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ABSTRACT 

Why are there so many species? Or, why aren’t there more species? The factors that lead to 

biodiversity have always been a matter of curiosity for biologists and the general public alike. 

Although the main patterns and the driving forces of speciation are now reasonably well-

understood, there is still much to investigate. The genetic basis of speciation has a central role 

in testing the current theory of speciation but our knowledge is scarce and biased towards a 

few model organisms. How well these model organisms represent the speciation continuum is 

debatable. Methodological advances now allow biologists to look beyond traditional model 

organisms and to assess the workings of speciation in systems that, while not being genetic 

models are well-recognized model systems for speciation research. Cichlids are probably the 

most famous textbook example of speciation. The cichlid problem, i.e. existence of flocks of 

thousands of recently diverged species in isolated lakes, has occupied evolutionary biologists 

for decades. The question “why are there so many species of cichlids?” is clearly a difficult, 

perhaps even an unanswerable one. Nevertheless, there is consensus in the community that 

the extreme variation in coloration patterns, characteristic of cichlid fishes, contributes 

directly to these explosive speciation rates. The goals of the present thesis are to investigate 

the genetics of two cichlid color traits that could constitute speciation phenotypes. Aiming at 

providing resources to foster further forward genetic studies, a genetic map of the most 

investigated African cichlid, A. burtoni was constructed. The map comprises over 200 markers 

within 25 linkage groups. In addition to anonymous markers, genes known to influence 

adaptation and speciation in cichlids were also placed on the map. By including members of 

the Hox clusters, it was also found that the different clusters map to different linkage groups, 

which supports the origin of these clusters during the whole genome duplication. The present 

doctoral thesis also reports on two case-studies of the genetics of color-traits thought to 

influence speciation in cichlids. The first are eggspots. These are interesting biological traits 

characteristic of African cichlids. They are color patterns on the anal fins that mimic eggs and 

play several roles in the mating of cichlids of the haplochromine lineage. Many have suggested 

that eggspots are key evolutionary innovations that influence the speciation rates of 

haplochromines. The genetics and sexual advertisement functions of the numbers of eggspots 

were investigated using selective breeding and behavioral experiments, respectively. The 

number of eggspots was found to harbor extensive additive genetic variation and to respond 
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asymmetrically to selection. There was also a correlated response of body size. Furthermore, 

no evidence was found for the previously proposed sexual advertisement functions. All of this 

is inconsistent with the view that such trait is under strong directional sexual selection. It 

seems more likely that either non-adaptive processes currently shape the distribution of 

eggspot numbers or that selection acting on a correlated trait does. The second case-study 

concerns the gold/normal polychromatism in the Midas cichlid species of the genus 

Amphilophus. Gold or normal colored adults exist in several different populations and species 

in Nicaragua. All fish start their lives with a grayish (normal) color pattern and most individuals 

maintain their melanophores (dark pigment cells) throughout their lives. Others undergo 

morphological color change due to a process of melanophore cell death and exhibit a 

distinctive white-to-gold coloration in adulthood. It was shown that the color morphs mate 

assortatively and have diverged significantly in at least two lakes. In the present thesis, the 

genetic architecture of the gold phenotype is shown to be a simple one. This incipient 

speciation phenotype is determined by a dominant allele at a single gene. It was found that the 

gold locus might also control mating preference. In order to identify the causative gene, a 

number of approaches were taken, including forward-genetics (family- and population-based 

mapping), candidate-gene and transcriptomic experiments. The genomic region harboring the 

gold locus contains only a few positional candidate-genes out of which a single one has a 

known pigmentation function. Significant genotype-phenotype association was found in this 

region in an independent, field-collected population sample. Known color-genes that 

determine similar phenotypes in other organisms were either unrelated to or appear to be 

downstream targets of the gold locus. Interestingly, the genes that showed an expression 

pattern consistent with a role in the process of morphological color change are also related to 

human pigmentation disorders (e.g. skin cancer, psoriasis). One curious and unexpected result 

was that heterozygous gold fish undergo color change later in life than homozygous fish. This 

observation has implications for the evolutionary dynamics of this allele in the wild. In 

summary, the present results contribute towards filling the knowledge gaps of cichlid 

pigmentation and speciation genetics. By questioning previous conceptions, confirming 

theoretical expectations and generating new and exciting hypotheses, the present thesis 

illustrates the importance of understanding the genetic bases of ecologically-relevant 

phenotypes. 
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ZUSAMMENFASSUNG 

Warum gibt es so viele Arten? Oder anders gefragt, warum gibt es nicht noch mehr Arten? 

Faktoren, die zur Entstehung der Artenvielfalt führen erregten schon immer die Neugier 

von Biologen als auch der Allgemeinheit. Obwohl die häufigsten Muster und die 

treibenden Kräfte der Artbildung inzwischen einigermaßen verstanden sind, bleibt doch 

noch einiges zu erforschen. Die genetischen Grundlagen der Artbildung spielen eine 

entscheidende Rolle bei der Überprüfung der derzeitigen Artbildungstheorie. Unsere 

Kenntnisse der Genetik des Artbildungsprozesses sind jedoch nicht ausreichend und 

zudem auf einige wenige Modellorganismen beschränkt. Wie gut diese Modellorganismen 

das Kontinuum des Artbildungsprozess repräsentieren bleibt fraglich. Methodische 

Fortschritte erlauben es Biologen inzwischen über traditionelle Modellorganismen 

hinauszublicken und die Prozesse der Artbildung in Systemen zu beschreiben, die zwar 

keine traditionellen genetischen Modellorganismen, aber dennoch anerkannte Modelle 

zur Erforschung der Artbildung sind. Buntbarsche sind wahrscheinlich das berühmteste 

Beispiel für Artbildung. Das „Cichlidenproblem“, also das Vorhandensein von Tausenden 

kürzlich auseinander entwickelter Arten in isolierten Seen, beschäftigt Evolutionsbiologen 

seit Jahrzehnten. Die Frage „Warum gibt es so viele verschiedene Arten von 

Buntbarschen?“ ist offensichtlich sehr schwierig, wenn nicht sogar unmöglich zu 

beantworten. Dennoch besteht in der wissenschaftlichen Gemeinschaft Einigkeit darüber, 

dass die enorme Vielfalt an Farbmustern, charakteristisch für Buntbarsche, unmittelbar zu 

den explosionsartigen Raten der Artbildung beiträgt. Das Ziel der vorliegenden Arbeit 

besteht darin, die Genetik zweier Farbmerkmale zu untersuchen, welche möglicherweise 

„Artbildungsphänotypen“ darstellen. Mit dem Ziel weitere Vorwärtsgenetik Studien zu 

unterstützen wurde eine genetische Karte des meist untersuchten afrikanischen 

Buntbarsch A. burtoni erstellt. Die Karte enthält mehr als 200 Marker innerhalb von 25 

Kopplungsgruppen. Zusätzlich zu anonymen Markern enthält die Karte weitere Gene, 

welche bekanntermaßen evolutionäre Anpassung und Artbildung beeinflussen. Durch den 

Einbezug von Mitgliedern der Hox-Gen Cluster wurde entdeckt, dass Mitglieder der 

verschiedenen Cluster in unterschiedlichen Kopplungsgruppen lokalisiert sind. Dies 

unterstützt die These, dass der Ursprung dieser Cluster in einer Gesamtgenom-

Duplikation liegt. Die vorliegende Doktorarbeit befasst sich ebenfalls mit zwei Fallstudien 

über die Genetik der Farbmerkmale, welche mutmaßlichen Einfluss auf den 
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Artbildungsprozess in Buntbarschen haben. Die erste befasst sich mit Eiflecken. Diese 

interessanten biologischen Merkmale sind charakteristisch für afrikanische Buntbarsche. 

Eiflecken sind Farbmuster auf den Analflossen, welche Eiern ähneln und unterschiedliche 

Funktionen bei der Paarung von Buntbarschen der Haplochromini Abstammungslinie 

übernehmen. Vielfach wurden diese Eiflecken als entscheidende evolutionäre Erfindung 

betrachtet, welche die Rate der Artbildung in Hapolchromini beeinflussen. Die Genetik 

und die Funktion beim sexuellen Werben im Hinblick auf die Anzahl der Eiflecken wurden 

jeweils durch selektive Zucht- und Verhaltensexperimente untersucht. Es wurde 

herausgefunden dass die Anzahl der Eiflecken erhebliche additive genetische Varianz 

aufweist und asymmetrisch auf Selektion reagiert. Ebenso wurde eine korrelierte 

Auswirkung auf die Körpergröße entdeckt. Des Weiteren wurden keine Hinweise auf die 

ursprünglich propagierte Rolle der Eiflecken beim sexuellen Werben gefunden. All dies ist 

unstimmig im Hinblick auf die Tatsache, dass solch ein Merkmal unter starker gerichteter 

Selektion steht. Es scheint wahrscheinlicher, dass entweder nicht-adaptive Prozesse oder 

jedoch Selektion, die auf ein korrelierendes Merkmal wirkt, die Verteilung von Eiflecken 

formen Die zweite Fallstudie betrifft den Gold/Normal Polymorphismus in den Midas-

Buntbarsch Arten der Gattung Amphilophus. Gold- oder normalfarbige adulte Tiere 

existieren in mehreren unterschiedlichen Populationen und Arten in Nicaragua. Alle Fische 

besitzen zum Beginn ihres Lebens eine gräuliche (normale) Färbung und die meisten 

Individuen behalten ihre Melanophore (dunkle Pigmentzellen) über ihr ganzes Leben 

hinweg. Andere Individuen unterlaufen hingegen einen morphologischen Farbwechsel, 

bedingt durch das Absterben von Melanophoren, und weisen eine ausgeprägte weiße bis 

goldene Färbung in ihrer adulten Form auf. Es wurde gezeigt, dass sich die Farbtypen 

untereinander assortativ paaren und sich daher in mindestens zwei Seen signifikant 

aufgespalten haben. In der vorliegenden Arbeit wird gezeigt, dass der Gold-Phänotyp eine 

sehr einfache genetische Architektur besitzt. Dieser „beginnende Artbildungsphänotyp“ 

wird durch ein dominantes Allel eines einzigen Gens bestimmt. Es wurde entdeckt, dass 

der gold Lokus eventuell auch das Paarungsverhalten kontrolliert. Um das ursächliche Gen 

zu ermitteln wurden mehrere Ansätze verwendet, einschließlich Vorwärtsgenetik 

(Familien- und Populationsbasierte Kartierung), sowie Kandidaten-Gen und 

transkriptomischen Experimenten. Die genomische Region, in welcher der gold Lokus 

lokalisiert ist, enthält nur wenige positionelle Kandidaten-Gene. Von diesen besitzt nur ein 

einziges eine bekannte Pigmentierungsfunktion. Eine signifikante Assoziation zwischen 

Genotyp und Phänotyp wurde in einer weiteren unabhängigen, im Feld gesammelten 

Population bestätigt. Bekannte „Farbgene“, welche ähnliche Phänotypen in anderen 
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Organismen bestimmen, waren entweder ohne Bezug zu oder erschienen als mögliche 

downstream Ziele des gold Lokus. Interessanterweise stehen die Gene, die ein 

übereinstimmendes Expressionsmuster mit einer möglichen Rolle der morphologischen 

Farbänderung zeigen, auch in Verbindung mit humanen Pigmentstörungserkrankungen 

(z.B. Hautkrebs, Psoriasis). Ein überraschendes und unerwartetes Ergebnis war, dass 

heterozygote goldfarbene Fische die Farbänderung zu einem späteren Zeitpunkt ihres 

Lebens als homozygote Fische durchlaufen. Diese Beobachtung hat Auswirkungen auf die 

evolutionäre Dynamik dieses Allels in der Natur. Zusammengefasst tragen die vorgelegten 

Ergebnisse zum weiteren Verständnis der Pigmentierung und von Artbildungsgenen in 

Buntbarschen bei. Indem bisherige Konzepte in Frage gestellt, theoretische Erwartungen 

bestätigt und neue spannende Hypothesen aufgestellt werden, veranschaulicht die 

vorgelegte Arbeit die Bedeutung, die genetischen Grundlagen von ökologisch relevanten 

Phänotypen besser zu verstehen. 
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GENERAL INTRODUCTION 

PRESENTATION 

Body coloration has long attracted the attention of biologists and geneticists. This 

attention stems, in part, from the fact that pigmentation is a trait that is relevant both 

biologically and to society and is accessible for genetic analyses. Color phenotypes are 

relatively simple to score with precision and can in many cases be analyzed as binary 

traits. In fact, color was the focal trait of much of the pioneering work in the nascent field 

of genetics. Three out of the seven traits analyzed by Mendel were coloration traits 

(Mendel 1966;  see Reid and Ross 2011 for a modern account of Mendel's genes). The 

discovery of linkage by Morgan was also based on color traits (eye and body color in 

Drosophila) (Morgan 1910, 1911). Coloration has been the focus of innumerous influential 

papers addressing fundamental topics in the field of evolutionary biology and has 

provided fantastic examples of processes such as natural selection, sexual selection and 

the interplay of both  (Endler 1980; Howlett and Majerus 1987).  

Pigmentation genetics can also have societal implications (Ekker et al. 2008). Most 

color-genes are conserved across distantly related organisms. This validates the use of 

model organisms for the study of human pigmentation disorders. Interestingly, a number 

of coloration genes relevant to human health have been identified using teleost model 

systems (Schartl 1995; Parichy 2006; Cheng 2008b; Rakers et al. 2010). Furthermore, 

pigmentation research also contributes to the understanding of our own evolutionary 

past and clarifying discussions on controversial and divisive topics such as race (Cheng 

2008b, a). Genes discovered in the model teleosts zebrafish (Lamason et al. 2005), 

medaka (Fukamachi et al. 2001) and stickleback (Miller et al. 2007) also turned out to 

account for most of the pigmentation differences between human races. Because 

coloration is so conspicuous, it is not surprisingly one of the main cues animals use for 

adaptation and mate choice. By influencing mate choice, pigmentation has a central role 

in the processes of sexual selection, assortative mating and consequently in the 

development of pre-zygotic reproductive barriers. The genetic study of pigmentation 

therefore has the potential to contribute to many central questions in evolutionary 

biology.  
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Table I.1 lists some longstanding debates in evolutionary research that can benefit 

from the case-studies investigated in the present thesis. I shall return to these questions 

at the end of this section and lay out more specifically how the chapters of the present 

thesis can contribute to answering these pertinent evolutionary questions. 

Table I.1 Major longstanding questions in speciation and evolution. The reference column is by no 
means an extensive list of publications dealing with the topic. It refers only to some publications 
where the debate was clearly defined. 

 Questions References 

1 What is the contribution of adaptive vs. 
non-adaptive processes in evolution? 

(Gould and Lewontin 1979; Kirkpatrick 
1987; Rundell and Price 2009) 

2 Are there particular genetic 
architectures that are more conducive 
to speciation? 

(Maynard Smith 1966; Coyne and Orr 
2004; Shaw et al. 2011) 

3 Do cis-regulatory or coding differences 
have different contributions to 
adaptation and speciation? 

(King and Wilson 1975; Carroll 2005; 
Hoekstra and Coyne 2007) 

4 What is the role of parallelism and 
contingency in evolution? 

(Gould 1989; Schluter and Nagel 1995; 
Elmer et al. 2010) 

Organization of the Present Thesis 

The present thesis consists of a General Introduction (Chapter I), 5 research 

papers (Chapters II-VI) and a general discussion (Chapter VII). Chapters II-IV are published 

papers and Chapter V is a manuscript in preparation for submission. The format of these 

chapters follows the styles of the journals in which they were published or are intended 

for. Chapter VI has a somewhat looser organization, reflecting the fact that it is a running 

project.  The Appendices includes Supplementary Materials cited in the text (and labeled 

with an S). 

The General Introduction is organized as follows. I begin by introducing the 

broader theoretical context that motivated the development of these research projects. 

This first section consists of a short review of the evolutionary processes that affect 

pigmentation patterns and the current state of speciation research. I then review some 

basic background information regarding the trait (pigmentation) and study system 

(cichlids). As the research chapters contain specific Introduction sections, the General 

Introduction was kept to a minimum. I hope to have reached a good balance in the trade-

off between depth and redundancy. Similarly, I have kept the General Discussion (Chapter 

VII) to a minimum. 



Chapter I – General Introduction 

- 3 - 

EVOLUTION OF PIGMENTATION PATTERNS 

Natural Selection 

Some of the best documented cases of natural selection involve body 

pigmentation. Predation pressure is perhaps the most obvious factor driving the 

evolution of cryptic coloration but other color adaptations are warning colors, Müllerian 

and Batesian mimicry (Endler 1981) and adaptation to sun exposure (Jablonski and Chaplin 

2010). Perhaps the most widely known textbook example of natural selection in action is 

the evolution of melanism in the peppered moth (e.g. Ridley 2004; Hall et al. 2008; 

Futuyma 2009). This is a rare example of a study system where adaptation was 

documented in historical times and the selection agent is known. Although the original 

evidence for avian predation came under skepticism, recent work has addressed these 

criticisms and confirmed the original interpretation (Cook et al. 2012). The carbonaria locus 

was recently positionally cloned and shows evidence of strong selection, consistent with 

the historically and experimentally observed changes in frequency (van't Hof et al. 2011). 

Evolution of camouflage in sand mice (also in response to avian predation) is also 

well documented (Hoekstra et al. 2006). Contrary to the peppered moth case where a 

novel pigmentation gene must be hypothesized, a widely known pigmentation gene, 

MC1R was found in the candidate interval defined by linkage analysis. Despite the 

evidence that this trait is under selection, no molecular signatures of selection were found 

in the region surrounding the causal gene (Domingues et al. 2012). This is however, 

consistent with the expected patterns of variation of multiple recruitment of an ancient 

allele that was maintained as standing genetic variation in the source population 

(Domingues et al. 2012). 

The zebrafish golden locus was mapped to the slc24a5 gene by Lamason et al. 

(2005). Based on the molecular characterization of the golden phenotype (smaller and 

less abundant melanosomes), the authors hypothesized that this locus might also 

underlie the pigmentation differences observed in humans. It turned out that SLC24A5 

has a major affect on human pigmentation, accounting for 25-38% of the differences 

between Caucasian and African populations. Furthermore, the analysis of the patterns of 

molecular variation surrounding this locus revealed that SLC24A5 corresponds to the 

genomic region with highest evidence of strong section in Europeans (Lamason et al. 

2005). 
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 Sexual Selection 

The evolution of structures that do not aid survival, and many times impair the 

individuals presenting them was attributed to sexual selection by Darwin (1871). Apart 

from a few exceptions, females are the choosy sex. Females are by definition the sex that 

contributes larger gametes and sexual selection is the necessary outcome of unequal 

gamete contribution (Williams 1975; Scharer et al. 2012). Anisogamy (unequal gamete 

size) is a consequence of individual natural selection (Bell 1978; Scharer et al. 2012). 

Although the existence of more than two gamete sizes (i.e. sexes) is possible, it is 

evolutionarily unstable (Hoekstra 1980) 

Traits that attract mates, can also attract predators, thus a trade-off between 

sexual and natural selection exists. This is well documented in guppies, where more 

conspicuous male coloration evolves in areas with less abundant predators (Endler 1980). 

There are sex-specific differences in reproductive success for these traits: only males 

benefit from mate attraction, while females are subject only to the negative effects of 

predation. This generates sexually antagonistic fitness and triggers the evolution of sex 

limitation in these traits. This conflict was elegantly shown in a laboratory study in 

Drosophila (Rice 1992). The opposite phenomena (female-specific advantages) was 

described in cichlids, where a novel dominant feminizing sex determiner invaded the 

population and is linked to a locus that disrupts male nuptial coloration (Roberts et al. 

2009). Sex-limited traits can be maintained by a variety of mechanisms  (Cox and Calsbeek 

2009). In higher vertebrates, sex limitation is achieved mainly by the lack of 

recombination in the sex determining region and there is selection for the translocation 

of genes that are only advantageous to males to the sex determining region 

(Charlesworth 1991; Charlesworth et al. 2005). However, sex chromosomes are extremely 

labile, normally homomorphic or absent altogether in lower vertebrates (Volff and Schartl 

2002; Volff et al. 2003; Schartl 2004; Henning et al. 2008; Ross et al. 2009; Henning et al. 

2011; Kitano and Peichel 2012). In fact, many sex-related traits are explained by phenotypic 

rather than genotypic sex. Such is the case with recombination rates in medaka (Matsuda 

2005).  

The evolution of mating preferences, more specifically female choice, can be 

viewed as adaptive or non-adaptive (Kirkpatrick 1987; Andersson 1994; Kokko et al. 2003). 

The adaptive school tends to view male ornaments as either indicators of survival 

capacity. This has been the prevailing view in behavioral ecology (Kirkpatrick 1987). The 

non-adaptive view holds that in some cases females sensory biases are exploited by male 
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ornaments without an explicit fitness advantage. A few proposed examples of sensory 

exploitation are swordtails and cichlid eggspots (Tobler 2006). 

Assortative Mating 

Assortative mating is defined as mate choice based on an individuals’ own 

phenotype/genotype (Wright 1921). Positive assortative mating is a bias towards mating 

with like. Preference towards unlike partners constitutes negative or disassortative 

mating. Assortative mating is a powerful mechanism for the maintenance of divergence in 

sympatric populations (Templeton 2006) and is also seen as central to the building of 

divergence in ecological speciation (Mavárez et al. 2006; Chamberlain et al. 2009; Nosil 

2012). Despite primarily affecting only genotypic frequencies at the loci causing non-

random mating, assortative mating does leads to genetic divergence in neighboring, 

linked regions (Templeton 2006). The spread of such a genomic island of differentiation 

can have consequences for sympatric speciation as it can lead to genetic hitchhiking (Via 

and West 2008). 

This form of non-random mating differs from sexual selection in two fundamental 

aspects. First, sexual selection leads to a change in gene frequencies whereas assortative 

mating changes genotypic frequencies. As selection is defined as non-random change in 

gene frequency, assortative mating cannot be considered a form of selection. Second, 

sexual selection usually implies that the selection of mates is based on sex limited traits, 

such as female selection for male nuptial coloration. Assortative mating implies that both 

sexes posses the trait. The distinction between both processes is blurred if mating is 

assortative with respect to genotype in a locus that controls both female preference and 

male secondary trait. This pleiotropic relation of female and male traits has traditionally 

been considered rare, but empirical examples have recently been published (Kronforst et 

al. 2006; Fukamachi et al. 2009; Shaw and Lesnick 2009; see Shaw et al. 2011 for a recent 

review).  

