*
niloticus $and$
Paralabidochromis
chilotes

CLEC3B 14.238 17 75%

Influence$paracellular$

permeability.$Appears$to$

beinvolved$in$cellHcell$

interactions$through$

adherens

C:integral$to$

membrane;$

P:response$to$

stress;$C:cell$

junction

No$orthologous$

gene$in$the$current$

available$African$

cichlid$datasets
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