Many empirical examples of the use of color as mating cues exist, and are 

particularly well documented in the Heliconius butterflies (Jiggins et al. 2001; Kronforst et 

al. 2009). Color-based assortative mating is a mechanism proposed to influence speciation 

through coloration differences in Neotropical cichlids (Wilson et al. 2000; Elmer et al. 

2009a). 
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SPECIATION NOW AND THEN 

Despite its title, Darwin’s seminal work “On the origin of species by means of 

natural selection” (1859) says only little about the mechanisms of speciation (e.g. Mayr 

1942, Coyne and Orr 2004). The reasons for this omission are twofold. On the one hand, it 

is known that Darwin adopted a nominalist species concept. Under this view, the 

designation of “species-status” is a matter of convenience and convention and, in his 

opinion, species are merely varieties that are different enough to earn a distinctive name 

(Mayr 1982). Another less appreciated, but perhaps more interesting explanation is that 

Darwin faced difficulty in explaining how natural selection could lead to speciation 

(Sturtevant 1938; Orr 1995). How could selection favor the spread of the maladaptive 

traits that are characteristic of species boundaries (e.g. hybrid sterility and inviability)? 

In the 1930’s, Ernst Mayr eloquently defended the reality of species and, together 

with Dobzhansky, established what would become the still dominant species concept to 

this day. The Biological Species Concept (BSC) was so named because in contrast to the 

similarity-based species concept that prevailed at that time, it focused on a biological 

property, i.e. reproductive isolation. It was shown that the BSC actually predates Mayr 

and, through E.B. Poulton can be traced back to Wallace, the co-discoverer of natural 

selection (Mallet 2003). Despite its limitations, the BSC provided not only an objective 

criterion for defining species, but also an explanation of why species are different in the 

first place. Mayr’s focus on the geographic aspects of speciation has been heavily 

criticized by modern theoreticians (Kirkpatrick and Ravigne 2002; Fitzpatrick et al. 2009), 

but it is interesting to note that this emphasis diluted the second of Darwin’s problems: if 

infertility or inviability evolves in allopatry, it is no longer necessary that natural selection 

favor maladaptive traits.  

The recognition of the reality of species and the inception of the BSC paved the 

way for the field of speciation genetics. The research program became straightforward: 

understanding the genetics of speciation meant understanding the genetics of isolating 

mechanisms (Turelli et al. 2001). Work on model organisms, especially Drosophila has 

uncovered a number of loci that contribute to intrinsic post-zygotic genetic isolation 

(Coyne and Orr 2004; Noor and Feder 2006; Wolf et al. 2010b). Laboratory experiments 

(also mainly done in Drosophila) have shown that post-zygotic isolation can evolve rather 

easily under a divergent selection regime (Rice and Hostert 1993) and also that sympatric 

speciation can be observed in the lab (Rice and Salt 1990).  
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Higher order polymorphisms, at the chromosomal level are also of relevance to 

the genetics of speciation (Kirkpatrick 2010). Furthermore, sex chromosomes are 

proposed to be disproportionably important for the evolution of reproductive isolation 

(Presgraves 2008; Kitano and Peichel 2012) and this is supported by the very existence of 

Haldane’s Rule (Orr 1997; Turelli 1998; Presgraves 2008). Although many have emphasized 

reproductive isolation resulting from meiotic abnormalities as a predominant isolating 

mechanism (White 1969), a number of theoretical difficulties concerning the spread of 

severely underdominant rearrangements exist (Coyne and Orr 2004). Nevertheless, 

empirical examples of the fixation of these rearrangements possibly through multiple 

founder events do exist (e.g Henning et al. 2011). Another common property of 

chromosomal variations that seems more likely to have an impact on speciation is the 

effect of these variations on reducing recombination rates (Rieseberg 2001). This idea 

dates back, not surprisingly, to the pioneer of the construction of genetic (recombination) 

maps (Sturtevant 1938). The idea that chromosomal inversions can harbor islands of 

genomic divergence (including speciation genes) has gained support from a number of 

empirical studies (Noor et al. 2001; but see Feder and Nosil 2009; Kulathinal et al. 2009).  

In part due to its simplicity, the Bateson-Dobzhansky-Muller incompatibility model 

has been extremely successful in explaining the origin of postzygotic incompatibilities in 

allopatry (Orr 1995). A pattern that emerged from work on Drosophila is that the degree 

of isolation correlates with genetic distance (Coyne and Orr 1989). In other words, 

intrinsic post-zygotic isolation is a mere consequence of isolation.  

Thus, the major contributions of empirical research have been to increase our 

understanding the genetics of post-zygotic isolation evolving in allopatry. One criticism of 

these studies is that they typically focus on species pairs that diverged several million 

years ago. It is not clear whether these loci contributed to the initial divergence, or are 

merely differences that accumulated after the populations had already split (Via 2009). 

Studies focusing on populations undergoing divergence have the potential to identify 

traits that affect the process of divergence (Via 2009). Because traits that contribute to 

isolation when two populations are undergoing divergence may be very different from 

the ones that accumulate after the split, the concept of what constitutes a speciation gene 

has been critically evaluated emphasizing this distinction (Nosil and Schluter 2011). 

However, the drawback of work on incipient species is that the focal-populations have 

not yet completed speciation. Many of these model systems can end up collapsing into a 

single population (Seehausen et al. 1997; Taylor et al. 2006). Therefore, a hidden 
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assumption of these studies is that they will eventually complete the process (Noor and 

Feder 2006).  

Recently, the concept of ecological speciation has gained prominence in the 

speciation literature (Lande and Kirkpatrick 1988; Schluter 1996; Rundle and Nosil 2005; 

Schluter 2009; Schluter and Conte 2009; Nosil et al. 2010; Wolf et al. 2010a; Nosil 2012). 

This term describes the situation in which disruptive natural selection plays a direct role in 

the split of two lineages (Lande and Kirkpatrick 1988; Nosil et al. 2009; Rundell and Price 

2009; Schluter 2009). In this scenario, speciation in itself is adaptive and mating barriers, 

other than intrinsic post-zygotic ones, play a more important role. The emphasis of 

research in speciation genetics has shifted from the genetics of intrinsic post-zygotic 

reproductive isolation to extrinsic (ecological) post-zygotic and pre-zygotic reproductive 

isolation.  

In contrast to empirical studies (but see Rice and Salt 1990), sympatric speciation 

has always been at the center of theoretical research on speciation (Maynard Smith 1966; 

Felsenstein 1981; Turelli et al. 2001; Bolnick and Fitzpatrick 2007). This is because the 

absence of geographic barriers allows a better appreciation of the interplay of 

evolutionary processes that lead to speciation. Theoretical models of sympatric speciation 

almost invariably (but see Kondrashov and Shpak 1998) suggest that two processes must 

operate in order for two populations to diverge with gene flow: disruptive natural 

selection and a mechanism of non-random mating (Bolnick and Fitzpatrick 2007). 

Genetic architecture of sympatric speciation 

Theoretical work predicts that for speciation to occur in the presence of gene 

flow, there must be a source of divergent selection genetically linked to a mechanism of 

non-random mating (Kirkpatrick and Ravigne 2002; Bolnick and Fitzpatrick 2007; Nosil 

2012). Thus, speciation under sympatry requires three traits: one under selection, mating 

preference and cue for mating preference (trait used to choose mates, such as color) 

(Nosil 2012). Speciation can be understood as a lack of recombination between the loci 

underlying these traits. The genetic architecture of these traits is of central importance in 

determining the stringency of the conditions under which two populations are expected 

to diverge (Servedio et al. 2011). Apart from the case where the three are in fact a single 

trait (see the discussion on automatic magic traits below), several genetic and ecological 

factors can lead to linkage disequilibrium between these loci. Ecological factors could 

occur in the form of selection against “hybrids”. Genetic mechanisms involve pleiotropy, 

close genetic distance and co-localization within rearrangements (Feder and Nosil 2009). 
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Non-random mating can come through sexual selection or assortative mating. The 

previously made distinction between sexual selection and assortative mating is relevant 

here. Under a classical sexual selection model where females choose males, there are two 

separate, sex-limited traits with at least two alleles each (Andersson 1994). Because both 

males and females posses the marker trait in assortative mating, it can conform to a one-

allele model, the most conducive to speciation (Felsenstein 1981). This can be understood 

as a “mate with like” allele and if this allele is fixed, it is essentially a one-locus model of 

non-random mating where only variation for the cue segregates. Consider for instance a 

case of two color morphs, say grey and orange. A one-allele preference gene (“mate with 

like”) would result in grey-grey and orange-orange morph matings regardless of which 

background it is placed on. Assortative mating alone can allow for speciation even in the 

absence of a source of selection but the conditions are very restrictive (Kondrashov and 

Shpak 1998).  

Figure I.1 illustrates the possible pleiotropic relationships. Not surprisingly, an 

association between the three traits is most likely to be eroded by recombination when all 

three traits are governed by different loci (areas I, V and VII in Figure I.1). An obvious 

prediction is that extensive pleiotropy (area III in Figure I.1) between alleles in all three loci 

should be more conducive to speciation (Smadja and Butlin 2011).  

Target of Natural 
Selection

Mating Preference

Cue for non-random 
mating

2

1

2 or 3

2

2

2 or 3

2 or 3

I

II

III

IV

V
VI

VII

 

Figure I.1 Genetic architecture of speciation. Intersections represent pleiotropy between traits. 
Arabic numbers in the intersects represent the number of loci that underlie the three traits (mating 
preference, cue for non-random mating and target for natural selection). Roman numerals label 
each area (see text for discussion).  

Most theoretical models postulate the existence of marker (cues for preference) 

and preference traits with different genetic bases (e.g Gavrilets et al. 2007 for an example 

dealing specifically with the Midas cichlids). This is represented in Figure I.1 by all areas 
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except II and III.  Much theoretical work has been done investigating how linkage 

between marker and preference evolves and impacts isolation (Servedio 2009), but the 

possibility that preference and marker traits are pleiotropic (areas II and III in Figure I.1) 

has only very recently gained empirical support (Kronforst et al. 2006; Fukamachi et al. 

2009; Shaw et al. 2011). Magic traits normally refer to pleiotropy between the mating cue 

and the trait under selection (areas III and VI) but pleiotropy between mating preference 

and the trait under selection can also be relevant for speciation (Servedio et al. 2011). This 

is the case in two cichlid color morphs from Lake Victoria. In this system, it was shown 

that female preference for coloration is matched to the transmission properties of the 

environment (through disruptive selection) and that changes in male nuptial coloration 

have evolved in response through sexual selection (Seehausen et al. 2008).  

Clearly, more empirical work is needed to assess the relative importance of 

pleiotropy for the building and maintaining of reproductive isolation and is fundamental 

to refine the current theory of speciation. The Midas cichlid species complex provides an 

extremely well-suited system to accomplish this (Chapters IV-VI). 

Open questions in Speciation Research  

Although much progress has been made in speciation genetics, the number of 

speciation genes thus far identified is still modest (Noor and Feder 2006; Nosil and 

Schluter 2011; Nosil 2012). Although this can be partly attributed to the intrinsic difficulty 

of mapping sterility and invariability genes (Presgraves et al. 2003), it must be noted that 

the genetics of pre-zygotic isolation mechanisms also remains unexplored. Theoretical 

research has already pinpointed the conditions in which sympatric speciation is expected 

to occur (Bolnick and Fitzpatrick 2007; Fitzpatrick et al. 2008, 2009). However, not a single 

empirical case-study satisfies all the conditions to test theoretical predictions (Nosil 2012). 

It is therefore not possible to risk answering questions regarding relative frequency of 

processes. Unfortunately, as in much of biology, this is precisely the type of question that 

is of interest (Butlin et al. 2012).  

The predictions laid out above regarding the pleiotropic relation between the 

alleles responsible for speciation can only be tested by forward genetic studies of mating 

cues and preferences in systems where sympatric diversification is occurring. It is crucial 

for the success of these studies that a) the study system undergoes sympatric speciation 

and that b) the trait conferring reproductive isolation is amenable to genetic analysis. 

Body coloration in the Midas cichlids provides such a trait (Chapters IV-VI).  
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GENETICS OF PIGMENTATION IN TELEOSTS 

Fish are particularly well-suited model organisms for the study of pigmentation. 

They normally can be bred in high numbers, require little space and are generally of short 

generation times (at least when compared to mice or other model vertebrates), meaning 

that they are amenable to forward and reverse genetic analyses. Contrary to mammals 

which have a single type of pigment cell (melanocytes), fish can have up to 8 different 

types (Fujii 2000). This means that the variation of coloration seen in higher vertebrates 

represents a subset of the variation seen in fishes (Parichy et al. 2007). The teleost specific 

genome duplication (TSGD) (Meyer and Schartl 1999) coincides with the diversification of 

teleosts and might have provided raw genetic material to fuel this diversity (Hoegg et al. 

2004). The implications of the retention and evolution of different gene copies has been 

recently reviewed (Braasch et al. 2007). Many color-gene paralogs were retained after the 

TSGD and there is evidence that some of them underwent subfuntionalization, mainly by 

partitioning of expression domains. Some examples of function divergence in paralogs 

are the tyrosinase related protein (Braasch et al. 2009) and proopiomelanocortin genes 

(de Souza et al. 2005). 

Another striking difference between pigmentation of lower and higher 

vertebrates is the dynamism with which lower vertebrates can change their pigmentation 

patterns. Apart from the stable and most times irreversible ontogenetic color change 

(referred to as morphological color change), lower vertebrates also present physiological 

color change (Sugimoto 2002; Leclercq et al. 2010). These are rapid and reversible 

alterations of pigment patterns that can signal social status, reproductive state and 

permit rapid mimicry. The hormonal basis of physiological color change is particularly well 

documented in the cichlid Astatotilapia burtoni (Parikh et al. 2006). Physiological color 

change is generally characterized by contraction and dispersion of chromatosomes, 

whereas morphological color change involves changes in number, density of 

chromatophores or chromatosomes within them. Although one could expect that 

different molecular mechanisms account for physiological and morphological color 

changes, the two processes do in fact share many key determinants.  

Only the genetics of melanophores is within the scope of the present thesis and 

will be reviewed here. For a review of the genetic mechanisms regulating the other 

pigment cells, please see Fujii (2000) and Leclercq (2010). 

Melanophores are dendritic cells derived from the neural crest. The gene 

regulatory network controlling the initial formation of the neural crest has recently been 
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reviewed (Sauka-Spengler and Bronner-Fraser 2008). Following detachment from the 

neural crest, migration to the dermis and epidermis occurs according to three routes. 

Neural crest cells that migrate according to the dorso-lateral route give rise to 

melanophores (Parichy et al. 2007). Migration and survival of melanophore precursors is 

modulated by the effect of the sox10 gene (colorless in zebrafish) (Dutton et al. 2001) and 

on the expression of mitf (sparse locus in zebrafish) (Parichy et al. 1999). Other master-

regulators of the survival of cells in the melanophore lineage are mitf and kit (McGill et al. 

2002; Steingrimsson et al. 2004; Braasch et al. 2007; Hultman et al. 2007). A gene 

regulatory network showing the key-players in melanogensis is shown in Figure I.2.  

 

Figure I.2 KEGG pathway map of melanogenesis in the zebrafish. Obtained from 
http://www.genome.jp/kegg (Kanehisa et al. 2012).  

In medaka it has been shown that prolonged background adaptation leads to a 

decrease in melanophore number and density through apoptosis (Sugimoto et al. 2000). 

Apoptosis appears to be the key process by which melanophore density is reduced 

(Sugimoto 2002). The actions of the melanophore-concentrating hormone (MCH) and –

stimulating hormone (MSH) lead to dispersion and aggregation of melanosomes under 

http://www.genome.jp/kegg
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physiological conditions, but prolonged effects also include melanophore proliferation 

and cell death (Fujii 2000; Sugimoto et al. 2000; Sugimoto 2002). 

The most important endocrine factor controlling differentiation, survival and 

proliferation of melanophores is the alpha-melanophore stimulating hormone (αMSH) 

(Fujii 2000). αMSH is derived from post-translational modification of the multipeptide 

precursor, pro-opiomelanocortin (POMC) through enzymatic action of prohormone 

convertase 2 (PC2) (Dotman et al. 1998; Dores and Baron 2011). Other derivatives from 

POMC termed melanocortins include the adrenocorticotropic hormone (ACTH) and 

ßMSH. POMC is expressed in the central nervous system and also in skin tissue (Teofoli et 

al. 1997). In the former, it is under dopaminergic regulation (Chen et al. 1983; Cote et al. 

1986). 

The expression of POMC in the pars intermedia of the pituitary is of particular 

relevance to the study of pigmentation. POMC expression in the pars intermedia is 

increased during adaptation to a dark background (Martens et al. 1987). 

Subfunctionalization of POMC expression has been described in the Fugu. It was found 

that one paralog (α) was expressed in the rostral pars distalis and pars intermedia of the 

pituitary. POMC-β on the other hand was expressed in the preoptic nucleus area and the 

pars intermedia (de Souza et al. 2005). 

POMC expression in the skin has been primarily linked to melanin production as a 

response to UV irradiation (Chakraborty et al. 1995) and the anti-inflammatory effects of 

αMSH (Brzoska et al. 2008). αMSH exerts a plethora of anti-inflammatory functions such 

as suppression of proinflamatory cytokine production and stimulation of lymphocyte 

activity and proliferation (Brzoska et al. 2008). 

Black pigment, eumelanin, is produced and stored in melanosomes - lisosome-

derived melanophore-specific organelles (Orlow 1995). Eumelanin is produced through 

the action of the members of the tyrosinase gene family, dopachrome tautomerase 

(DCT), tyrosinase (TYR) and the tyrosinase-related protein 1 (TYRP1). Melanogenesis is 

initiated by the enzymatic oxidation of tyrosine to dopaquinone (DQ) catalyzed by TYR. 

DQ is then further processed by TYRP1 and DCT into eumelanin (Ito et al. 2000). 

WHY CICHLIDS 

Cichlids stand out as probably the most diverse and colorful of freshwater fishes. 

Their discovery by German settlers led to amazement: finally there were freshwater fishes 

as beautifully colored as coral reef fishes but substantially easier to maintain in aquaria 

(Baerends and Baerends-Van Roon 1950). The distinctiveness of their color patterns is well 
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captured by the German popular name - Buntbarsche, or colorful perches. To this day 

Cichlids are particularly cherished by aquarists and this is testified by the wealth of 

popular resources including magazines, websites and online forums.  

The genetics of color phenotypes in cichlids remained completely unexplored until 

very recently. A wealth of papers investigating the patterns of molecular evolution of 

color genes in cichlids have now been published (Terai et al. 2002; Sugie et al. 2004; 

Salzburger et al. 2007) but to date only a handful of forward-genetics studies have been 

conducted (Albertson et al. 2003; Streelman et al. 2003) and a single locus has been 

mapped in cichlids (Roberts et al. 2009).  

Cichlid fishes are a textbook example of “explosive” rates of speciation and have 

formed so-called adaptive radiations or species flocks in the great East African Lakes that 

are composed of hundreds of species (Meyer et al. 1990; Verheyen et al. 2003; Elmer et al. 

2009b). The factors proposed to at least partially account for these explosive rates of 

speciation are natural selection on trophic morphology and sexual selection/assortative 

mating on coloration traits (Allender et al. 2003; Kocher 2004b). Sexual selection on male 

nuptial coloration is viewed by many as one of the major driving forces for the 

extraordinarily high speciation rates characteristic of the Haplochromine cichlid lineage of 

the African rift lakes: Malawi, Victoria and Tanganyika (Kocher 2004a) (Figure I.3). One of 

the color patterns characteristic of Haplochromines is the so-called eggspots. These are 

patterns located on the anal fin thought to have originated through sensory exploitation 

and to have acquired sexual advertisement functions (Chapter III). 

 

Figure I.3 Diversity of color patterns in African cichlids. The thousands of cichlid species in the 
African great lakes (left) are extremely diverse in coloration patterns. Sexual selection on nuptial 
coloration is viewed as one of the main processes to explain the species richness of this lineage 
(Kocher 2004a). Apart from body coloration, another trait believed to influence speciation rates 
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are eggspots (Salzburger et al. 2005). These can be seen in the anal fins of the specimens on the 
right. The genetics and function of trait is investigated in Chapter III.  

Another lineage of cichlids that has recently been recognized to constitute an 

adaptive radiation with high rates of speciation is the genus Amphilophus of the 

Nicaraguan crater lakes. Although less well-known than their African counterparts, 

cichlids from Central America also provide fascinating opportunities to study speciation 

and adaptation, many times in parallel (Elmer et al. 2010). Midas cichlids represent one of 

the few conclusive examples of sympatric speciation (Barluenga et al. 2006) (Figure I.4).  

 

Figure I.4 Color polychromatism in the Midas cichlid species complex. Midas cichlids inhabit the 
two main lakes (Lake Nicaragua and Managua) and the crater lakes in Nicaragua (top). The 
polychromatism that gives this group its popular name is shown on the bottom. Normally colored 
fish are darker and bear the typical barred pattern, whereas the gold morph is devoid of 
melanophores. The normal morph is more abundant than the gold (represented schematically by 
the size of the area in the figure). These two morphs mate assortatively. Mixed pairs do exist but 
are found less frequently than expected from random expectation (represented by the areas 
containing the pairs). 

Two species (Amphilophus citrinellus and A. labiatus) are found in the great lakes 

Nicaragua and Managua. In contrast, more than ten species endemic to small, isolated 

crater lakes have already been described and are thought to have originated by sympatric 
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speciation following the colonization from the great lakes (reviewed in Elmer and Meyer 

2011). The origin of A. zaliosos, a species endemic to the Crater Lake Apoyo from a 

generalist ancestor, presumably A. citrinellus from the large and old Lake Nicaragua is 

thought to have been through ecological, sympatric speciation (Barluenga et al. 2006). 

Although ecological adaptation has been seen as the major force driving 

speciation in this lineage, coloration also plays a role in the diversification of this group 

(Wilson et al. 2000; Barluenga and Meyer 2004; Elmer et al. 2009a). Midas cichlids are so 

named in reference to the legend of King Midas because of a conspicuous color 

polymorphism (Figure I.4). In several species of the complex, two color morphs coexist: 

normal and gold. The color of gold individuals ranges from white to red and they occur 

with a frequency of 7.6-10% in the great lakes Nicaragua and Managua as well as in the 

crater lakes Apoyeque, Masaya, Xiloá and Tiscapa (Barlow 1976). The genetics of this trait 

is explored in Chapters IV-VI. 

EXPECTED CONTRIBUTIONS OF THE PRESENT THESIS 

Besides providing genetic resources for future forward genetic studies (Chapter 

II), all the chapters are centered around the common theme of genetics of speciation-

relevant color-traits in cichlids (Chapters III-VI). The focal traits are the eggspots in the 

African cichlid, Astatotilapia burtoni (Chapter III) and the Gold-Normal polychromatism in 

the Midas cichlids (Chapters IV-VI). The first is an example of a trait assumed to be under 

sexual selection and that most probably has a polygenic genetic architecture (Chapter III). 

The latter, is an example of assortative mating based on a single mendelian locus in a 

system where sympatric speciation is thought to occur (Chapters IV-VI). As mentioned 

previously, this system is relevant to many broad questions in evolutionary biology. The 

ways they directly relate to the debates outlined in Table I.1 are: 

 

1. Adaptive vs. non-adaptive explanations: It is debated whether the focal trait of 

Chapter III originated and is maintained by sensory exploitation (non-adaptive choice) or 

adaptive mate-choice. What, if any, is the evidence for both? 

2. Genetic architecture of speciation: The genetic mapping of an “incipient 

sympatric speciation gene” in Chapter VI allows an appraisal of the genetic architecture of 

early divergence in sympatric speciation. How many loci are involved? Does pleiotropy or 

linkage between mating preference and coloration exist? 

3. Cis-regulatory vs. coding differences: Are the causal polymorphisms underlying 

incipient speciation coding or non-coding? 
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4. Convergence and parallelism: Pigmentation genes that were investigated in the 

present thesis provide some of the most compelling cases of evolutionary convergence. 

Such is the case of the melanocortin 1 receptor (Manceau et al. 2010) (Chapter IV) and 

SLC24a5 (Chapter V). Do they underlie similar phenotypes in the Midas cichlid? 

Additionally, the phenotype under investigation in chapters IV-VI bears 

resemblance (both phenotypically and molecularly) to a number of human pigmentation 

disorders such as skin cancer, psoriasis and vitiligo. It is encouraging that the present 

study also has the potential of providing relevant knowledge (e.g. new marker genes) for 

the treatment and detection of these disorders. 
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A MICROSATELLITE-BASED GENETIC LINKAGE MAP OF THE 

CICHLID FISH, ASTATOTILAPIA BURTONI (TELEOSTEI): A 

COMPARISON OF GENOMIC ARCHITECTURES AMONG RAPIDLY 

SPECIATING CICHLIDS 

MATTHIAS SANETRA, FREDERICO HENNING, SHOJI FUKAMACHI & AXEL MEYER 

Genetics 182: 387-397 (2009) 

ABSTRACT 

Cichlid fishes are extremely species rich and formed species flocks within record-breaking 

short time spans. We constructed a medium density genetic linkage map of Astatotilapia 

burtoni from the Lake Tanganyika region based on 201 microsatellite markers, 144 of 

which were newly developed. Ovarian cytochrome P450 aromatase (Cyp19a1), long 

wavelength-sensitive opsin (Lws) and microfibril-associated glycoprotein 4 (Mfap4), 

interesting candidate genes for cichlid speciation, were mapped using SNP markers. 

Sequences originated largely from a partial genomic library, but some EST and BAC clones 

were also used. The mapping cross was derived from two inbred laboratory lines to 

obtain F2 progeny by intercrossing. The map revealed 25 linkage groups spanning 1,249.3 

cM of the genome (size ~950 Mb) with an average marker spacing of 6.12 cM. With 

adjacent microsatellites the seven Hox clusters, ParaHox C1 and two paralogs of Pdgfr  

were mapped each to different linkage groups, thus supporting the fish-specific genome 

duplication hypothesis. The A. burtoni linkage map was compared to the other two 

available maps for cichlids, Oreochromis spp. and M. zebra/L. fuelleborni, using shared 

markers. This linkage map will facilitate efficient genome scans (QTL) and future 

comparative genomic analyses of cichlids. 
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INTRODUCTION 

The cichlid fishes of East Africa provide well-known examples for rapid 

diversification and explosive speciation owing to their phylogenetically young age and 

therefore comparatively extremely short evolutionary time span for the origin of more 

than 2,000 species (Meyer et al. 1990; Meyer 1993; Kornfield and Smith 2000; Verheyen et 

al. 2003; Kocher 2004a; Salzburger and Meyer 2004; Salzburger et al. 2005). Astonishingly 

large numbers of species make up the three species flocks, each composed of hundreds 

of species, in the Lakes Victoria, Malawi, and Tanganyika (Fryer and Iles 1972). Despite this 

huge phenotypic diversity displayed by each of the species flocks, molecular phylogenetic 

studies on this problem revealed that many of the species evolved similar morphologies 

convergently in each of these three adaptive radiations (Meyer et al. 1990; Kocher et al. 

1993; Meyer 1993). These striking phenotypic similarities among cichlid fishes from 

different species flocks that evolved in parallel make the study of the underlying genetic 

architecture of cichlids particularly interesting. 

The observed redundant patterns in the evolutionary diversification of cichlid 

fishes support the view that the three large East African lakes are a natural experiment of 

evolution, in which this repeated evolution might ultimately help to better understand the 

processes that led to the repeatedly evolved patterns of diversification. Particularly the 

species of cichlids of the Lakes Victoria and Malawi adaptive radiations are very young and 

genetically extremely similar. Comparative studies on the genomic organization of these 

closely related yet morphologically diverse fishes will help to unravel the genetics of 

speciation (Kocher 2004a; Albertson and Kocher 2006; Hoegg et al. 2007). Investigation 

of the molecular basis of those different phenotypes, i.e., the genetic and transcriptional 

changes that underlie differences among organisms, can be achieved through detailed 

comparisons of genome and transcriptome scans also including candidate gene 

approaches (Streelman and Kocher 2000; Braasch et al. 2006; Gerrard and Meyer 2007; 

Salzburger et al. 2007; Salzburger et al. 2008). For instance, the gene for long wavelength-

sensitive opsin (Lws) has been reported to be involved in sympatric speciation through 

ecological adaptation and mate choice of cichlids (Carleton et al. 2005; Maan et al. 2006; 

Terai et al. 2006; Seehausen et al. 2008), while the microfibril-associated glycoprotein 

(Mfap4) is a good candidate for examining species differences with regard to jaw 

development (Kobayashi et al. 2006). 

Species-specific linkage maps have recently become established as important 

genetic tools in an effort to aid in the more detailed knowledge of genotype-phenotype 
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relationships (Albertson et al. 2003; Erickson et al. 2004; Albertson and Kocher 2006). The 

latter approach is known as quantitative trait locus or QTL scan, which makes use of the 

linkage disequilibrium created through experimental crosses between different species or 

laboratory strains (Falconer and Mackay 1996; Lynch and Walsh 1998). The ability to 

produce fertile interspecific crosses among some of these species of cichlids (Crapon de 

Caprona 1984) and the general popularity in captive breeding, support the establishment 

of cichlid fishes as a model system in comparative evolutionary genomic research. 

The cichlid species Astatotilapia burtoni occurs in Lake Tanganyika and the 

surrounding river systems and exhibit a rather generalist life style and is likely to 

represent a relatively ancestral type of cichlid (Salzburger et al. 2005). Its phylogenetic 

placement “between” the species flock of +/- 500 endemic species of Lake Victoria and up 

to 1000 endemic species of Lake Malawi makes it a very interesting species to study in this 

regard (Meyer et al. 1991). Since A. burtoni occupies a crucial phylogenetic position at the 

base of the extremely species-rich tribe of cichlids, the Haplochromini (Salzburger et al. 

2002), which make up the large radiations of lakes Victoria and Malawi, its genome can 

serve as a sort of base line from which comparisons to the endemic cichids of these lakes 

will be exceptionally insightful. Given these close genetic affinities, most of the genomic 

resources developed for A. burtoni will also be applicable to the large haplochromine 

cichlid species flocks from lakes Victoria and Malawi.  

For A. burtoni, a BAC library (Lang et al. 2006) as well as expressed sequence tags 

(ESTs) have been generated (Salzburger et al. 2008), and cDNA microarrays are available 

as well (Renn et al. 2004). In addition, there is detailed knowledge on Hox genes (Hoegg 

and Meyer 2005; Hoegg et al. 2007), Para-Hox genes (Siegel et al. 2007) and several other 

genes related to coloration (Braasch et al. 2006; Salzburger et al. 2007) and fertilization 

(Gerrard and Meyer 2007) for this key species. Genomic resources available from other 

cichlids include the Tilapia, Oreochromis niloticus (Kocher et al. 1998{Lee, 2005 #689; 

Katagiri et al. 2005), Haplochromis chilotes (Watanabe et al. 2003; Watanabe et al. 2004; 

Kobayashi et al. 2006), and Metriaclima zebra (Albertson et al. 2003; Kobayashi et al. 2006; 

Salzburger et al. 2008). Recently, the National Institute of Health (NIH) has committed to 

sequencing four cichlid genomes. A detailed description of genomic resources developed 

for cichlid fishes can be found at http://hcgs.unh.edu/cichlid/. 

AFLPs and microsatellite loci (also termed SSR) are the most common markers 

used in the development of linkage maps and QTL studies. Microsatellites are preferable 

because of their codominant nature and extremely high degrees of intraspecific allele 

polymorphism, which makes them most effective. On the other hand, their generation 
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requires high costs and is time consuming (reviewed in Erickson et al. 2004). Most linkage 

maps based on microsatellites have been constructed for economically important fish 

species, such as the Atlantic salmon (Gilbey et al. 2004), rainbow trout (Sakamoto et al. 

2000), European sea bass (Chistiakov et al. 2005), and Nile tilapia (Kocher et al. 1998; Lee 

et al. 2005) in order to search for loci that affect commercially important traits. 

Researchers in the fields of ecology and evolution have recently become interested in 

identifying the genetic basis of adaptive trait evolution especially in natural populations of 

non-model organisms. The past decade has seen a proliferation of studies that employ 

linkage maps together with QTL approaches to shed light on evolutionary processes, for 

instance the parallel evolution of benthic and limnetic forms in threespine sticklebacks 

(Peichel et al. 2001; Colosimo et al. 2004; Miller et al. 2007) and reduction of eyes and 

pigmentation in the Mexican cavefish, Astyanax mexicanus (Protas et al. 2007). 

Here we report on the construction of a microsatellite linkage map of the cichlid 

fish A. burtoni based on an F2 intercross derived from two inbred laboratory strains. We 

identified 25 linkage groups. The map also incorporates some EST based markers and 

nuclear genes from sequenced BAC clones, e.g., the seven reported Hox genes and the 

two paralogs of Pdgfr, a gene involved in coloration (Braasch et al. 2006). This linkage 

map will thus provide a useful future tool in studying the genetic basis of adaptive traits 

that played a major role in the rapid diversification of cichlid fishes. 

MATERIALS AND METHODS 

Experimental crosses 

We crossed an A. burtoni female derived from our University of Konstanz stock 

with a male stemming from a laboratory stock that originated in the laboratory of Russell 

D. Fernald at Stanford University and is now also held at the University of Texas at Austin 

(Hans A. Hofmann). The stocks are originally from the Tanzania and Zambia regions of 

Lake Tanganyika respectively. The resulting F1 generation was raised to sexual maturity 

and groups of several females with one or two males were established for the F1 

intercross. Young fry of the F2 generation were taken from the mouths’ of F1 females 

usually consisting of 10-50 individuals. Genotyping at 10 microsatellite markers revealed 

family relationships within each group. The final mapping population included 167 F2 

offspring derived by intercrossing one male with five different females, thus constituting 

a half-sib family. However, we first established linkage groups by genotyping a subset of 

the first 90 F2 individuals that were born and then added the remaining 77 individuals for 
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those markers with low LOD scores and/or those with some missing data. Loci were 

genotyped for an average of 106 individuals.   

Microsatellite markers  

A microsatellite enriched library was prepared from A. burtoni DNA using a 

magnetic bead enrichment protocol and (CA)15 and (CT)15 probes (for a detailed 

description see (Sanetra and Meyer 2005). A total of 1156 clones were sequenced, and 683 

clones (enrichment rate ~60%) contained repeat motifs (including ~10% duplicate clones). 

Primer sets were designed for 278 putative loci using the Primer3 software (Rozen and 

Skaletsky 2000). Markers were considered informative when at least one F1 parent was 

heterozygous, which was the case for 147 of these loci. 

Additional 191 microsatellite primer sequences were collected from available 

genomic resources for other cichlids and their usefulness for mapping the A. burtoni 

genome was tested. Finally, we were able to employ a total of 60 informative markers 

derived from the Tilapia Oreochromis niloticus (Kocher et al. 1998: UNH106, UNH152, 

UNH130, UNH192), Copadichromis cyclicos (Kellogg et al. 1995: UNH002);), 

Astatoreochromis allaudi (Wu et al. 1999); OSU9D, OSU13D, OSU19T, OSU20D), Tropheus 

moorii (Zardoya et al. 1996); TmoM5, TmoM7, TmoM27), Pundamilia pundamilia (Taylor et 

al. 2002); Ppun1, Ppun5-7, Ppun12, Ppun16, Ppun18-20, Ppun24, Ppun34-35, Ppun41), and 

Metriaclima zebra (Albertson et al. 2003); UNH2004, 2005, 2008, 2032, 2037, 2044, 2046, 

2056, 2058, 2059, 2069, 2071, 2075, 2080, 2084, 2094, 2100, 2104, 2112, 2116, 2117, 2125, 

2134, 2139, 2141, 2149, 2150, 2153, 2163, 2166, 2169, 2181, 2185, 2191, 2204). A comprehensive 

list of the markers used is provided in Table S1. 

We also searched for microsatellite repeat motifs in 9,375 non-redundant cDNA 

clones derived from a library using A. burtoni brains and mixed tissue including both sexes 

and all stages of development (Salzburger et al. 2008). For 21 microsatellite containing 

cDNA clones we developed PCR primers, 13 of which were polymorphic and gave 

reproducible results. Genbank accession numbers for these markers are as follows: 

Abur221 -CN470695; Abur223 - CN469772; Abur228 – CN470764; Abur224 – DY626128; 

Abur225 – DY630453; Abur226 – DY630491; Abur227 – DY626763; Abur230 – DY626468; 

Abur233 – DY629660; Abur234 – DY630828; Abur235 – DY627273; Abur239 – DY629088; 

Abur240 – DY630681. We compared these sequences to the cDNA and peptide database 

of medaka (Oryzias latipes), as the most closely related model organism to cichlids, using 

Blastview at www.ensembl.org/Multi/blastview. 
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Genotyping procedures 

Microsatellites were amplified in 10-l PCR reactions containing 10 mM Tris-HCl, 50 

mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 4 pmol of each locus specific primer, 0.8 units Taq 

polymerase (Genaxxon), and 10-30 ng genomic DNA. Forward primers were labelled with 

a fluorescent dye (6-FAM, HEX, or NED). In addition, for 212 of the initially designed primer 

pairs, the M13 method for fluorescent labelling of PCR products (Schuelke 2000) was used 

for economic reasons (see Table S1). With the latter method, 1 pmol of forward primer, 4 

pmol reverse primer, and 4 pmol M13 6-FAM or HEX-labelled primer were used. For the 

second round of genotyping, we used a PCR multiplexing kit (Qiagen) to amplify 3-5 loci in 

a single PCR reaction in a 12 l volume containing 6.25 l of 2x Qiagen Multiplex PCR 

Master Mix and 1.25 l of a mix of primers.  Final concentration of primers was 0.2 M. All 

PCRs were run on a Perkin Elmer (Norwalk, CT) GeneAmp PCR 9700. 

Three basic temperature protocols depending on labelling method and multiplex 

scheme were used. Forward primer labelling: one cycle of 3 min at 94ºC, 35 cycles at 94ºC 

for 30 sec, 48-58ºC for 30 sec, 72ºC for 90 sec, and a final extension step at 72ºC for 10 min. 

M13 primer labelling: one cycle of 3 min at 96ºC, 5 cycles at 96ºC for 30 sec, 62-56ºC for 30 

sec, 72ºC for 30 sec, 35 cycles at 96ºC for 30 sec, 58-53ºC for 30 sec, 72ºC for 30 sec and a 

final extension step at 72ºC for 10 min. Multiplex PCR: 95ºC for 15 min, then 35 cycles at 

94ºC for 30 sec, 50-60ºC for 90 sec, 72ºC for 60 sec and a final extension period of 30 min 

72ºC (for details see Table S1). PCR products for 4-6 loci were combined with a mixture of 

ABI Genescan-500 ROX size standard and analyzed with an ABI 3100 Automated 

Sequencer (Applied Biosystems). More details on fluorescent dye labelling, multiplexing 

schemes, and annealing temperatures (Ta) for each locus are given in supplemental 

Appendix S1 at http//www.genetics.org/supplemental/. Allele sizes were scored with the 

Genotyper 3.7 (Applied Biosystems) software package and transferred to an electronic 

spreadsheet.  

Type I markers 

Several clones containing interesting candidate genes had been sequenced from 

the BAC library of A. burtoni (Lang et al. 2006). These clones incorporated the 

homologous sequences of Pdgfr (Braasch et al. 2006), and all Hox genes reported in A. 

burtoni (Hoegg et al. 2007). Putative microsatellites were derived from the clone 

sequences with the Tandem Repeat Finder v. 3.2.1 software (Benson 1999), so that two 

informative markers were obtained from BAC clone 26M7 containing Pdgfra (Abur209, 
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212) and one for 20D21 containing Pdgfrb (Abur218). The corresponding BAC clones 

(clone number, accession number) for HoxAa (116M8, EF594313), HoxAb (150O18, 

EF594311), HoxBa (170E12, EF594310), HoxBb (34I18, EF594314), HoxCa (103K21, EF594312), 

HoxDa (32B18, EF594315), and HoxDb (19E16, EF594316) each yielded one to three 

polymorphic microsatellite markers. A tetranucleotide ATCT repeat was used for marker 

development of clone 99M12 (Siegel et al. 2007), which includes ParaHoxC1 representing a 

dispersed Hox-like gene cluster. 

A homolog of the human microfibril-associated glycoprotein 4 (Mfap4) has been 

reported from cichlid EST clones derived from Haplochromis chilotes (KOBAYASHI ET AL. 

2006). We used three of these clones (Acc. No. BJ679835, BJ676254, BJ680594) to form 

1,214 bp of continuous sequence (Figure II.1). We initially designed two pairs of primers to 

amplify from genomic DNA of A. burtoni, Magp4_1F (5’-TCAGACCTCCACCAAACAGTC) and 

Magp4_1R (5’-TCCCTGAAGACCATCAGCAT) spanning 501bp of clones BJ676254 and 

BJ680594 and Magp4_2F (5’-CGGTGCAGGTGTACTGTGAC) and Magp_2R (5’-

ACTGCACAGGACGGATCTTC) to cover 544bp of clone BJ679835. After identification of a 

SNP in an intronic region two additional primers were designed from the A. burtoni 

sequence for genotyping, SNP_5F (5’-GGCTTGTCTCATGTGCCTTC) and SNP_6R (5’-

ACCAGCTGTCCTGGTCTTTTG) yielding a 339bp fragment.  

 

Figure II.1 Amplification of the magp4 gene from A. burtoni. Position of primers, alignment of EST 
clones of H. chilotes, and the location of an intron in A. burtoni derived from genomic DNA are 
shown.  

The long wavelength-sensitive opsin (Lws) has been characterized from a BAC 

library of H. chilotes. Numerous primers to amplify upstream and downstream regions of 

the gene are available (Terai et al. 2006). We used the following primers to amplify this 

region from genomic DNA in A. burtoni all giving ~ 1 kb fragments: LWSB_LF and 
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LWSB_R1, LWSB_F2 and LWSB_R3, LWSB_F3 and LWSB_R4, LWSB_F4 and LWSB_R5, 

LWSB_F8 and LWSB_R9, LWSB_F9 and LWSB_R10. 

Primers AroI_Ex7F (5’-GGTGATCGCAGCTCCGGACACTCTCTCC), AroI_Ex8R (5’-

CCTGTGTTCAGAATGATGTTTGTGC), and AroI_1600R (5’-GTACAGCTAAAGGTTCGGGTC) to 

amplify 600–1,200 bp of ovarian cytochrome P450 aromatase (Cyp19a1) were designed 

using a genomic sequence from tilapia deposited in GenBank (AF472620) and sequences 

from Lake Malawi cichlids at http://www.ncbi.nlm.nih.gov/blast/mmtrace.shtml (D. T. 

Gerrard and A. Meyer unpublished results). Following SNP identification, nested primers, 

AroI_Fw (5’-ATGGCTGCATTCCACCAC) and AroI_Rv (5’-TTCTTCATGCTTCTGCTCCTC), were 

designed for A. burtoni producing 447 bp of intron sequence located between exon7 and 

8. 

The primary sequences of the three gene regions, Mfap4, Lws, and Cyp19a1, were 

amplified using annealing temperatures of 55ºC, 58ºC, 54ºC, respectively, and the 

following PCR conditions: one cycle of 3 min at 94ºC, 35 cycles at 94ºC for 30 sec, 55-58ºC 

for 30 sec, 72ºC for 90 sec, and a final extension step at 72ºC for 10 min. Resulting 

sequences of A. burtoni were screened for SNPs in the parents of the mapping cross, and 

identified SNPs were then sequenced and scored using nested primers (with annealing of 

55ºC) in 167 F2 individuals.  

Linkage mapping  

Linkage groups, distances and maker orderings were determined with LocusMap 

1.1 (Garbe and Da 2003), JoinMap 4 (Van Ooijen 2006) and Map Manager QTX (Manly et al. 

2001). Non-inheritance errors provided by Locusmap were checked by re-evaluating the 

original chromatograms and either corrected or omitted from the dataset. Most of these 

errors were due to rounding errors of a 1-base difference in allele size, others were 

classified as possible allele-drop-outs or allele mutations. The assignment of markers to 

linkage groups was carried out by using a grouping LOD-threshold of ≥4.0. This value was 

increased from the commonly used LOD score of 3.0 to minimize the risk of false linkage 

due to the large number of two-way tests being performed (Ott 1999). Maps of each of 

the linkage groups were obtained using a pairwise LOD threshold of 3 and maximum 

recombination threshold of 0.4. The Kosambi mapping function, which accounts for 

double recombinations, was used to convert recombination frequencies to centimorgans 

(cM) for all analyses. The order of the markers was manually optimized to decrease the 

number of double recombinations. Markers that presented shared alleles in the 

grandparents have reduced statistical power, since paternal/maternal homozygotes and 



Chapter II – A Genetic Linkage Map for A. burtoni 

- 26 - 

heterozygotes cannot be distinguished in some F2 families (e.g., when one F1 parent is 

homozygous for the shared allele). These markers could assume equally probable 

positions and therefore, their positions are represented as ranges in the map. The final 

map distances were calculated using Map Manager QTX. 

RESULTS 

Polymorphic microsatellites  

We have characterized 278 new microsatellite sequences from genomic DNA of A. 

burtoni, 225 of which could be used to amplify PCR products of the expected size. One 

hundred forty-seven markers were informative (at least one grandparent heterozygous), 

while 49 were not variable in this mapping cross. The remaining 28 loci showed banding 

patterns that were difficult to interpret and thus could not be reliably scored. An 

additional 60 microsatellite markers were derived from prior studies which employed 

microsatellite markers in cichlids (Kellogg et al. 1995; Zardoya et al. 1996; Kocher et al. 

1998; Taylor et al. 2002; Albertson et al. 2003). Most of the microsatellites used consist of 

pure and compound dinucleotide tandem repeats, mainly comprising CA and to a lesser 

extent CT repeat motifs. In addition, there were 13 tetranucleotide loci developed from 

the genus Pundamilia (Taylor et al. 2002) and one from a BAC clone containing ParaHoxC1. 

An investigation of the relationship between repeat length and rate of polymorphism 

showed no significant correlation, however no repeats shorter than 8 times were used 

initially.  

Astatotilapia burtoni linkage map  

Significant linkages were identified for 204 genetic markers, including 191 

microsatellite loci and 13 type I (gene) markers (Figure II.2). Only six markers (Abur58, 

Abur147, Abur190, UNH002, UNH2075, and UNH2185) could not be linked to any other 

marker, which gives a proportion of linked markers of 97 %. We found 25 linkage groups 

(LG) with the number of markers per group ranging from three (LG19, 24, 25) to 18 (LG1). 

The largest linkage groups were LG1, and LG2 with 109.7, and 91.5 cM, respectively. The A. 

burtoni karyotype telocentric chromosomes, although karyotypic size variation among 

chromosomes was not as pronounced when compared to Tilapia and Sarotherodon 

(Thompson 1981).  
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Figure II.2 Linkage map of Astatotilapia burtoni comprising 25 linkage groups. Corresponding 
linkage groups for tilapia are in parentheses as inferred from shared markers among the three 
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African cichlid maps. Distances in Kosambi centimorgans are given left to each linkage group. 
Asterisks indicate loci at which the crossed F0 grandparents share a common allele and 
paternity/maternity of the allele could not unfortunately be identified in all the six half-sib F2 
families. 

The total sex-averaged length of the map was 1,249.3 cM. Marker spacing was on 

average 6.12 cM, with the largest distance being 33 cM. Markers that had a common allele 

in both grandparents had reduced mapping power (since the origin of the allele cannot be 

identified) and presented a range of equally likely positions, which are indicated in Figure 

II.1. Since the genome size of this species has been reported to be 0.97 pg (Lang et al. 

2006), which approximately equals 950 Mb, we estimated the physical-to-map distance 

being 760 kb/cM. 

Hox gene clusters 

In A. burtoni, seven Hox gene clusters have been detected by means of BAC library 

screening and sequencing of positive clones (Hoegg et al. 2007). The mapping results 

using microsatellite flanking regions revealed a distinctive distribution of Hox clusters 

throughout the genome. HoxAa, HoxAb, HoxBa, and HoxBb were mapped to LG15, LG4, 

LG16, and LG20, respectively. While HoxCa was assigned to LG11, HoxDa and HoxDb 

mapped to LG22 and LG14, respectively. Overall, this pattern supports the hypothesis of a 

fish-specific genome duplication, because all Hox clusters are found on different 

chromosomes (Meyer and Van de Peer 2003; Hoegg and Meyer 2005). ParaHoxC1 is on 

LG18 with no association to one of the other conventional Hox clusters corroborating the 

idea that these Hox-like genes constitute dispersed homeobox genes forming novel 

clusters somewhere else in the genome (Siegel et al. 2007).  

Platelet-derived growth factor receptor  (Pdgfr)  

Two paralogons of this gene are known to be present in cichlids due to the fish-

specific genome duplication (Braasch et al. 2006). The mapping of adjacent microsatellite 

markers of type (GT/CA)12-15 from corresponding BAC clones showed the location of 

Pdgfra on LG8, while Pdgfrb was mapped to LG6. In the same BAC clone, the two 

markers Abur209 and Abur212 are flanking the Pdgfra–Csf1r tandem, spanning 

approximately 50kb between them. It is thus not surprising that they are regarded 

identical on the map. The observation of Pdgfr  (see the above part on ParaHoxC1) and 

the A- and B-copies of Pdgfr occurring on different linkage groups, as in Hox-genes, 

favors the origin of this gene family by whole genome duplication and not due to tandem 

duplication. 
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Long wavelength-sensitive opsin (Lws) 

In the sequence upstream of the Lws-gene using the primers LWSB_F2 and 

LWSB_R3, we found a SNP at position 231 (using nested primers) in the F0 grandparents of 

the mapping cross. The male parent was CT heterozygous and the female parent was TT 

homozygous, thereby permitting linkage analyses (yet with the reduced statistical power) 

through genotyping of F2 individuals. The analysis revealed this gene important for color 

vision and probably speciation by female mate choice (Terai et al. 2006) to be located on 

LG3 in A. burtoni. Lws does therefore not appear to be linked to any other candidate gene 

employed in this study. 

Microfibril-associated glycoprotein 4 (Mfap4) 

Amplification from genomic DNA with the two primer pairs directly derived from 

EST clones of H. chilotes led to the discovery of an intronic region in sequence BJ679835 

(Figure II.1). Since the expected size of the product from cDNA was 544 bp and the 

observed size was 2.2 kb, the size of the intron could be estimated to be ~ 1.65 kb in 

length. Within this intron we identified a SNP at position 392 in the sequence given by 

primer Magp4_2R when aligned to clone BJ679835. At this site the male parent was TT 

homozygote and the female parent was CC homozygote, while all F1 individuals were CT 

heterozygotes, as expected. We also compared the amplified coding regions between H. 

chilotes and A. burtoni, which displayed 15 substitutions over 195 bp. For SNP genotyping 

of the F2 we used nested primers in the intron region yielding a shorter fragment of 339 

bp, subsequent linkage analyses of which showed the Mfap4 locus to be positioned on 

the small LG20 (five markers, 24.1 cM). The latter also comprises the HoxBb cluster and 

the marker UNH2069, which shows an associated QTL for jaw morphology in the Malawi 

cichlid Metriaclima (Albertson et al. 2003). 

Ovarian cytochrome P450 aromatase (Cyp19a1)  

We were able to identify two SNPs (AF472620:g.4167A>C; AF472620:g.4440G>T) 

in the F0 parental DNA of the A. burtoni mapping cross, one in the intron bridging exons 7 

and 8 and the second one in exon 8. The male parent was g.4167CC and g.4440GG 

homozygote, while the female parent was g.4167AA and g.4440TT homozygote. Linkage 

analysis with microsatellite markers using an F2 intercross revealed the map location of 

Cyp19a1 on LG9 in A. burtoni. In the Nile tilapia, Cyp19a1 was found in the vicinity of the 

presumed SEX locus on LG1 (Lee et al. 2003). This linkage group corresponds to the 
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original LG6 reported by Albertson et al. (2003) for Metriaclima, but this has now been 

renamed in accordance to the Tilapia map as LG1 (Albertson et al. 2005). 

EST-linked microsatellites 

Thirteen informative microsatellite markers (Abur221, 223-228, 230, 233-235, 239-

240; Table S1) were produced from EST clones of A. burtoni. These markers occurred 

widely distributed on several different linkage groups, such as LG1, 3, 6-9, 11, 13, 16 and 18 

which would make them suitable for genome scans in order to discover functional 

polymorphisms. Comparisons of A. burtoni EST clones with known sequences of medaka 

revealed a few homologies with protein coding genes. The sequence adjoining marker 

Abur224 on LG16 was indicated as part of the transcript of deoxyhypusine synthase (Dhs), 

which occurs in a single copy in medaka and is essential for cell viability. Despite the short 

overlap of 42 bp and therefore high e-value (2.2e-11, PID 79%), alignment structure and 

orientation to the poly-A tail with the microsatellite in the 3’UTR strongly support this 

assumption. Abur226 on LG6 (6.4e-42, PID 78%) corresponds to protein phosphatase 1 

regulatory subunit 14A (Ppp1r14a), a cytosolic inhibitory protein of PP1 with a molecular 

weight of 17 kDa. Abur233 on LG7 (5.6e-50, PID 77%) was found adjacent to a member of 

the protein family keratin, type I (cytoskeletal cytokeratin) accounting for the keratin 

filaments in epithelia. Teleost fish show an excess of keratin type I over type II genes, thus 

as many as 17 type I gene members are present in medaka. For more annotations of EST 

sequences from this library see Salzburger et al. (2008).  

Comparison between the A. burtoni and M. zebra/L. fuelleborni map  

A genetic linkage map is available from a hybrid cross of two closely related Lake 

Malawi cichlids, Labeotropheus fuelleborni and Metriaclima zebra (Albertson et al. 2003). It 

contains 127 microsatellite markers, of which we were able to use 33 as informative 

markers in the linkage map of A. burtoni. A comparison of the two maps revealed good 

concordance in some parts, in which all markers located in a single linkage group in Lake 

Malawi cichlids, e.g. LG2 with UNH2080, 2037 and 2059, were found on LG21 of A. burtoni 

as well. In addition, numerous markers appeared jointly in the same order (with the 

exception of UNH2116 and UNH2181) on differently named linkage groups in the two 

maps, thus enabling patterns of correspondence of those linkage groups. It appears that 

A. burtoni linkage groups LG1, 2, 7, 8, 9, 12, 18 and 21  correspond to LG1, 16, 5, 4, 6, 3, 10 

and 2 in the Lake Malawi cichlid map (Albertson et al. 2003), respectively, using the 
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criterion of at least two shared markers. The observed correspondences of microsatellite 

markers are reported in Table 1. 

Comparison between the A. burtoni and the Tilapia (Oreochromis spp.) map  

We initially screened 51 microsatellite markers from the available linkage maps of 

the tilapia (Kocher et al. 1998; Lee et al. 2005) for their use in linkage mapping of A. 

burtoni, and found rather low levels of polymorphism in our test cross, although 

amplification success was around 50 %. Thus, only a small number of markers are shared 

between the two maps, namely UNH106, UNH2191, UNH192, UNH2150, UNH2166, and 

UNH130 which could be used for comparison. In the tilapia map, containing 24 linkage 

groups, markers on LG3, LG9, LG11, LG15, and LG23 indicated correspondence of these 

linkage groups to LG19, LG17, LG4, LG2 and LG18, respectively, in the A. burtoni map. Due 

to the small number of tilapia microsatellites that were successfully mapped, the 

correspondence of LGs was determined with the sharing of a single marker, with the 

exception of LG2, that shares two markers with LG15 of tilapia, 

SNP mapping of Cyp19a1 in A. burtoni revealed this gene on LG9, which therefore 

has a closer relationship to LG1 in tilapia containing SEX and Cyp19a1 (Lee and Kocher 

2007). In accordance to that, Albertson et al. (2005) have renamed LG6 from an earlier 

paper on Metriaclima (Albertson et al. 2003) to be now LG1 as in tilapia. Hence, similarities 

among all three East African cichlid maps could be used to find out probable synonymies 

of linkage groups. An attempt to reconcile the nomenclature of present maps is depicted 

in Table SII. Also, taking the tilapia map as a standard some of these relationships were 

included in Figure II.2. 

DISCUSSION 

This is the third genetic map of a cichlid fish. Astatotilapia burtoni is from Lake 

Tanganyika and its surrounding rivers. It significantly adds to the knowledge of previous 

linkage maps for the generalist and geographically widespread tilapia, Oreochromis spp. 

(Kocher et al. 1998; Lee et al. 2005), and the specialist Lake Malawi endemic M. zebra/L. 

fuelleborni (Albertson et al. 2003). In the A. burtoni map we identified linkages among 204 

genetic markers, mainly microsatellites and 13 type I (gene) markers, which were assigned 

to 25 linkage groups. The difference in size of the linkage groups corresponds quite well 

to chromosome morphology reported from investigations of the karyotype. While most 

chromosomes are relatively small and of metacentric-submetacentric or metacentric type, 
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there are also four large subtelocentric-telocentric chromosomes displayed by the 

karyotype (Thompson 1981). The A. burtoni karyotype has 20 chromosomes, it is therefore 

expected that some of the linkage groups presented here coalesce with the addition of 

more markers. Lake Malawi cichlids, on the other hand, have a slightly higher 

chromosome number with N = 23 (Thompson 1981), which is in agreement with the 24 

linkage groups found by Albertson et al. (2003) for an interspecific cross between M. 

zebra and L. fuelleborni. The current map of the tilapia, though one of the most detailed 

fish linkage maps, still shows 2 linkage groups more than is expected from the 22 

chromosomes of the karyotype (Lee et al. 2005). 

We were able to establish several correspondences of the A. burtoni and the Lake 

Malawi cichlid map (Table II.1), syntenies of microsatellite markers were common with 

only a few unexpected syntenies among shared markers, such as UNH2084 on LG5 

instead of LG12 in A. burtoni. The correspondence of markers used for the map of tilapia 

could for a large part not been directly explored because of the evolutionary distance 

between the species. Many of these markers amplified did not show polymorphism in the 

A. burtoni mapping cross so that recent views on the wide application range of the tilapia 

map for the > 2000 species of cichlid fishes in the East African lakes (Lee et al. 2005) might 

have been too optimistic. Nevertheless, using the combined information from the three 

maps of East African cichlids many linkage groups could be brought in line with the tilapia 

map on the basis of shared markers (see Table SII.2, Figure II.2).  

Comparison of the map location of the gene for ovarian cytochrome P450 

aromatase (Cyp19a1) on LG1 in tilapia (Lee and Kocher 2007) together with overlapping 

markers used in M. zebra and A. burtoni (Table SII), renders the synonymy of LG6 in M. 

zebra and LG9 in A. burtoni to that tilapia LG1 highly likely (see also Albertson et al. 2005). 

Cyp19a1 is involved in sex differentiation of mammals, and could also be important in 

determining sex in vertebrate species that lack sex chromosomes. However, in the Nile 

tilapia, this gene was found 27 cM away from the presumed sex-determining locus on LG1, 

rendering its function as a master control gene for sex determination unlikely. In general, 

the sex locus in tilapia (O. niloticus) behaves like an XY system (Lee et al. 2003; Lee and 

Kocher 2007). On the other hand, Lee et al. (2004) found microsatellite markers 

consistent with a ZW (female heterogametic) system on LG3 in O. aureus. Thus, the 

mechanism of sex-determination appears highly variable among species of African cichlids 

as is the case in fishes more generally (Volff et al. 2007). The occurrence of Cyp19a1 on LG9 

in A. burtoni raises the possibility that a sex determining factor is located on this 

chromosome, it is known however, that alternative chromosomal sex determining 
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mechanisms have evolved independently in closely-related fish species (Takehana et al. 

2007; Henning et al. 2008). 

Table II.1 Oxford plot comparing the linkage maps of Astatotilapia burtoni and Metriaclima 
zebra/Labeotropheus fuelleborni 

 

Using microsatellites from BAC clone sequences, we were able to map all seven 

clusters of Hox genes (Aa-Ca, Da, Db) that have been reported from A. burtoni (Hoegg et 

al. 2007) as well as ParaHoxC1 (Siegel et al. 2007). The surprising variation of Hox clusters 

among vertebrates has been widely used to study the evolution of vertebrate genomic 

organization (Hoegg and Meyer 2005). While the origin and timing of the four Hox 

clusters in Tetrapods is still much debated, there is mounting evidence that the eight 

clusters in ray-finned fish originated by whole genome duplication (3R hypothesis) 

(Malaga-Trillo and Meyer 2001; Meyer and Van de Peer 2003; Hoegg et al. 2004). In 

accordance to that hypothesis, we found all Hox clusters scattered throughout the 

genome and no linkages were established among them. Similarly, zebrafish have seven 

Hox clusters on seven different chromosomes (Postlethwait et al. 1998) but the Db cluster 

was lost instead of the Cb cluster in A. burtoni (Hoegg et al. 2007). The ParaHoxC1 

paralogon mapped to LG18, which did not carry any genes of the Hox complex. Sequence 

comparisons showed that ParaHoxC1 and its 3’ adjoining genes of Danio rerio are located 

on chromosome 20 (Siegel et al. 2007). In general, however, synteny of the duplicated 

genes in teleosts seems to be less conserved in the ParaHox genes compared to the Hox 

genes. 
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According to many studies, one important aspect for the vast amount of cichlid 

diversification is the significant role of color morphs in different populations and species 

with regard to mate choice and male-male competition (e.g. Turner and Burrows 1995; 

Seehausen and Schluter 2004). Therefore, the mapping of candidate genes involved in 

teleost coloration can serve as a valuable tool to study speciation processes in cichlids. 

For instance, the orange blotch color pattern in M. zebra, which is expressed mainly in 

females, has been mapped to a particular chromosomal region and candidate genes for 

this pigmentation phenotype have been identified (Streelman et al. 2003). We mapped 

two paralogons of the tandems Pdgfr-Csf1r and one of Pdgfr-Kita, a family of receptor 

tyrosine kinase genes that have been shown to influence coloration in teleosts (Braasch 

et al. 2006; Salzburger et al. 2007). While the kit gene is essential for the development of 

neural crest-derived dark melanocytes in mammals and zebrafish (Parichy et al. 1999), 

Csf1r promotes the development of yellow xanthophores in zebrafish (Parichy and Turner 

2003) and there is some evidence for its developmental role in the generation of cichlid 

egg spots (Salzburger et al. 2007). The location of the Pdgfr paralogons on two different 

linkage groups in the genetic map of A. burtoni, Pdgfra on LG8 and Pdgfrb on LG6, 

lends further support to the occurrence of a fish-specific genome duplication. In general, 

the teleost A-paralogon has retained a longer stretch of synteny with the single copy of 

the tetrapod locus compared to the B-paralogon (see Braasch et al. 2006). It has 

therefore been suggested that the B-paralogon underwent some functional divergence 

(neofunctionalization) of the cell-surface receptors, rendering these duplicated receptor 

genes ideal targets for future QTL studies on cichlid coloration patterns. 

Divergent evolution of the visual system is a likely mechanism to explain incipient 

speciation and diverse patterns in the males’ breeding coloration in cichlids (Terai et al. 

2006). Our study species A. burtoni is a close relative of the sibling species pairs in the 

genus Pundamilia, for which the sensory drive hypothesis (differences in male coloration 

evolving as a consequence of divergent visual sensitivities) has been shown to involve the 

gene for long wavelength-sensitive opsin (Lws)  (Seehausen et al. 2008). This gene shows 

the highest variability among cichlid opsins and appears to be under strong divergent 

selection at least in the Lake Victoria species flock (Carleton et al. 2005). We were here 

able to locate the map position of this important gene in A. burtoni on LG3, which 

corresponds to LG5 in tilapia carrying the genes for the Blue Opsin and for c-ski I (Lee et al. 

2005). Remarkably, the latter marker has been found to be in close association to the 

orange blotch color polymorphism in M. zebra (Streelman et al. 2003). It will thus be 
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interesting to examine through future advances in quantitative genetics whether other 

linked genes for coloration will be co-occurring on this particular chromosome. 

Apart from color, evolutionary diversification in cichlids has also been driven by 

trophic specialization, which altered jaw morphologies and teeth shape in different 

species according to feeding type (Kocher 2004a; Albertson and Kocher 2006; Streelman 

and Albertson 2006). A QTL mapping study by Albertson et al. (2003) focusing on these 

feeding adaptations has shown that the oral jaws of Lake Malawi cichlids evolved in 

response to strong, divergent selection. In a closely related species pair of Lake Victoria 

cichlids, Haplochromis chilotes and sp. “rockkribensis”, showing divergent jaw types, a 

conspicuous difference in expression rates of the Mfap4 gene (encoding a microfibril-

associated glycoprotein) was recently discovered (Kobayashi et al. 2006). This suggests 

that cichlid Mfap4 may be responsible for the disparity in jaw development between such 

morphologically different species. Magp4 is also known to be involved in a human 

heritable disease, the Smith-Magenis-Syndrome (SMS) resulting in a characteristic 

phenotype with flattened mid-face and striking jaw and forehead (Zhao et al. 1995). We 

mapped the ci-Mfap4 to the small LG20 in A. burtoni, which, in addition, comprises the 

HoxBb cluster and three anonymous microsatellite markers. The corresponding LG20 in M. 

zebra with marker UNH2069 carries a QTL for differences in lower jaw width (Albertson et 

al. 2003). Another candidate gene for craniofacial diversity, bone morphogenetic protein 4 

(bmp4) occurs on LG2 (renamed LG19 in Albertson et al. 2005) in M. zebra (which 

corresponds to LG21 in A. burtoni), and explains more than 30% of the phenotypic 

variation in the opening and closing levers of the cichlid lower jaw (Albertson et al. 2005).  

We have mapped 13 EST based microsatellite markers derived from brain and 

mixed tissue libraries of A. burtoni (Salzburger et al. 2008) showing a widespread 

distribution among chromosomal regions. Homology searches using the medaka 

database resulted in three reliable hits constituting protein coding genes for 

deoxyhypusine synthase (Dhs), protein phosphatase 1 (Ppp1r14a), and a member of the 

keratin, type I protein family.  Despite the observation that the remaining EST-linked A. 

burtoni markers stem from anonymous clones, for which no homology with known 

sequences could be established, they should nevertheless provide a useful source for 

studying gene-associated polymorphisms in different chromosomal regions. It has been 

suggested that EST-linked microsatellite genome scans provide an efficient strategy for 

detecting signatures of divergent selection, especially in nonmodel organisms (Vasemägi 

et al. 2005). In particular, the broad interspecific application range of microsatellite 

markers in East African cichlids with their large diversity in morphology, behavior and life-
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history patterns provides a good opportunity to use such markers with known 

chromosomal location for comparative studies on polymorphism and to examine the 

footprints of selection. 

Genetic linkage maps are valuable genomic resources that have been widely used 

in a number of different applications but particularly notable are recent advances of the 

QTL approach in evolutionary studies (Erickson et al. 2004; Slate 2005). One of the most 

debated questions in evolutionary biology is whether major genes play a key role in 

species differences or whether a large number of small changes do (Orr 2001). QTL 

studies have yielded significant contributions toward this issue (Hawthorne and Via 2001; 

Peichel et al. 2001; Albertson et al. 2003). In threespine sticklebacks, for instance, it was 

shown that a major QTL can cause large shifts in phenotype with regard to the 

morphological differences between the sympatric benthic and limnetic forms (Colosimo 

et al. 2004). Studies in East African cichlids discovered new relationships of the genomic 

regions involved in feeding adaptations and jaw types (Albertson et al. 2003; Albertson et 

al. 2005), including the discovery of a region explaining approximately 40% of phenotypic 

variance in cichlid tooth patterning (cusp number) (Streelman and Albertson 2006). It is 

thus promising that whole-genome sequencing has been initiated for several species of 

cichlid fishes including draft sequencing (5x) of tilapia (O. niloticus) and 2x coverage each 

of three haplochromine species (http://hcgs.unh.edu/cichlid/). Astatotilapia burtoni, H. 

chilotes and M. zebra will be among them, so that this medium density genetic map of A. 

burtoni presented here can be used in conjunction with QTL analyses to pinpoint 

evolutionarily important genes (those that are presumably selectively adaptive). 

Comparisons of the sequenced cichlid genomes will then give insights into the similarity 

or differences in the underlying molecular changes that caused their phenotypic 

divergence among closely related species or caused convergent similarities among more 

distantly related cichlid species. 
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ABSTRACT 

Sexual selection on male coloration is one of the main mechanisms proposed to explain 

the explosive speciation rates in East African cichlid fish. Eggspots are color patterns 

characteristic of the most species-rich lineage of cichlids, the Haplochromini, and have 

been suggested to be causally related to the speciation processes. Eggspots are thought 

to have originated by sensory exploitation and subsequently gained several roles in sexual 

advertisement. However, for most of these functions the evidence is equivocal. In 

addition, the genetic architecture of this trait still is largely unknown. We conducted 

bidirectional selective breeding experiments for eggspot numbers in the model cichlid, 

Astatotilapia burtoni. After two generations, low lines responded significantly, whereas 

the high lines did not. Body size was both phenotypically and genotypically correlated 

with eggspot number and showed correlated response to selection. Males with higher 

numbers of eggspots were found to sire larger offspring. Despite the potential to act as 

honest indicators of fitness, the behavioral experiments showed no evidence of a role in 

either intra- or inter-sexual selection. Female preference was instead explained by 

courtship intensity. The evolution of this trait has been interpreted in light of adaptive 

theories of sexual selection (good genes, sexy sons), however the present and published 

results suggest the influence of non-adaptive factors such as sensory exploitation, 

environmental constraints and sexual antagonism. 

 

Key words: artificial selection; mate choice; female preference; haplochromine cichlids; 

egg-dummies; egg-mimics 
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INTRODUCTION 

The haplochromine lineage of cichlid fishes has the fastest known speciation rate 

(Verheyen et al. 2003). With little overall genetic differentiation, cichlids have achieved an 

extraordinary diversity including ecological types and coloration polymorphisms (Kocher 

2004a). Eggspots (Figure III.1), also referred to as egg-dummies or –mimics, are 

considered by some authors to be key-evolutionary innovations of haplochromines that 

might influence speciation rates (Wickler 1962; Goldschmidt and Visser 1990; Salzburger et 

al. 2005; Salzburger et al. 2007). A direct role of eggspots in speciation was suggested by 

Goldschmidt and Visser (1990), who reasoned that divergent selection regimes on egg 

morphology could lead to divergence of eggspots and female preference, thus facilitating 

speciation. Furthermore, the origin of this trait coincides with the origin of the 

haplochromines leading to the perception that eggspots might be causally involved in the 

explosive speciation rate of this lineage (Salzburger et al. 2007). In the present 

manuscript, we analyze the short-term response of number of eggspots to artificial 

selection and test the hypotheses that the number of eggspots is an honest indicator of 

survival and social status and therefore a target for adaptive female choice.  

Eggspots are color traits usually located on the anal fin and are considered to 

mimic eggs. They play many important roles in the mating behavior of haplochromines. In 

order to attract mates, territorial males approach and quiver their anal fin thereby 

displaying it and their eggspots to females. During courtship and mating displays, both 

sexes perform this quivering behavior and this induces the partner to mouth at their anal 

fin, eliciting spawning and release of semen (see Video S III.1). Female haplochromines 

collect the eggs in their mouth immediately after they are spawned, presumably as an 

adaptive response to the heavy rates of predation on eggs. It was originally proposed that 

eggspots deceive females to mouth at the males anal fin to ensure fertilization (Wickler 

1962). However, the experimental removal of eggspots had no effect on fertilization 

success (Hert 1989, 1991). Some mate choice studies suggest that advantages to males 

can instead derive from increased mating frequency (Hert 1989). It was reported that in 

several haplochromines, females discriminate among males based on presence (Hert 

1989), particular number and size (Couldridge 2002) and high numbers (Hert 1989, 1991; 

Couldridge and Alexander 2001). Most haplochromines have a variable numbers of 

eggspots. In others, such as Pseudotropheus (Maylandia) lombardoi, it was reported that 

males have a single spot and that female mate choice is the likely source of selection 

(Couldridge 2002).  
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Figure III.1 Eggspot number variation in Astatotilapia burtoni. A dominant male is shown on top. A 
histogram showing the frequency of eggspot numbers in a sample of 167 males of 6 months of age 
(bottom-left). An anal fin with four conspicuous eggspots is shown on the bottom-right.  

 By mimicking eggs eggspots might constitute one of the few clear examples of 

sensory exploitation and pre-existing bias (Tobler 2006) and might have evolved by 

exploitation of an ancestral sensory bias (Egger et al. 2011). Empirical and theoretical 

studies suggest that sensory exploitation might be important for the initial evolution of 

preference and signal (Arnqvist 2006). The costs of being exploited by males can 

subsequently favor the evolution correlations with fitness-related traits and sexual 

advertisement functions leading to adaptive female choice (Arnqvist 2006). A role in 

sexual advertisement was suggested to account for female preference for high numbers 

of eggspots. It was proposed that high numbers indicate genetic quality (Hert 1991) and 

are correlated with male fitness traits such as survival and social dominance (Lehtonen 

and Meyer 2011).  

Little is known about the factors responsible for the variation in numbers of 

eggspots. Even the simplest explanation for the variation in numbers (positive phenotypic 

correlation with body size) has received mixed support (Crapon de Caprona and Fritzsch 

1983; Lehtonen and Meyer 2011). Furthermore, the sources of sexual selection (both inter- 

and intra-sexual) are based on a limited number of studies and species and modest 

sample sizes (Hert 1989, 1991; Couldridge and Alexander 2001; Couldridge 2002; Lehtonen 

and Meyer 2011).  

In spite the enthusiasm for eggspots and their role in cichlid speciation, the 

genetic architecture and transmission genetics of this trait still is largely unknown. 
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Artificial selection experiments are invaluable tools for directly investigating the response 

to selection, general evolvability (sustainability of the response) and the existence of 

genetic correlations (Hill and Caballero 1992; Fuller et al. 2005). Few studies have applied 

these methods to teleosts models of evolutionary and not aquacultural research (Houde 

1994; Baer and Travis 2000; Endler et al. 2001). 

The focal species of the present study, the model haplochromine Astatotilapia 

burtoni  is polymorphic for eggspot numbers and exhibits lek-like mating behavior 

(Fernald and Hirata 1977b). A recent study on the variation of eggspot numbers in this 

species shows that numbers of eggspots are highly heritable. On the basis of a correlation 

with age and success in male-male competition, the authors proposed that high numbers 

of eggspots function as sexual advertisers (Lehtonen and Meyer 2011). 

The present study aims to analyze a) the response of eggspot numbers to 

bidirectional selection; b) the phenotypic and genetic correlations with body size; c) the 

strength of female mating preference on this trait and; d) test the sexual advertisement 

functions. In addition, ontogenetic series were analyzed to disentangle of effects of aging 

and growth on eggspot numbers and assess the proximal mechanisms of eggspot gain.  

MATERIALS AND METHODS 

Response to artificial selection 

Bidirectional artificial selection for eggspot number was carried out for two 

generations using a stock of Astatotilapia burtoni maintained and randomly mated in the 

laboratory for over 10 years (generation time is about six months). Three selection lines 

(low, high and control), with two replicates each, were established from a base 

population of 82 individuals (58 males and 22 females) of approximately one year of age. 

The distribution of eggspot number of the base population is shown in Figure SIII.1. First, 

six individuals were randomly selected to constitute each of the control lines then the 

three males and females with the highest and lowest numbers of eggspots were selected 

to establish the first generation of the high and low lines, respectively.  

To avoid sib matings, the second generation was generated by selecting one male 

and one female from each family (within-family truncation selection). Each replicate was 

housed in a single tank, and the families kept separate using mesh dividers. To avoid 

effects of density resulting from different brood sizes, families were reduced three 

months prior to selection to make their sizes comparable to the smallest family. The tanks 

were randomized in each generation of selection. At six months of age, pairs were 
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selected, isolated and kept separate using plexi-glass (to avoid aggression from the male 

and ensure visual contact and maintenance of an active reproductive state). The pairs 

were inspected daily and allowed to interact without the dividers after showing signs of 

sexual behaviors. In these conditions, all males become territorial and reproductively 

active and most females spawn in regular intervals (20-30 days). Ripe females have a 

distinct morphology (swollen abdomen and genital papilla) and respond actively to male 

courtship.  

The sample sizes are shown in Table S1. In one case (control line, replicate one) a 

brood consisted exclusively of females. Although females normally spawn in regular 

intervals, in some cases the selected females failed to spawn or the pair failed to mate 

successfully. These factors caused the second generation to consist of one (low 1, control 

1 and high 2) or two families (high 1 and low 2) in some lines. This does not affect our 

analysis since inbreeding is not biased towards a particular selection line or phenotypic 

value. 

Because the eggspots of females are sometimes difficult to count unambiguously, 

only the male values were used in the analysis of selection response. The number of 

eggspots was counted based on standard photographs and scaled to the mean and S.D of 

each sex/replicate (z score). The significance of the response to selection of eggspots and 

correlated response of body size was analyzed by comparing selection to control lines 

using Mann-Whitney tests because normality of the data in all replicates and lines was 

rejected (Shapiro-Wilks test, P < 0.05). 

Heritability was estimated using the animal model (mixed model) approach 

according to Wilson et al. (2010) using the MCMCGlmm R package (Hadfield 2010). This 

estimate was based on the total pedigree information and all the phenotypic records. The 

mixed model approach including females and was chosen instead of the traditional 

midparent-offspring correlation because it is more robust to the violations of assumptions 

of absence of selection and normality. This method can also account for different 

underlying error distributions, as is expected to be the case with sex in the present study 

(female values are uncertain, particularly at lower phenotypic values) (Hill and Caballero 

1992; Lynch and Walsh 1998). Models were compared using the Akaike and deviance 

information criteria (AIC and DIC). The final model had sex as a fixed effect and tank, 

selection line, age and animal (pedigree matrix) as random effects. To test for genetic 

correlations between eggspot number and body size, offspring eggspot number and 

body length were regressed on midparent body length and eggspot number, respectively.  
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Female mating preference 

Association time, a widely used predictor of mating preference (Couldridge and 

Alexander 2001; Frommen and Bakker 2006; Lehtonen and Lindstrom 2008), was 

measured as a proxy for female preference. The test tank (500l, 190 x 70 x 40 cm) was 

divided into three enclosures using glass dividers. The two most extreme quartiles of the 

center compartment were considered choice zones. The time spent in each of the three 

zones was recorded for 20min. All trials were video-taped for later quantification of male 

courtship. One male from each group was introduced randomly to each of the lateral 

compartments (125l, 50 cm length). Males were acclimated for at least two hours in the 

presence of con-specifics before the trial. 

37 mature males (13-18 months of age) were selected and paired to minimize size 

difference and maximize the difference in eggspot numbers. Two groups consisting of 

males with high (9-13, n = 8) and low (6-7, n = 8) numbers of eggspots were used in the 

valid trials. To achieve a good match of size, weight and eggspot number some males had 

to be used more than once, but were paired to different males. The mean difference in 

eggspot number between the two males in each trial was 5.09 (S.D. = 1.87). All males 

were kept in individual tanks for at least four days prior to the experiment. A ripe female 

(identified visually from a stock of 26 kept in sexual isolation) was transferred to the 

center compartment immediately before each trial. Females took less time to acclimate 

than males, and were actively exploring the test tank one or two minutes after being 

introduced.  

Courtship intensity was measured by summing the counts of the following male 

behaviors: approach, quiver and lead swim. The sum was normalized by the time spent in 

proximity to the female to avoid obtaining a spurious correlation. Males only court in the 

presence of females, so the male with more association time automatically courts more. 

After the trial, the test female was transferred to a tank containing a sexually active, 

territorial male to determine whether the female was ripe. Ripe A. burtoni females mate 

immediately with the resident male in these conditions. Some can take up to 48h 

depending on the degree of maturation of the eggs. 

Mate choice trials were considered valid when a) both males courted; b) the 

female had visual contact with both males within the first 10min and c) the female 

spawned within 48h of the trial (Couldridge and Alexander 2001; Frommen and Bakker 

2006). Multiple-regression was carried out using female association time as the 

dependent variable and factors known to influence mate choice in haplochromines were 

independent variables. Those were pelvic fin length, standard length, eggspot number 
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and courtship intensity. The values included in the analysis were calculated as the 

difference between both males. Model simplification proceeded through sequential 

dropping of the least significant terms. Nested models were compared using F tests. All 

statistical analyses were performed using R version 2.10.1 (R-Development-Core-Team 

2009). 

Phenotypic correlation with body size and ontogeny 

To test whether eggspot numbers can act as an honest indicator of survival, we 

investigated the correlation of eggspot number (response) with standard length and age 

(predictor variables) on a sample of 542 males. Colinearity of the predictors was assessed 

by calculating correlation coefficients and the variance inflation factor (VIF) using the R 

package MASS. The analysis was initially carried out using a generalized linear model 

(GLM) with Poisson errors. However the residuals were not normally distributed, there 

was evidence of heteroscedasticity and very high VIF values. The data was further 

analyzed in a linear model (LM) with robust estimates of the standard error and P values 

obtained using a sandwich covariance matrix estimator in the R package sandwich (Zeileis 

2006). In a second LM, the response variable was Box-Cox transformed based on the 

likelihoods of the λ values using the R package MASS and analyzed in a LM. The 

transformation led to a more reliable model in which errors were normally distributed and 

homoscedastic. To disentangle the unique contributions of age and size, a residual 

regression was performed. In this approach, the residuals of the regression of weakest 

predictor on the strongest are used instead of the observed values (Graham 2003). 

The mechanisms of eggspot addition were investigated through the analysis of 

ontogenetic series from 14 individuals. All specimens were raised in individual tanks to 

avoid potential effects of social environments and photographed at approximately 6 

month of age and in intervals of 2-6 months until the age of 24 months.  

Male-male competition 

The correlation of eggspot number with dominance was assessed by allowing two 

males to directly compete in a tank measuring 90 x 70 x 40 cm (250l) in the presence of 10 

females (added to improve acclimation). Under these conditions, males engage in intense 

territorial battles within 10 min. A total of 112 males were photographed and paired to 

minimize size difference and distribute other factors (such as age and social context) 

uniformly between the two groups of males with high and low numbers of eggspots. 33 
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pairs (total number of males = 66) were selected. The difference between both males in 

relevant traits is shown in supporting Figure SIII.2.  

Subordinate males were immediately removed after the hierarchy had been 

established, which usually took place within 5 – 20 min. The probability of success of the 

individuals with more eggspots in the 33 trials was tested against the null hypothesis of 

0.5 using a binomial test. 

Experiments were approved by the German authorities (Regierungspräsdium 

Freiburg, Abteilung Landwirtschaft, Ländlicher Raum, Veterinär- und Lebensmittelwesen). 

RESULTS 

Response to artificial selection 

The standardized selection differential and responses are given in Table 1. The 

response to selection was asymmetric, the low line responded significantly whereas the 

high line did not (Table III.1, Figure III.2a). The response trajectories are shown in Figure 

III.2B. The number of eggspots of the low line differed significantly from the control line in 

both the first generations. Due to biased sex ratios and failure to spawn in one family (see 

Materials and Methods), replicate 2 of the low line (generation 2) consisted of only 2 

males. In this case, the small sample size did not allow for statistical significance although 

the trend is clear (Figure III.2B). The high line was not significantly different in any of the 

generations. The narrow sense heritability estimated with the animal model was of 

0.38±0.2. 

Table III.1 Standardized selection differentials (S) and response (R) for each of the selection lines. 
Values are presented as z scores (as described in the Materials and Methods section).

Generation Line Replicate S R 

1 Control 1 0.12 0.07 

  2 -0.36 0.03 

 High 1 2.19 0.36 

  2 1.87 0.31 

 Low 1 -1.32 -0.65 

  2 -1.16 -0.94 

2 Control 1 1.85 0.1 

  2 -0.15 0.42 

 High 1 0.35 0.3 

  2 0.35 0.28 

 Low 1 -1.89 -0.39 

  2 -1.52 -0.48 
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The correlated response of body size is shown in Figures III.2C. Body size showed 

significant response in the first generation of selection for high numbers of eggspots (W = 

1062.5, P = 0.012) and for low numbers in the second generation (W = 2773, P < 0.001) 

(Figure III.2D). 

Table III.2 Results of two-sample Wilcox test of response to selection. The test statistic (W), P 
values and number of males in each replicate are given (N). Significant P values are shown in bold. 

 Line Generation Replicate W P value N 

Low 1 1 205.5 0.027 15 

  2 244.5 0.016 16 

  Combined 887 0.002 31 

 2 1 3 0.617 2 

  2 509 < 0.001 28 

  Combined 590 < 0.001 30 

High 1 1 125 0.546 15 

  2 132 0.612 14 

  Combined 499.5 0.3187 29 

 2 1 16.5 1 17 

  2 163.5 0.813 13 

  Combined 415 0.672 30 

Female mating preference 

24 trials were conducted, out of which 10 were considered valid according to the 

criteria outlined in the Materials and Methods section. Seven trials were eliminated due to 

criteria a, two due to b and five due to c. Females that were not ripe spent more time in 

the neutral zone (48%) than females from valid trials (16.7%). This indicates that the 

difference in association time between males reflects sexual choice, rather than schooling 

behavior. Some examples of the recorded mating behaviors are shown in the Video S1. 

Female association time was normally distributed (Shapiro-Wilks test, W = 0.975, P 

= 0.932) and was not significantly correlated with pelvic fin length, body size or eggspot 

number (Figure III.3A). Courtship intensity was significantly correlated with female 

association (adjusted r2 = 0.435, F = 7.941, 8 df, P = 0.023) (Figure III.3B).  

Male-male competition 

All pairs of males engaged in aggressive territorial disputes and the dominance 

hierarchy was clearly established in all trials. The males with higher numbers of eggspots 

were dominant in 19 out of 33 trials. The estimated probability of success of 0.58 (95% C.I., 

0.39 - 0.75) does not differ significantly from 0.5 (binomial test, P = 0.49) (Figure III.3C). 
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Figure III.2 Response and correlated response to selection. Response of eggspot numbers (A,B) 
and correlated response of body size (C,D) to two generations of artificial selection. (A) Boxplots 
of eggspot numbers of each selection line. (B) Selection response trajectories. Eggspot numbers 
were scaled (z score) to eliminate the difference in range between the generations. Plotted values 
are the means of each replicate. (C) Boxplots of standard length of each line. (D) Correlated 
response trajectories of standard length values scaled (z score) to eliminate the difference in range 
between the generations and sexes. Values plotted in the line plots (B and D) are the means of 
each replicate.  
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Phenotypic correlation with body size and ontogeny 

Standard length had a significant positive effect on eggspot numbers in all 

analyses. Those were a GLM (β = 0.17, S.E. = 0.013, Z = 13.77, P  < 0.001), a LM with robust 

estimates (β = 1.08, S.E. = 0.055, T = 19.72, P  < 0.001) and a LM with transformation of the 

response variable (β = 0.03, S.E. = 0.001, T = 28.84, P  < 0.001). The effect of age was not 

significant, and dropped from the models. 

 

Figure III.3 Results from behavioral experiments. (A) Association times of the two groups of males 
with high and low numbers of eggspots. Boxes represent the interquartile range, the median is 
shown by the dark bar and outliers are displayed as circles; (B) Regression of association time on 
the difference in courtship intensity of the two males in each trial; (C) Number of trials won by 
males with lower (light grey) and higher (dark grey) numbers of eggspots is shown on the stacked 
barplot. The left axis shows the total number of trials (33) and the height of each stack represents 
the number of trials won. The right axis shows the associated significance values for a binomial 
test with 33 events. Values more extreme than the two full lines (> 22 or < 11) are significantly 
different from a 50% chance of winning.  

The formation of 32 eggspots in 14 individuals was observed in the ontogenetic 

series. All individuals gained eggspots at the tip of the anal fin (mean number of new 

eggspots per individual = 1.57) (Figure III.4A), three individuals (21%) gained eggspots at 

the proximal region (Figure III.4B) and two individuals (14%) gained eggspots at the center 

of the anal fin (Figure III.4C). The ontogenetic trajectories of all 14 individuals are shown in 

Figure III.4D. 

DISCUSSION 

Here we show that a) eggspot number responds significantly and asymmetrically 

to bidirectional selection with correlated response of body size; b) the phenotypic and 
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genetic correlations with body size are strong, and likely due to the ontogenetic 

mechanism by which eggspots are formed and; c) the main visual cue for mate choice in 

this species might be courting intensity. Our results, based on larger samples, broader 

distribution of the predictor variables (age and size) and more appropriate experimental 

designs, question the strength and universality of the previously proposed sources of 

sexual selection and reject the notion of a paradox of standing genetic variation in this 

trait. Instead, we propose that the current levels of standing additive genetic variation are 

consistent with the existence of weak selection pressures and possibly of selection on a 

genetically correlated and condition-dependent trait. 

 

Figure III.4 Ontogeny of eggspots. Formation of eggspots of three specimens on the tip (A), center 
(B) and proximal (C) regions of the anal fin are shown. Pictures on the right are from the same 
individual at a later time point. New eggspots are highlighted in red boxes. The ontogenetic 
trajectories of all 14 individuals (each represented by a line) are shown in D.  

 Response to Artificial Selection 

We found an asymmetric response to selection, the lower half of the distribution 

of eggspot numbers (z < 0.5) had nearly double the realized heritability of the upper half 

(Figure III.5).  

Asymmetric responses to selection are a common finding in selection 

experiments. The reasons given by Falconer and Mackay (1996) involve experimental 

artifacts (random drift ,inbreeding depression and unmeasured natural or sexual selection 
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acting during the experiment) as well as a multitude of potential genetic causes (genetic 

asymmetry, presence of major genes, scalar asymmetry). Random drift is unlikely to 

explain the present results because of the consistency of response between both 

replicates (Figure III B). Inbreeding depression is also unlikely because the mean of the 

unselected control line did not decline. Post-hatching mortality was negligible in the 

present experiment, thus indicating that differences in viability also cannot account for 

the asymmetric response. This suggests that the observed asymmetry is likely to have a 

genetic cause. Wild caught A. burtoni specimens hardly develop more than a single row of 

eggspots (G. Fryer, personal communication). But wild caught broods reared in the 

laboratory for a period of one year also show high range of variation and multiple rows (F. 

Henning, personal observation). Although we can not at this point rule out the other 

genetic causes (major genes, directional dominance or genetic asymmetry), it is possible 

that the asymmetric response is explained by scalar asymmetry: high phenotypic values 

might be particularly subject to environmental influence and the extreme values an 

artifact of laboratory rearing. 

 

Figure III.5 Realized heritability. Scaled eggspot numbers of male offspring are regressed on sire 
values. The regression lines for sires with phenotypic values of less and more than 0.5 are shown to 
illustrate the asymmetric response to selection.  

The absence of individuals with phenotypic values above 0.35 (see Table 1) in the 

first generation of the high line also suggests that the more extreme high values observed 

in the base population have non-genetic causes and supports the scalar asymmetry 

hypothesis. The intensity of selection that could be applied on the second generation in 

the high line (Table 1) was constrained by two factors: The lack of response of the first 
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round of selection and the smaller variance of eggspot numbers in the first and second 

generations (6 months of age) as compared to the base population (one year of age). 

One interesting possibility is that the asymmetry results from the previous action 

of selection in the base population. Favorable alleles are expected to have frequencies 

above their symmetrical points (Falconer and Mackay 1996). This would suggest that the 

low numbers of eggspots (< 6-7) or small body size were previously selected against. 

Body size responded in the direction of selection for eggspot numbers in two 

cases (high line in generation one and low line in generation 2). In fact, cross-heritability is 

high (0.60±0.26) and significant when estimated by the regression of mean male 

offspring body size on sire eggspot number (r2 = 0.17, F1,24 = 6.021, df, P = 0.02). Due to the 

advantages that body size confers to males in the competition for social dominance, it 

would be expected that females use eggspot number as a mate choice cue. 

Do females have strong preferences for eggspot numbers? 

We show that female association in A. burtoni was predicted by courtship 

intensity with little or no effect of eggspot number. Preference for males that court in 

high frequency is widespread, but not necessarily open-ended (Rowland 1995). Activity 

level is a potential sexual advertiser, as it can be an indicator of condition and viability 

(Nicoletto 1991). Despite the limited sample size (in part due to the stringent validation 

criteria that were used), the significant association with courtship intensity and the 

difference in association time between mature and immature females shows that our 

experiment was valid and had enough power to detect the variable that best explained 

female preference. 

It was suggested that sexual selection acts on eggspot numbers by influencing 

the size of clutches that are spawned. The number of clutches spawned with males with 

four eggspots was significantly larger than with males with one in Astatotilapia elegans, 

endemic to lakes George and Edward (Hert 1989). This was also found in P. aurora (Hert 

1991).  

The role of eggspots in spawning induction and fertilization success was recently 

tested in A. burtoni (Theis et al. 2012). Despite the authors stating that females tended to 

lay eggs preferentially close to males without egg-spots, the results of their experiment 1 

actually did not demonstrate a significant statistical effect of the number of eggspots on 

the male’s mating success and only one replicate (out of three) was significant in 

experiment 2. Some limitations of this study involve: first, the way that the original data 

was converted to binary led to a loss of information; second, the binomial test that was 
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carried out was unbalanced (the number of successes of the male with no eggspots was 

compared to that of a pool of three males) and; perhaps most importantly, as all females 

in each of three replicates chose among the same four males, the clutches clearly cannot 

be considered to be statistically independent. The finding, that one single male with no 

eggspots was more successful might well have been due to other reasons (perhaps 

activity level). For these reasons, we have to regard the evidence for the effect of 

eggspot numbers on female choice in A. burtoni as tentative only. 

Does eggspot number signal social status? 

Eggspots have also been seen as a signal for social dominance and, in this way, are 

related to spawning success (Lehtonen and Meyer 2011; Theis et al. 2012). But even with 

our larger sample, we did not detect a significant relationship between eggspot number 

and intra-sexual competition. We believe that the discrepancy might be best explained by 

the differences in the type of statistical analyses and sample sizes used in both of the 

previous studies on this issue. 

Lehtonen and Meyer (2011) used two different set-ups to investigate the 

correlation of number of eggspots with male dominance. In the first approach, the mean 

eggspot number of the dominant males was compared to that of the subordinate males 

in 13 families. In that experiment, no significant differences were found. The second 

experiment (where an effect was detected), was similar in design to the one we chose in 

this present study. Lehtonen and Meyer (2011) analyzed data from 20 trials. The analysis 

was carried out by comparing the mean number of eggspots of the males that won the 

competition to that of the ones that lost using a paired T-test (no information regarding 

the normality of the data was provided). In the present study, more trials were analyzed 

(33 vs. 20) and more individuals were used (66 vs. max 40). In the present analysis, we 

opted to treat success in the competition (instead of eggspot number) as the response 

variable as it is more consistent with the experimental design. The effects reported in 

Lehtonen and Meyer (2011) are also not significant when analyzed with a binomial test. 

Theis et al. (2012) also recently tested whether eggspots are associated to 

dominance. The number of aggressive displays that a focal male (n = 13) exhibited 

towards a male with (n =8) and without (n=8) eggspots were recorded and the authors 

report a marginally significant effect (Theis et al. 2012). Although the response variable 

was number of attacks (or difference between males), the data was coded as binary 

similar to the other experiments in this study. A normalized measure of the difference in 

attacks received by both males would have made better use of the data. Because the 
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model simplification procedure and the variables included were not given, the validity of 

the GLMM analysis (and P values obtained) cannot be determined. The reported results 

are not significantly different from a 0.5 probability of success using a binomial test. 

Based on the current results and the published evidence, we conclude that 

evidence for a role of eggspot numbers in male-male competition is also tentative. 

Although it is possible that egg-like pigmentation patterns are associated with social 

dominance (by having a signaling function or by pleiotropy with aggressiveness), the fact 

that they are not should not be considered surprising.  

Does eggspot number signal survival capacity? 

Previous studies yielded contradictory evidence regarding the relationship of 

eggspot number with body size and age. A positive correlation was found in one study, 

but the confounding effect of age was not controlled for (Crapon de Caprona and Fritzsch 

1983). In another study it was reported that the two traits correlate in young (7.5 months) 

but not in older adults (10 and 16 months) (Lehtonen and Meyer 2011). The authors argue 

that the stronger effect of age indicates that eggspot number is an honest indicator of 

survival capacity. The different sample sizes in the age groups do not allow a distinction 

between the relaxation of the correlation through time or sampling error. In fact, a 

significant positive correlation was found in the age group with the largest sample 

(Lehtonen and Meyer 2011). In the same study, an experiment aimed to investigate the 

costs of producing of eggspots by analyzing whether this is a condition-dependent trait. A 

significant difference between the treatments (food restricted vs. control) was found, but 

the inclusion of body size in the GLM analysis rendered the treatment effect insignificant. 

This indicates that it was the differential growth in the good-condition treatment that led 

to a difference in eggspot number. Besides using a larger sample, we concomitantly 

estimated the effects of aging and body size on eggspot number using the full range of 

these variables in natural populations (Mulimbwa et al. 2010; Lehtonen and Meyer 2011).  

The data on the ontogenetic series presented here shows that eggspots are most 

commonly formed at the tip of the anal fin. This process also explains why body size 

predicts eggspot number better than age. The initial three to five eggspots are formed at 

the center of the fin before individuals reach the size of 25mm (Heule and Salzburger 

2011) and the sequential adding of eggspots at the tip of the fin (probably responsible for 

most variation in eggspot number) is correlated with growth rate. Apart from terminal 

addition, we have observed three instances of eggspot formation in the centre of the fin. 

Size is one of the main determiners of dominance in cichlids and since only dominant 
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males hold territories and breed, eggspot numbers can show correlated response to 

selection on size, as was the case in our selection experiment. 

One standing dilemma in the sexual selection literature, known as the lek paradox, 

is the persistence of female preference despite the depletion of additive genetic variation 

in male traits caused by sexual selection (Kirkpatrick and Ryan 1991). The heritability of 

eggspot number in our laboratory stock is high (0.5 ± 0.2 in Lehtonen and Meyer (2011) 

and 0.38 ± 0.02 in the present study) and this was considered paradoxal (Lehtonen and 

Meyer 2011). Our results show however that sexual selection for eggspot number through 

female choice is weak or absent and provide a simple explanation for the persistence of 

highly heritable variation. The high estimates of heritability are consistent with a trait 

under weak selection. By failing to support the basic assumption of strong mate choice, 

we refute the existence of a paradox of standing genetic variation on this trait. The 

results presented here support the existence of an indirect source of selection on 

eggspot numbers. Such indirect selection allows the persistence of additive genetic 

variation since the trait under direct selection (body size) is highly condition-dependent 

(Kotiaho et al. 2008; Schielzeth et al. 2012).  

Field studies reported that A. burtoni inhabits mainly river deltas and highly turbid 

shore ponds surrounding Lake Tanganyika (Fernald and Hirata 1977a, b). We also found 

these fish in the Kalambo River flowing into Lake Tanganyika. That river varies strongly in 

its water clarity depending on the season and the location in the river (AM pers. obs.). In 

particular, the murky ponds are considered a protective breeding habitat (Fernald and 

Hirata 1977a, b). Based on our own observations, that would be the case in at least many 

habitats of this species. The authors state that the turbidity of the shore pools “might be 

of prime importance in the behavioral interactions” (Fernald and Hirata 1977a). It is 

plausible, therefore, that turbidity impedes female discrimination and has constrained the 

evolution/maintenance of female preference for eggspot number or led to a shift of visual 

mating preference. 

Final remarks 

The asymmetric response to artificial selection can be explained by scalar 

asymmetry (where high phenotypic values have non-genetic causes) or previous action of 

sexual selection in the base population. The strong effect that body size has on social 

status and hence reproductive success suggests that the target of selection is unlikely to 

be the number of eggspots but rather a correlated trait.  
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Body size is one of the main determiners of social status and consequently, 

reproductive success in haplochromine cichlids (Baerends and Baerends-Van Roon 1950). 

Because of the genetic correlation, eggspot number is expected to be maintained at high 

numbers because of intra-sexual selection, even in the absence of female preference or a 

direct role in male-male competition. This might in fact explain the asymmetric selection 

response. It is unlikely that sexual selection shifts gene frequencies from their point of 

equilibrium, but male-male competition based on size might. The intensity of the stimulus 

associated with the presence of more eggspots provides a more straightforward measure 

of relative size since males do not necessarily form adjacent territories or compete 

directly for mates. Considering that the cross heritability between both traits is high and 

males with more eggspots tend to sire larger sons, it would be expected that females use 

eggspot numbers as a signal of genetic quality (Andersson 1994). That they do not seem 

to do so might be explained by constraints on visual discrimination associated with turbid 

waters (Fernald and Hirata 1977a, b) or sexually antagonistic effects (Cox and Calsbeek 

2009). Anecdotal evidence (high frequency of non-spawning, large females in the high 

line) suggests that males with high numbers may sire non-sexy daughters. If this 

observation were upheld in future investigations, a potential explanation could be the 

incomplete resolution of sexual conflict (this species does not posses heteromorphic sex 

chromosomes). 

Despite suggestions in the literature that eggspot number might be an important 

trait for adaptive mate choice (Hert 1991; Couldridge and Alexander 2001; Couldridge 

2002) and speciation by sexual selection (Goldschmidt and Visser 1990; Salzburger et al. 

2005; Salzburger et al. 2007), we found little support for this hypothesis in our mating 

preference trials. If there is indeed female preference for eggspot numbers in A. burtoni, 

it is weaker than in other haplochromines, not the primary mate choice cue and likely to 

be overcome by male-male interactions.  

We also found no support for the hypothesis that eggspots gained sexual 

advertisement functions by signaling survival capacity and social status (Hert 1989; 

Lehtonen and Meyer 2011). It is possible, that eggspots are maintained purely as 

exploiters of female biases and this should be explored by future experiments. 

It remains to be seen whether these results can be extrapolated to more species. 

Using experimental designs and sample sizes similar to the ones used here, female 

preference for eggspot numbers was reported in two Malawian cichlids, Pseudotropheus 

(Maylandia) lombardoi and P. zebra (Couldridge and Alexander 2001; Couldridge 2002). 

However, a cursory examination of the overlap of eggspot numbers from closely related 
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species undermines the role of this trait in species recognition (see Table SII for a 

compilation of eggspot numbers taken from popular cichlid books). For example, most 

species of the genus Pseudotropheus (Maylandia) have between one and six eggspots 

(see pictures in Konings 2007 and Figure IIIS.3). Considering this substantial overlap, 

discrimination based on this trait would only be effective for few species pairs. The same 

is true for the other African great lakes (Konings 1998). This implies that other eggspot-

related traits such as size and color might be more important for species recognition 

(Goldschmidt and Visser 1990), or simply the role of this structure in speciation might 

have been overstated. 
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ABSTRACT 

Natural populations of the Midas cichlid species in several different crater lakes in 

Nicaragua exhibit a conspicuous color polymorphism. Most individuals are dark and the 

remaining have a gold coloration. The color morphs mate assortatively and sympatric 

population differentiation has been shown based on neutral molecular data. We 

investigated the color polymorphism using segregation analysis and a candidate gene 

approach. The segregation patterns observed in a mapping cross between a gold and a 

dark individual were consistent with a single dominant gene as a cause of the gold 

phenotype. This suggests that a simple genetic architecture underlies some of the 

speciation events in the Midas cichlids. We compared the expression levels of several 

candidate color genes Mc1r, Ednrb1, Slc45a2, and Tfap1a between the color morphs. Mc1r 

was found to be up regulated in the gold morph. Given its widespread association in color 

evolution and role on melanin synthesis, the Mc1r locus was further investigated using 

sequences derived from a genomic library. Comparative analysis revealed conserved 

synteny in relation to the majority of teleosts and highlighted several previously 

unidentified conserved non-coding elements (CNEs) in the upstream and downstream 

regions in the vicinity of Mc1r. The identification of the CNEs regions allowed the 

comparison of sequences from gold and dark specimens of natural populations. No 

polymorphisms were found between in the population sample and Mc1r showed no 

linkage to the gold phenotype in the mapping cross, demonstrating that it is not causally 

related to the color polymorphism in the Midas cichlid. 

 

Keywords Conserved non-coding elements, CNEs, Comparative genomics, Fish body 
coloration, Melanocortin-1 receptor, Bacterial artificial chromosome 
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INTRODUCTION 

Animal color patterns often evolve as adaptations to environmental surroundings, 

in which it frequently involves the evolution of cryptic coloration.  Sexual selection acting 

on color traits can, however, oppose the effects of natural selection and lead to the 

evolution of conspicuous coloration (Endler 1980). Specifically in cichlid fish, color 

probably represents an important cue for assortative mating and is related to the 

establishment and maintenance of reproductive isolation and, hence, speciation (Meyer 

1993; Kocher 2004b; Seehausen et al. 2008).  

The genus Amphilophus includes the Midas cichlid species complex (so far nine 

species have been formally described), which is distributed throughout the crater lakes in 

Nicaragua. Several, but not all of these species show a color polymorphism, with dark and 

gold morphs. Dark individuals have a barred pattern with vertical black bars that are 

intensified during social interactions, such as during mating behavior and territorial 

defense.  It has been shown that the Midas cichlid species complex has diverged 

sympatrically at least twice in the Nicaraguan crater lakes (Presgraves 2008; Elmer et al. 

2009a). In addition to morphological differentiation associated with ecological 

divergence, color polymorphism has led to significant sub-population differentiation 

according to color in at least one species possessing the gold polymorphism due to 

assortative mating between gold and dark morphs (Elmer et al. 2009a). Gold animals 

display dark coloration typically less than one year of age when they undergo color 

change, probably through melanophore cell death (Dickman et al. 1988).  

The Midas cichlid complex represents, therefore an exceptionally suited model for 

the study of origin and maintenance of reproductive isolation in the absence of 

geographical isolation through the evolution of ecological specialization and color based 

assortative mating. The exact mechanism of color change and genes involved are, 

however, still unknown. 

Color patterning in fish involves six types of pigment cells, melanophores (dark 

pigment), xanthophores (yellow pigment), erythrophores (red pigment), leucophores 

(white pigment), cyanophores (blue pigment), and iridophores (silvery pigment) (Fujii 

2000). The interaction of these cell types, mainly through migration and differential rate 

of survival and proliferation, generate several whole body tones and patterns (stripes, 

dots, etc). A number of genetic pathways have been described in model fishes such as 

zebrafish and medaka (Parichy 2003). Some genetic variants of these established 

pigmentation genes have also been found to be associated to color differences in natural 
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populations (Miller et al. 2007). It has been shown that Teleosts have retained several 

color genes as duplicates following the fish specific genome duplication (Braasch et al. 

2007). 

The melanocortin receptor 1 gene (Mc1r) encodes a transmembrane receptor 

member of the G-protein (rhodopsin) gene family. MC1R binds to melanocortins, which 

are pituitary hormones such as melanophore (or  melanocyte ) –stimulating hormones 

(MSH’s) and adrenocorticotropin (ACTH) and in mammals to other antagonists, such as 

the agouti signaling protein (ASIP) and the agouti related protein (AGRP) which activates 

the cAMP pathway.  Mutations in the Mc1r coding region, sometimes single amino acid 

substitutions, associated with changes in body coloration have been described in several 

taxa such as birds (Mundy 2005), reptiles (Rosenblum et al. 2004), mouse (Hoekstra et al. 

2006) and even extinct taxa (Lalueza-Fox et al. 2007; Bergero and Charlesworth 2009). 

The Mc1r locus is extremely variable in the human population, where it can display more 

than 30 alleles and is involved in phenotypes such as red hair, freckles and a multitude of 

pigmentation disorders (Healy et al. 2001). In several other mammalian species it can 

result in different coat and skin color patterns ranging from dark dominant effects (in 

case of dominant ligand independent activity) to lighter colored phenotypes, which tend 

to result from recessive (loss-of-function) mutations (Garcia-Borron et al. 2005). It is 

known that MSH’s and ACTH’s are also involved in physiological color changes in teleosts 

(Fujii 2000; Richardson et al. 2008). 

The Mc1r gene coding region has recently been characterized in teleosts, and 

similarly to other vertebrates, it consists of a single-copy, single-exon gene which contains 

seven conserved trans-membrane regions (Logan et al. 2003; Selz et al. 2007). Expression 

levels were found to be similar in all tissues in medaka and stickleback, however, 

restricted to brains, eyes, skin and testis in zebrafish (Selz et al. 2007). It was shown 

recently by genetic mapping and functional assays that the Mc1r locus is involved with a 

recessive brown phenotype, affecting eye color, number and size of melanophores on the 

body of the Mexican cave tetra (Astyanax mexicanus). The alleles causing this phenotype 

have arisen independently in several populations, through the fixation of different 

mutations in the Mc1r locus. In some populations however, it was not possible to find 

mutations in the coding region which suggests the existence of regulatory mutations 

(Gross et al. 2009).  

In this study we compare expression of a set of candidate pigment genes (Mc1r, 

Ednrb1, Slc45a2 and Tfap2a) in gold and dark color morphs of the Midas cichlid 

(Amphilophus citrinellus). We further analyze sequence data obtained from a bacterial 
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artificial chromosome (BAC) containing the Mc1r gene from a genomic library of A. 

citrinellus and use comparative genomic methods to identify conserved non-coding 

intergenic regions flanking the Mc1r. We then test its causal involvement in the 

polychromatism in the Midas cichlid species complex by means of sequence comparison 

of both coding and non-coding regions between dark and gold morphs of A. xiloaensis  

and also through analysis of the segregation of the color phenotypes and two Mc1r single 

nucleotide polymorphism (SNP) alleles. 

MATERIALS AND METHODS 

Reverse transcriptase PCR using candidate genes 

Total RNA was extracted using Trizol from skin and fin tissues of four dark and 

five gold specimens of A. citrinellus reared in the research animal facility of the University 

of Konstanz. Quantification was done using spectrophotometry and agarose gel 

fractioning. Genomic DNA was digested by Dnase I recombinant, Rnase-free (Roche). 

Reverse transcription was carried out using oligo dT primers and SuperScript III reverse 

transcriptase (Invitrogen) at 50ºC for 2h.  

Candidate genes were chosen based on published results conducted in zebrafish 

(Charlesworth and Charlesworth 2005) and medaka (Charlesworth et al. 2005) and 

vertebrates in general (Charlesworth 2004). The following genes and primers were used: 

Mc1r (melanocortin 1 receptor) 5´-ctctcctttttgtgcaccatc and 5´-gatgacagcattgtcggtgt; 

Ednrb1 (endothelin receptor B) 5´-aargaytggtggctkttcag and 5´-gakgccatgttgatsccaat, 

Slc45a2 (solute carrier family 45, member 2) 5´-ctgggmggagcwtgtggttacand 5´-

tggcttcwccsacrgcwgagaa and Tfap2a (transcription factor AP-2 alpha) 5´-

caaagagttcacrgacctgctg and 5´-ctttctgtgcttctcrtctttgtc. ß-Actin was used as control (5´-

atgtgyaarcgiggittygc and 5´-gaytcrtcrtaytcytgytt). RT-PCR’s were conducted using the 

reverse-transcribed and non-reverse-transcribed RNAs and 10ng of genomic DNA as 

templates. The products obtained were fractioned in agarose-gels and sequenced for 

verification. 

Densitometric analysis was carried out by measuring the area of the bands in 

Image J (available at http://rsbweb.nih.gov/ij/download.html). The measurements were 

normalized by the control gene, ß-Actin and the values plotted using R (www.r-

project.org).    

http://rsbweb.nih.gov/ij/download.html
http://www.r/
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Screening of the BAC library  

The following nested degenerate Mc1r primers for genomic PCR were used: outer-

f: 5´-gyyggtrgaraacatcytgg, outer-r: 5´-caaagcammasgaacamagra, inner-f: 5´-

sgcggaycgytayatcacca, and inner-r: 5´-tcctgrctscggtavgcgta (P. Bunje, unpublished).  After 

direct sequencing of the product and verification of its phylogenetic position with relation 

to other melanocortin receptors the partial Mc1r fragment of Midas cichlid was purified 

twice using QIAquick Gel Extraction Kit (Qiagen) and labeled using NEBlot Phototope Kit 

(New England Biolabs).  Hybridization was performed on our high-density BAC grid filters 

(unpublished) using Phototope-Star Detection Kit (New England Biolabs).  

Chemiluminescence from positive clones was detected using CDP-Star, ready-to-use 

(Roche) on Hyperfilm ECL (GE Healthcare).   

Shotgun sequencing and gap filling 

We isolated BAC DNA from one of the positive clones (086D13) using QIAGEN 

Plasmid Midi Kit (Qiagen), and separated its insert from the vector by NotI digestion and 

pulse-field gel electrophoresis. The insert DNA was electro-eluted into a Spectra/Por 

dialysis tube (Spectrum Laboratories) and retrieved by isopropanol precipitation.  For 

shotgun-library construction, the insert DNA was sonicated into ~2 kb fragments, blunt-

end-repaired with T4 DNA polymerase, 5´-phosphorelated with T4 DNA kinase, purified by 

phenol-chloroform, and inserted into SmaI site of 5´-dephosphorelated pUC19 vector 

using T4 DNA ligase. The products were used to transform One Shot TOP10 Chemically 

Competent E. coli (Invitrogen) and the cloned inserts were amplified by colony PCR using 

M13 primers. We prepared sequencing templates by treating the products with 

exonuclease I and temperature-sensitive alkali phosphatese, on which sequencing 

reactions were performed using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems). We used 3100 or 3130xl Genetic Analyzer (Applied Biosystems) for 

electrophoresis and peak detection. 

Reads were assembled into contigs using SeqMan II (DNAstar). In order to fill 

gaps between the contigs, primer walking was conducted using primers typically 

designed at 50 bp from the ends of each contig.  BAC DNA was isolated using the Qiagen 

Plasmid Midi Kit following manufacturer’s recommendations. Direct sequencing of the 

gaps was performed using BigDye Terminator v3.1 and 1 µg purified BAC DNA as template 

in a final volume of 10 µl in 45 labeling cycles. Gap-filling and final assembly was performed 

using Sequencher v.4.2. 
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Phylogenetic analysis 

We collected amino-acid sequences of melanocortin receptors (Mc1r–Mc5r) for 

representative vertebrates (human, mouse, chicken, fugu, and zebrafish) from the Entrez 

Gene database at NCBI, which were aligned using the ClustalW2 program at EMBL-EBI. 

The tree was made using MrBayes (version 3.1.2) using the JTT+G model as suggested by 

the ProtTest software (version 1.4).  

Annotation and comparative genomic analysis 

Genomic sequences spanning 100-200 kb up and downstream of the Mc1r locus 

were obtained from the following genomes: Takifugu rubripes v.4 

(Scf.14:1604290:1905192), Tetraodon nigroviridis v.8 (Chr.5:4741940:5144896), Danio rerio 

v.7 (Chr.8:25100000:25600000), Oryzias latipes (Chr.3:20709004:21009766) and 

Gasterosteus aculeatus (Grp.2:11864082:12083744) using the Ensemble Genome Browser 

(www.ensembl.org). These sequences were annotated manually through the comparison 

to the Mus musculus protein database in Genbank using the Blastx algorithm. Annotated 

genomic sequences from Homo sapiens Build 36.3 (Chr.16:88260000:88760000) and Mus 

musculus Build 37.1 (Chr.8:125859000:126059000) were obtained from the NCBI Map 

Viewer interface (www.ncbi.nih.gov/mapview). 

The Mc1r and surrounding intergenic regions, totaling 19,179bp of the Midas 

cichlid sequence, from the abovementioned taxa were aligned using the mLAGAN 

algorithm using mVista (http://genome.lbl.gov/vista) with anchoring to translated sites. 

Comparison of Mc1r alleles between dark and gold populations in field samples 

The entire coding region (978bp) of Mc1r as well as one upstream (37bp) and two 

downstream (31pb and 16bp) conserved elements were PCR-amplified, labeled with 

BigDye Terminator v.3.1 and sequenced. Sequences obtained were analyzed manually and 

aligned in the Sequencher software. A total of 30 adult specimens were used, 15 of which 

of the dark morph and 15 of the gold morph of (Amphilophus xiloaensis). These samples 

were collected in lake Xiloa, Nicaragua in 2007 by T. Lehtonen, K. Elmer and A. Meyer.  

The entire Mc1r coding region (CR) was obtained by assembling the sequences 

obtained with two primer pairs, CR1: 5´-aaatgaccaacgggtctctg and 5´- 

gatgacagcattgtcggtgt; and CR2: 5´-ctctcctttttgtgcaccatc and 5´-gccgaagcaaaaagaacaca. 

The CNE’s were obtained with primer pairs designed approximately 200 bp upstream and 

downstream of the target sequences, namely CNE1: 5´-ctccaagcatttcactcttcg and 5´-

http://www.ensembl/
http://www.ncbi.nih.gov/mapview
http://genome.lbl.gov/vista
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acttatggggcatgttcagg; CNE2 5´-agactgcagtttctcctggaa and 5´-ttagggcaggataagggattt and 

CNE3: 5´-gatgtagcttttaacggagca and 5´-ccctgaaaaacgttaagttgg (see Figure IV.5).  

Segregation analysis between the gold phenotype and Mc1r locus 

We used F2 intercrossed full-siblings of one dark and one gold grandparents cross 

of the Meyer-Lab of University of Konstanz.  We collected fin clips only from Gold F2s 

(because dark ones may turn into gold at later stages; see Introduction) and their 

genomic DNAs were extracted by the phenol-chloroform method.  Using a pairs of 

primers (f: 5´-agcatcctgtaaactacggagacag, r: 5´-ggtgtaacgcaataataaataaggttacaac), we 

PCR-amplified a genomic fragment that covers the entire Mc1r-coding region (87 bp of 5´-

flanking, 978 bp of the coding, and 226 bp of 3´-flanking sequences) and directly 

sequenced the product to genotype the SNP.   

RESULTS 

Reverse transcriptase PCR using candidate genes 

Expression of all four color genes was higher in the fins compared to scale tissues. 

The former tissue was used for between-morph comparisons. Mc1r was found to be up-

regulated and Ednrb1 and Tfap2a down-regulated in the gold morph (Figure IV.1). We 

focused further on Mc1r, following the previously reported involvement of this gene in 

pigment evolution of other vertebrates and fish. 

BAC clone sequencing, annotation and comparative genomic analysis 

Screening of the BAC library revealed three positive clones, one of which was 

sequenced. The sequence obtained was used to construct a phylogenetic tree with the 

other Mc1r sequences from other taxa, providing evidence that the correct member of the 

melanocortin receptor gene family was used (data not shown). 

Shotgun sequencing of this BAC clone, yielded 27 contigs with 5x coverage, and 

total size of 167.634bp (in total 865,970bp).  Following gap-filling and assembly the final 

BAC clone had a total of 177,091bp. It was not possible to sequence a region of 

approximately 300bp (according to agarose gel fractioning) located at position 84,793pb 

between two microsatellite sequences (Fig. IV.2).  
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Figure IV.1 Reverse-transcription PCR using candidate color genes (indicated on the left) and one 
control gene. The dark and gold specimens are labeled with D and G respectively. Quality control of 
cDNA produced by RT was assessed by visualizing rRNA as shown in the last row. B) Results of 
densitometric analysis comparing expression levels between gold and dark specimens. The dark 
line represents the median, outliers are represented by circles.  

The sequence obtained contains a total of seven complete genes: in this order 

Kif7, Fbln7, Mrcl, Mvd, Cyba, Tcf25 and Mc1r and the first exon of Def8. This synteny was 

found to be conserved with stickleback, medaka, fugu and Tetraodon, all of which 

presented these orthologous genes in same order and orientation, except in zebrafish 

which has several differences in gene presence, order and orientation (Fig. IV.3). 

Therefore, the zebrafish sequence was excluded from the alignment. Differences in the 

relative gene sizes among taxa are attributable to differences in  intron size. 
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Figure IV.2 Annotated BAC sequences. Genes found are shown in dark, repetitive sequences are 
represented in white 
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Figure IV.3 Comparative genomics of the BAC clone. The same genomic region was identified in 
model teleosts and mammals using the Ensembl Genome Browser and annotated manually in 
using Blastx. Names of genes are given on first appearance and gray lines connect the same genes.  

The genes neighboring Mc1r are conserved in all species examined, with the 

exception of zebrafish. This high degree of conserved synteny made it possible to align 

the region between the last exon of Tcf25 and first exon of Def8 in five teleost species 

including human and mouse (Fig. IV.4).  

No polymorphisms were detected in the CNE’s identified in the synteny analysis as 

well as the Mc1r coding region (see Fig. IV.4) (≈1,200bp) sequenced for 15 gold and 15 dark 
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field-caught specimens of Amphilophus xiloaensis. The lack of polymorphism in the sample 

analyzed argues that Mc1r is probably not the causal gene of the gold phenotype. 

 

Figure IV.4 Vista plot of the region between Tcf25 and Def8 genes that contains the Mc1r locus. 
CNE’s are outlined and the sequences are below. The position of these regions in fugu and human 
genomes is given relative to the translation initiation codon.  

Genetic segregation and population analyses 

To exclude the possibility that the difference is coded by a sequence unidentified 

in this study, we took advantage of an available experimental cross by analyzing the 

segregation the gold/dark phenotypes and of Mc1r alleles. We used F2 full-siblings 

obtained from one pair of F1 hybrids between a dark female and a gold male.  Consistent 

to a previous suggestion the gold seems to be a dominant trait (Barlow et al. 1977). Most 

of the F1 fish (including the pair used for crossing) expressed the gold phenotype within 

one year.  Phenotypes of the F2 fish were distinctively dark or gold, and the ratio became 

very close to, but significantly different from, 1:3 even after >4 years of breeding (n > 200).  

We assume that some genetically gold F2s are still remaining untransformed, but 

incomplete penetrance or the role of other genes or modifiers cannot be excluded at this 

point.  All evidence so far suggests a genetic mechanism where, a dominant allele of a 

single locus seems to have a predominant contribution to the gold color trait.   

When we compared Mc1r alleles of the dark and gold grandparents, a single SNP 

could be identified at 25 bp upstream from the translation-initiation codon.  The gold 

grandfather and the dark grandmother were C/C homozygous C/G heterozygous, 

respectively, and the polymorphic allele (i.e., G) was fortunately inherited to both of the 

F1 parents (i.e., they were C/G heterozygous). Although this observation had already 

indicated that Mc1r is not the predominant contributor for the dark-gold dimorphism (see 
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above), we genotyped 63 F2 individuals with the gold phenotype; 23, 16, and 24 of which 

were C/C homozygous, G/G homozygous, and C/G heterozygous, respectively, showing no 

statistical relationship between the genotypes and the phenotypes.  Considering that the 

segregation ratio is not significantly different from C/C:C/G:G/G=1:2:1 (i.e., segregation 

distortion was not detected, though we selected only gold F2s; P = 0.077, chi-squared 

test), the Mc1r locus should be inherited independently of the gold loci and have little 

effect on the dark–gold dimorphism. 

DISCUSSION 

The color polymorphism in the Midas cichlid appears to be controlled by a single 

locus, in which the allele responsible for the gold phenotype is dominant. This knowledge 

of the underlying genetic architecture has implications in understanding the patterns of 

natural variation. Color polymorphism has been shown to play a role in the sympatric 

population differentiation in Lake Xiloá, Nicaragua (Elmer et al. 2009a). The significant 

difference to the expected mendelian ratios under a dominant inheritance model may 

indicate incomplete penetrance of the gold phenotype. This observation coupled to the 

known late-onset suggests that gene flow between the morphs in natural populations is 

higher than what would be expected based solely on mate-choice experiments.  

The up-regulation of Mc1r in the gold morph seems at first puzzling. Since this 

gene is involved in melanin mobilization and synthesis and the gold phenotype is thought 

to result from melanophore death (Dickman et al. 1988). We expected that the 

expression of this gene would be correlated with the amount of melanin/melanophores 

and, therefore, decreased in the gold morph. It is possible that the lack of melanin or 

melanophores leads to increased expression of downstream genes involved in melanin 

synthesis and mobilization through the operation of a feedback regulation mechanism. 

Alternatively, the unidentified causal gene might have a downstream or regulatory effect 

on Mc1r expression.  

Given the widespread effects of Mc1r in vertebrates in general (Charlesworth 

2004), we investigated the patterns of molecular variation of this locus by sequencing a 

BAC clone and performing comparisons between species and between the color morphs. 

Comparative genomic analysis revealed that synteny of the region harboring the Mc1r 

locus is conserved across teleosts and even to that of the two mammalian genomes 

included in this analysis. Mammalian genomes do, however, posses a few other genes 

such as Spire2, Tubb3 and Gas8 in this genomic region that are not found in fish. The 

genome of medaka contains an additional gene, Afg3l1, between Def8 and Dbndd1 which 
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is located in the same region in mouse and human but is absent from the other teleosts 

examined. A partial sequence of Afg3l1 was found in the same region of the fugu genome, 

which alongside the conservation between medaka and mammals may indicate that this 

gene was lost from this region in the other teleosts. 

The differences in gene order and orientation found in zebrafish may be related to 

the great phylogenetic distance between zebrafish and the other teleosts analyzed. This 

may imply a unique genomic history of rearrangements occurred in the lineage leading to 

zebrafish. Alternatively this could simply be an artifact due to known problems with the 

assembly of the zebrafish genome. Either way, our results show that the genomes of 

many fishes retain a surprising degree of synteny across large evolutionary distances.  

Comparative genomic analysis also revealed three CNE’s both down- and 

upstream of Mc1r, some of which seem to be conserved in a teleosts-specific manner. 

Prediction of functional regulatory elements based solely on sequence analysis has 

proven elusive, owing to the characteristics such as small size and tolerance for 

polymorphism which make them specially susceptible to false discovery (Boffelli et al. 

2004). Previously identified regulatory regions of Mc1r in humans and mice involve the 

lack of a TATA box and the possible role of E-box elements to which the microphthalmia-

associated transcription factor (Mitf) transcription factor binds (Garcia-Borron et al. 

2005). The conserved sequences identified here do not coincide with those sequences. 

They may, nevertheless provide good candidates for future functional studies. An 

interesting possibility would be the analysis of these regions in the populations of 

Astyanax mexicanus in which the Mc1r mutation was not found in the coding region (Gross 

et al. 2009). 

The comparison of molecular variation between color morphs of the Midas cichlid 

revealed a lack of polymorphisms in the Mc1r coding and CNE’s within this population of 

Amphilophus xiloaensis.  This species originated within crater lake Xiloá in less than 10,000 

years old and it has been shown previously that intra-lake levels of polymorphism are low 

(Barluenga and Meyer 2004; Elmer et al. in press). We were able to find a SNP in the 

mapping cross presumably because the grandparents of the cross were collected from 

different lakes.  Since no linkage between this SNP and the color was found, we can 

definitely exclude the Mc1r as the causal gene for the gold coloration in the species. 

Although a SNP analysis was not conducted for the other genes, which also 

showed differential expression in the gold morph, it seems likely that the alteration of 

these genes is a downstream effect. Based on a recent mapping effort, the gold locus was 
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assigned to a genomic region that does not include any known candidate color gene 

(Fukamachi, Henning and Meyer, in prep.). 

Despite having provided spectacular examples of parallel adaptation in diverse 

vertebrate taxa, a role of Mc1r in adaptive evolution of fish pigmentation seems to be still 

wanting. To date, the involvement of Mc1r in pigment pattern evolution has only been 

reported in one teleost species (Gross et al. 2009). If the paucity of examples for the role 

of Mc1r in fish coloration were upheld by further studies one explanation for this might lie 

with the much larger variety of pigments and pigment cells found in fish compared to 

birds and mammals. 
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ABSTRACT 

Background. Animal pigmentation has received much attention in evolutionary biology 

research due to its strong implications for adaptation and speciation. However, to date 

evidence for the genetic bases of these key evolutionary processes remains scarce. The 

Midas cichlid fish from Central America are an ideal model system for investigating 

pigmentation traits that may also play a role in speciation. Interestingly, this system is 

also likely to shed light on the molecular mechanisms underlying pigmentation disorders 

in humans. 

Results. Here we use next-generation sequencing (Illumina GA II) RNAseq analyses to 

determine differentially expressed genes in three distinct stages of morphological color 

change in Midas cichlids. cDNA libraries of scale tissue, which included six biological 

replicates of each group, were generated and sequenced on two Illumina lanes. An 

average of 8M reads were successfully mapped to our Midas cichlid de novo assembly 

and to a tilapia reference transcriptome. Using a combination of three differential 

expression (DE) analyses we identified 46 candidate genes that showed DE between the 

color morphs. We find evidence for two key DE patterns: 1. Positive regulation, where 

genes involved in melanosomal pathways are up-regulated in normally pigmented fish; 

and 2. A color change pattern, where interestingly, immediate early response genes 

related to cellular response to stress and recruitment of B cells were up-regulated in 

transitional fish, a parallel response to some human skin diseases. 

Conclusions. Using next generation sequencing transcriptome wide analyses we 

successfully identified key expression differences between different color morphs of an 

incipient species of cichlid fish. These findings have important implications for our 

understanding of the molecular mechanism underlying these incipient species, and 
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potentially offer new insight into useful genetic markers for human pigmentation 

disorders. 

BACKGROUND 

Animal pigmentation is of great interest because it can provide a tractable and 

relevant trait to understand the process of adaptation and speciation. These are key 

issues in evolutionary biology. While these evolutionary processes themselves have 

attracted much research attention, apart from a few cases (Hoekstra et al. 2006) the 

genetic changes associated with speciation and adaptation remain largely unknown.  In 

addition to the evolutionary and ecological relevance, pigmentation genetics also has 

medical implications. Due to evolutionary conservation of the main pigmentation 

pathways, many pigmentation genes discovered in teleosts and other animal models 

have contributed to our understanding of human pigmentation disorders and of 

phenotypic differences and human evolutionary history (Schartl 1995; Lamason et al. 

2005; Parichy 2006; Cheng 2008b; Ekker et al. 2008; Rakers et al. 2010).  

Cichlid species groups in general are well known for their rapid radiation and 

speciation. Parallel origins of similar morphologies, including a diverse range of color 

traits, are perhaps most striking among the haplochromine cichlids in Lakes Victoria and 

Malawi in eastern Africa which make up the largest recent adaptive radiation of 

vertebrates (Kocher et al. 1993; Kornfield and Smith 2000; Turner et al. 2001; Allender et 

al. 2003). The Midas cichlid species complex (Amphilophus) are a simpler radiation model, 

but provide one of the few known examples of sympatric speciation (Barluenga and 

Meyer 2004; Barluenga et al. 2006). This system is an exciting model for the study of 

speciation as it allows us to analyze the combination of evolutionary processes leading to 

divergence. Processes thought to be driving divergence in these fish are ecological, 

disruptive selection and color-based assortative mating (Barlow 1976; Wilson et al. 2000; 

Barluenga and Meyer 2004; Elmer et al. 2009a). In many of the species in this complex 

there are two color morphs: “normal” – which show a grey-black coloration and “gold” – 

which show a bright orange or gold color (Barlow 1976). These different morphs are 

thought to mate assortatively and significant genetic differentiation between morphs has 

been found in two crater lakes (Wilson et al. 2000; Barluenga and Meyer 2004; Elmer et 

al. 2009a). 

The pigmentation system, such as in the Midas cichlid fish, is a particularly useful 

phenotype for linking phenotype to genotype in an ecologically important traits 
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(Hoekstra 2006; Hubbard et al. 2010). Among teleosts pigmentation has been associated 

with mate recognition, mate choice, shoaling behavior, camouflage and warning 

coloration and premating isolation during speciation ((Parichy 2006)and refs there in). In 

vertebrates, mouse coat color and the array of color patterns among zebrafish (Danio 

rerio) and its relatives, are some of the most useful and well-explored systems for 

identifying the molecular mechanisms of color change and color pattern development 

(reviewed in Hoekstra 2006; Parichy 2006). Several populations of the Midas cichlid are 

characterized by a conspicuous color polymorphism. Fish on maturation some individuals 

lose melanophores, purportedly via melanophore cell death, and become gold while 

others remain normal in color (Dickman et al. 1988) (Figure V.1). The timing of the onset 

of this color change is variable and can begin when an individual is a few months old up to 

several years (Dickman et al. 1988). 

 

Figure V.1 Morphological colour change in the Midas cichlid. A ontogenetic series of a single 
individual is shown in B. Normal melanophores in dispersed state I, normal melanophores in 
aggregated state (D), melanophores of transitional fish showing mixture of aggregated, dispersed 
and dead melanophores (E). Scale of a gold fish completely lacking melanophores (F).  

Melanophores are chromatophores, or color bearing cells, that are derived from 

the neural crest and are responsible for production and storage of melanin in specialized 

vesicles (melanosomes) (Parichy et al. 2007). Chromatophores are cells specialized in the 

storage and/or synthesis of light absorbing (true) pigments or light reflecting structures 

(Leclercq et al. 2010). Mammals and birds exhibit only a single pigment cell, the 
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 melanocytes  (called melanophores in  poikilotermic animals) that produces two types of 

pigment: eumelanin, responsible for black to brown color; and pheomelanin, responsible 

for red to yellow color (Mundy 2005). In contrast, six kinds of chromatophores are known 

in poikilothermic vertebrates: melanophores (black or brown), xanthophores (ochre or 

yellow), erythrophores (red), leucophores (whitish), iridophores (metallic or iridescent) 

and cyanophores (blue) (Fujii 2000).  

In teleost fish both morphological and physiological processes can play a role in 

external coloration. Morphological skin color change in fish is becoming increasingly 

recognized as a broad phenomenon brought about by a large variety of factors (Leclercq 

et al. 2010). This type of color change is defined as occurring via variations in skin pigment 

concentrations and in the morphology, density and distribution of chromatophores in the 

three-dimensional organization of the integument – such color changes are relatively 

slow, occurring over days or weeks (Chavin 1969; Leclercq et al. 2010). Changes in the 

external coloration of teleosts are also influenced by physiological phenomena. Primary 

physiological color changes are caused by the direct effect of environmental factors, such 

as light, on pigment migration (Oshima 2001; Leclercq et al. 2010) and secondary 

physiological color changes are those where pigment translocation is mediated by the 

nervous and endocrine systems. The latter mode of color change involves a number of 

different factors including adrenocorticotropic hormone (ACTH) and alpha-melanophore-

stimulating hormone (-MSH). Color responses controlled by the nervous system have an 

almost instantaneous effect, and those changes mediated by the endocrine system tend 

to be visible within minutes or hours (Fujii 2000).  

Specifically, the molecular mechanisms behind the loss of melanophores are 

largely unknown. The coloration pattern most closely aligned to that seen in the Midas 

cichlids is perhaps the orange-blotch (OB) phenotype in the cichlid fish of Lake Malawi, 

East Africa (Roberts et al. 2009). Interestingly, the OB phenotype, caused by a cis-

regulatory mutation in the PAX7 gene, aids camouflage in females but disrupts species-

specific male color patterns used for mate recognition. This sexual conflict is thought to 

have been resolved by linkage to a novel female sex determining locus (Roberts et al. 

2009). The synthesis of black melanin (or eumelanin) in vertebrates more generally, 

involves the members of the tyrosinase gene family and melanosomal transporters 

(Kwon 1993; Sugimoto et al. 2000; Fukamachi et al. 2001; Nakayama et al. 2002; Lamason 

et al. 2005; Römpler et al. 2006; Rooryck et al. 2006; Braasch et al. 2007; Hellstrom et al. 

2011). Interestingly, the late onset of melanophore cell death in Midas cichlids may also be 
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instigated by similar mechanisms to human pigmentation disorders, such as white hairs 

and vitiligo, whose genetic architectures are also largely unresolved (but see Jin et al. 

2010).  

Here we investigate changes in gene expression associated with morphological 

colour change in the Midas cichlid fish using the next generation sequencing platform 

Illumina (GA Iix). We analysed genome wide expression levels in three contrasting 

phenotypes that represent distinct stages of colour transformation in these fish. Normal, 

transitional and gold phenotypes were studied in mature, age matched, sibling fish 

(Figure V.1) using six biological replicates of each phenotype, and two technical replicates 

of each library. Because of the natural ordering of the three groups, N, T and G in terms of 

melanophore density and progression of colour change, three DE patterns could be 

anticipated (Figure V.2. See Materials and Methods for details). 

 

Figure V.2 Expected DE patterns. Genes expressed by melanophores are expected to correlate 
positively to their numbers (1). Likewise, genes under negative regulation should correlate 
negatively to the amount of melanophores (3). Expression pattern 2 can be anticipated for genes 
involved in the process of colour change.  

MATERIALS AND METHODS 

Samples 

Here we used full-sib Midas cichlids originating from heterozygous gold parents. 

Approximately 200 juveniles were kept for nine months in a 500l tank. Under these 

conditions, colour change starts to occur at around 7 months of age (independent of 

body size). However, a period of nine months was necessary to ensure the presence of 
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sufficient samples of each of the three groups of fish analyzed (N, T and G) while keeping 

the age difference at a minimum. We sampled six individuals of each group for the 

RNAseq experiment. A total of 10-15 scales were collected from both flanks posterior to 

the pelvic fins and kept in RNA Later at 4°C overnight. The RNA later was removed prior 

to homogenization. Five-eight scales (depending on the average size) and 1ml Trizol 

(Invitrogen) were homogenized in 1.5ml tubes using the Tissue Lyser (Qiagen). RNA was 

extracted according to the manufacturer’s recommendations, treated with DNAse I and 

purified in spin columns (Qiagen). Quantification and integrity was assessed using a 

Ribogreen assay and the Bioanalyzer (Agilent). All samples had RNA integrity values 

above 8.0. 

Illumina sequencing 

Libraries were generated using the Illumina TruSeq RNA sample preparation kit 

(Low-Throughput protocol) according to the manufacturer’s instructions (Illumina, San 

Diego, CA). Briefly, 1 ug of RNA was subjected to mRNA selection using poly-T oligo-

attached magnetic beads followed by chemical fragmentation (6 min, 94°C). The cleaved 

RNA fragments were then copied into first strand cDNA using SuperScript II reverse 

transcriptase (Invitrogen) and Illumina proprietary random hexamer primers. After 

second strand synthesis using Illumina-supplied consumables, the cDNA was amplified 

with reagents of the same kit according to the manufacturer’s protocol and ligated to 

barcoded adapters. The final libraries were amplified using 15 PCR cycles. Library 

quantification and quality assessment was performed on a Bioanalyzer 2100 (Agilent 

Technologies). Equimolar-pooled samples were loaded in four lanes of the Illumina 

flowcell. Technical replicates were obtained by loading each library in two different lanes. 

Paired-end sequencing of clustered template DNA on the Genome Analyzer II was 

performed using four-color DNA Sequencing-By-Synthesis (SBS) technology with 151 

cycles (72 cycles for each paired-read and seven cycles for the barcode sequences). 

Quality assessment, assembly and read mapping 

We used SeqPrep (https://github.com/jstjohn/SeqPrep) to remove any reads that 

were contaminated with an Illumina adapter. SeqPrep was also used to merge 

overlapping paired-end reads into single longer reads. To avoid the generation of 

incorrect sequences, the minimum overlapping length was set at 15 bp, and 1 mismatch 

was only allowed when the overlapping region was ≥ 50 bp. Next, the resulting sets of 

https://github/
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paired- and single- (merged) reads were filtered for quality using CLC Genomics 

Workbench v4.9 (CLC bio, Aarhus, Denmark). The trim module of CLC was used to remove 

the first 13 bp from the 5’ end of all reads because of ambiguous GC content, common 

bias in Illumina transcriptome sequencing caused by random hexamer priming (Hansen et 

al. 2010). Low quality reads (CLC “limit” set to 0.02) and reads shorter than 20 bp were 

discarded.  Finally, bacterial, fungal, viral and protozoan reads were removed by aligning 

each Illumina library to all sequenced genomes of these organisms (source: NCBI 

Reference Sequence, RefSeq, March 2012) using Bowtie v2.0.0-beta5 {Langmead, 2009 

#3422}. 

A de novo assembly was performed with Oases v0.2.06 (Schulz et al. 2012). Oases 

is a program designed as an extension of Velvet (Zerbino and Birney 2008), and was 

released as a specific tool for assembly of transcriptome sequences. Oases mitigates 

problems associated with the uneven coverage of contigs caused by variation in 

expression levels of the transcripts in the sample. A set of transcripts was generated for 

all odd values of K-mer ranging from 21 to 49. The obtained transcripts were merged into 

a single set of sequences using the default K-mer value of 27. For both the single and 

multiple K-mer values assembly, the average insertion length for paired-end reads was set 

at 170 and the minimum sequence length at 200 bp; all other parameters were left at 

default values. To lower the redundancy in the dataset produced by Oases, we used the 

clustering program CD-HIT-EST (Li and Godzik 2006). Transcripts were clustered when 

they shared ≥ 95% identity across ≥ 95% of the length of the smallest transcript, keeping 

the largest transcript in each cluster. Next, BLASTx (Altschul et al. 1997) was used to align 

the assembled transcripts against a collection of protein databases including the datasets 

of five teleost fishes (fugu, medaka, stickleback and zebrafish) and mouse in the Ensembl 

database (Hubbard et al. 2005) (Ensembl Release 66, February 2012). A database of 

protein sequences of the family Cichlidae (NCBI RefSeq, February 2012) was also included. 

An E-value threshold of 10-5 was applied and only the top-BLAST match (highest E-value) 

was selected for each transcript. Finally, we loaded the BLASTx result in a MySql database 

to identify the transcripts that aligned to the same protein entries. Using MySql queries 

and manual inspection, one transcript per entry was retained according to its length and 

the alignment score to the matched protein. The obtained final set of sequences was 

used as reference for the read mapping and differential expression (DE) analyses. 

Read mapping for each sample was carried out in CLC Genomics Workbench using 

the RNA-Seq module, setting the maximum number of mismatches at 2 and the minimum 

http://nar.oxfordjournals.org/content/38/12/e131.full
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fraction of aligned read length at 0.9. “Broken Pairs” mapping scheme was selected. Only 

reads that uniquely mapped to a reference sequence were considered and the read count 

table was exported for the DE analyses. 

Using the same parameters in CLC, read mapping for each sample was also 

performed using Nile Tilapia (Oreochromis niloticus) trascriptomic sequences as 

reference. The Tilapia sequences, generated by Broad Institute (Boston, MA, USA) using 

Illumina next generation RNA-sequencing from skin tissues, were downloaded as de novo 

assembled contigs. To reduce the redundancy and retrieve a sequence set with known 

annotation, these contigs were processed with the same pipeline used for our de novo 

assembled sequences (see above). 

Differential expression analyses  

Analysis of differential gene expression was carried out using the edger 

(Robinson et al. 2010), Deseq (Anders and Huber 2010) and baySeq (Hardcastle and Kelly 

2010) R packages (R v. 2.14.02). Analysis in edgeR consisted of a) excluding genes with 

less than 0.75 cpm from at least 7 individuals b) estimating tagwise dispersion and 

normalization factors c) DE was tested using the exact test, and FDR < 0.05 was 

considered to be evidence of DE. The analysis with Deseq was carried out using the 

default parameters. baySeq analysis was performed using both pairwise and multiple 

comparisons. The later was conducted by evaluating the posterior probabilities of genes 

fitting into one of the following three expression patterns: N≠T≠G, N≠T=G and N=T≠G. 

DEGs were annotated manually by blastx against nile tilapia, stickleback, zebrafish, 

medaka, human and mouse. Two DEGs were excluded because the assembly was 

considered chimerical (the alignment of the ten best blastx corresponded to several 

different peptides). The analyses methods used are listed in Table V.1.  

Table V.1 Analysis methods used in this study. 

Analysis Package Comparison Assembly 

a edgeR Pairwise Midas cichlid 

b DESeq Pairwise Midas cichlid 

c baySeq Pairwise Midas cichlid 

d baySeq Multiple Midas cichlid 

e edger Pairwise Tilapia 

f DESeq Pairwise Tilapia 

g baySeq Pairwise Tilapia 

h baySeq Multiple Tilapia 
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Because the N, T and G groups represent a natural progression in melanophore 

density, three different patterns of DE could be expected (Figure V.2). DE pattern 1 is 

expected for genes that are expressed specifically by melanophores. In this case, 

expression level is expected to correlate with the number of melanophores. DE pattern 2 

corresponds to up-regulation in transitional fish and would be expected in genes related 

to the process of morphological colour change. DE pattern 3 is expected for those genes 

that are under negative regulation of melanophores. 

Expression levels of genes known to affect pigmentation in vertebrates were also 

investigated. These genes included KIT, KITLG, CSF1Ra, MC1R, SLC45a2 and PAX7. We also 

analyzed MITF and its regulatory targets (BCL2 and BAD) as they are known to have an 

anti-apoptotic function. Coding sequences from tilapia, medaka or zebrafish orthologs 

were obtained from Ensembl (using the gene tree view) and used to identify and 

annotate contigs from our de novo assembly.  

Phylogenetic analysis 

Identification of orthology of the DE and candidate genes was done as follows: 

The Midas contig was blasted in Ensembl against Medaka or Zebrafish and the longest 

CDS was obtained. The Ensembl gene tree was used to identify paralogs and orthologs 

from zebra fish, medaka, stickleback, human and mouse. Tilapia CDS were retrieved from 

pre-Ensembl or Genbank. The Midas peptide sequence was deduced based on blastx 

results and ORF prediction of the assembled contigs. PCR primers were designed and the 

experimental cDNA sequences were obtained from a skin cDNA library using standard RT-

PCR and sequencing protocols (BigDye v.1.1). Sequences were aligned as peptides using 

the muscle algorithm. Trees were constructed using maximum likelihood (PHYML) with 

100 bootstrap replicates in SeaView version 4.3.3 (Galtier et al. 1996). Regions with non-

informative gaps (those present in a single taxa) were excluded from the alignment. 

RESULTS AND DISCUSSION 

Here, using transcriptome wide next generation sequencing technology (Illumina) 

we identified key expression differences between different pigment morphs in the same 

Midas cichlid species. The Midas cichlid fish system provides one of very few clear 

examples of sympatric speciation, where color-based assortative mating is one of the 

processes thought to be driving divergence in these fish (Wilson et al. 2000; Barluenga 
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and Meyer 2004; Elmer et al. 2009a). Interestingly, some of the differentially expressed 

genes detected here have also been implicated in parallel pigmentation traits in other 

organisms and in human pigmentation disorders. 

An average of roughly 8M reads from each library (Figure SV.1) was successfully 

mapped to the de novo assembly and to the tilapia reference. The dispersion and 

concentration of fold change values are displayed in Figure V.3. 

 

Figure V.3 RNAseq ‘MA’ plot. Genes found to be DE in the edgeR for each of the three comparisons 
are shown in red.  

A total of 44 DEG were identified by at least one analysis methods described in 

Table V.1. The overlap between the three different comparisons (NT, NG and TG) is shown 

in Figure V.4.  

 

Figure V.4 Venn diagram showing the overlap of DEG among the three comparisions. 



Chapter V – Transcriptomics of color change in Midas cichlids 

- 82 - 

Table V.2 List of DEG. Letters indicate in which of the analyses from Table 1 that DE was detected.

 Annotation Analyses Comparison Expression 
Pattern 

Best Hit 

1 TYR g N vs. G 1 XP_003441635.1 

c T vs. G  

2 TYRP1a a,b,c,d N vs. G 1 XP_003450374.1 

a,c,d N vs. T  

3 TYRP1b c,e,f,g,h N vs. G 1 AAL84110.1 

d N vs. T  

d,e,h T vs. G  

4 SLC24a5 a,c,d,g,h N vs. G 1 Q49SH1.1 

a,c,g,h N vs. T  

5 PMELa a,b,c,d,e,g,h N vs. G 1 AAI29134.1| 

d N vs. T  

a,b,c,d,e,f,h T vs. G  

6 MREG a,b,c,d,e,fg N vs. G 1 NP_001002167.1 

d N vs. T  

7 CXCL13/IL8 b,c,d N vs. G 2 
XP_003444508.1 

a,c,d N vs. T   

8 CX41.8 e N vs. G  AAI63086.1 

9 SLC6a15 c,d,g,h N vs. G 2 XP_003449204.1 

a,c,d,g,h N vs. T  

10 Uncharacterized 1 a,b,c,d N vs. G  NP_001091866.1 

a,d N vs. T  

11 Uncharacterized 2 a,c,d N vs. G 2 XP_003460123.1 

a,c,d N vs. T  

12 RT 1 a,c,d N vs. G 1 NP_001025268.1 

a,c,d N vs. T  

b T vs. G  

13 Uncharacterized 3 e.h N vs. G 3 BAE33391.1| 

h N vs. T  

14 Uncharacterized 4 g,h N vs. G 2 XP_003460121.1 

g,h N vs. T  

15 RIMKA c,d N vs. G 2 XP_003444930.1 

c,d N vs. T  

16 RT 2 a,c N vs. T 1 BAC82613.1 

17 Uncharacterized 5 g N vs. T 1 - 

18 FYNa g N vs. G  NP_001007287.1 

19 Uncharacterized 6 e N vs. G 1 XP_002663842.1| 

20 PKHD1L1 h N vs. G  XP_003447322.1 

h N vs. T  

21 TRIM16 e N vs. G 3 XP_001921089.3| 

22 Uncharacterized 7 g N vs. T 2 XP_003460506.1 

23 Uncharacterized 8 c T vs. G  XP_003455740.1 

24 RASEF a N vs. G 3 XP_003446171.1 
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 Annotation Analyses Comparison Expression 
Pattern 

Best Hit 

25 BDH1-like a N vs. G 3 XP_003453238.1 

26 TTN-like d N vs. G 3 A2ASSVI.1 

d N vs. T  

27 PTGIS a N vs. T 2 XP_003441326.1 

28 IER2 a N vs. G 2 XP_003454129.1 

29 Uncharacterized 9 c N vs. T  XP_003199799.1 

30 Uncharacterized 
10 

c,d N vs. G  XP_003440066.1 

 c,d N vs. T  

31 Uncharacterized 11 a N vs. G  EAW84958.1| 

32 CRFB4 a,c N vs. G 3 XP_003443307 

33 Uncharacterized 
12 

a N vs. G  BAE33391 

34 ZBTB20 a N vs. G 3 XP_003446897.1 

35 CNFN  a N vs. T 2 XP_003457068.1 

36 FAM89a d N vs. T 1 XP_003456674.1 

 d N vs. G  

37 STC1 a,c N vs. T 1 XP_003452723.1 

38 C-FOS a N vs. G 2 P53450.1 

39 MC6AST5 a N vs. T 1 XP_003447395.1 

40 WFDC2 d N vs. G 1 XP_684531.2 

 d N vs. T  

41 CCDC9 a N vs. G 3 XP_003456447.1 

42 RTN3 c N vs. T 1 XP_003459827.1 

43 RT-TF2 a T vs. G 1 AAC33526.2 

44 JUNb a N vs. G 2 XP_003443124.1 

 

Two groups of DEG can be easily distinguished based on their expression 

patterns. These fall into the categories 1 and 2 described in the Background section 

(Figure V.5).. The third category (up regulation in Golds) is not so clear, and seems to 

have been affected by a few individual outliers. Expression pattern 1 corresponds mainly 

to genes related to melanosomal pathways (http://www.espcr.org/micemut/). These 

were, for example, the tyrosinase gene family members (TYR, TYRP1, DCT), pre-

melanossomal protein a (PMELa, also referred to as silva), melanoregulin (MREG), sodium 

calcium transporter 24a5 (SLC24a5) besides one uncharacterized and one reverse-

transcribable element.  

Expression pattern 1 involved mainly genes expressed by melanophores and 

related to melanosome components and differentiation (Kwon 1993). This pattern is 

expected given the decreasing melanophore densities of normal to transitional to gold 

fish, and provides internal validation for the present experiment. The expression of these 

http://www.espcr.org/micemut/
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genes was also found to be higher in dark bars relative to light bars in a recent RNAseq 

study in stickleback (Greenwood et al. 2012).  

 

Figure V.5 Heatmap grouping top DEG from the analysis a (Table V.1) based on their expression 
patterns. Numbers indicate DE patterns from Figure V.2. Results of clustering with k = 3 are shown 
on the top right.  

Since some of these genes underlie similar phenotypes in other organisms 

(Lamason et al. 2005; Gratten et al. 2007), it would appear that they could potentially be 

good candidates for corresponding to the Midas cichlid gold locus. However, none of 

them map to the gold locus as determined by positional cloning experiments (S. 

Fukamachi, F. Henning and A. Meyer, work in progress, see also Henning et al. 2010). 

Nevertheless, the coding regions of the genes known to produce similar phenotypes in 

other organisms were sequenced from gold and normal samples to rule out an obvious 

difference that could account for the phenotype. No potentially causal polymorphisms 
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(missense or nonsense) were detected.DEG that were up-regulated in T (and in some 

cases also in G) involved immediate-early genes related to cellular response to stress 

(IER2, JUNb, C-FOS) and recruitment of B cells (CXCL13). The CXC13 chemokine is similar in 

sequence to the one described by Kim et. Al (Kim et al. 2007) in the Japanese flounder 

where it was found to have a function in immune and inflammatory responses. JUNb and 

C-FOS are known targets of MITF regulation (McGill et al. 2002). Interestingly, the up 

regulation of the transcription factor JUNb and C-FOS, as seen in the present experiment, 

was previously implicated in the transformation of melanocytes to melanomas in humans 

(Yamanishi et al. 1991). Cornifelin (CNFN) was also upregulated in T. A similar expression 

pattern of upregulation of CNFN was detected in psoriatic skin (Michibata et al. 2004; 

Itoh et al. 2005). Psoriasis is an immflamatory, immune disease in humans characterized 

by the infiltration of chemokines to the skin tissue (Capon et al. 2007). 

The partial, rather than total, overlap between the results obtained with the 

different analysis packages might be related to the different methods used to estimate 

dispersion and to calculate normalization factors. The normalization factors in edgeR are 

calculated taking compositional bias into account and might be better suited for the 

present data. Although some of the DEGs detected exclusively by edgeR might be false 

positives, DE between N and T was detected in genes such as SLC24a5 and TYRP1 

(expression pattern 1). In these cases, DESeq only detected DE between N and G. 

Despite the evidence that melanophores are lost by apoptosis during 

morphological color change (Dickman et al. 1988), MITF and its regulatory targets were 

upregulated in T and G fish. These results are intriguing considering that MITF is a positive 

regulator of anti-apoptotic genes such as BLC2 (McGill et al. 2002) and BAD. Both of 

which displayed the same expression pattern 3 (Figure V.6). This might either suggest 

that apoptosis is triggered by external rather than internal signaling. Despite the clear 

trend, statistical significance could not be achieved in the global DE analysis. If analyzed 

with a Wilcox-Test, MIT does differ between G and N (p = 0.04). The lack of significance in 

the global DE analysis can presumably be attributed to the reduced statistical power of 

using six biological replicates. The pattern of variation across groups is consistent with 

the natural biological ordering and a negative correlation of expression with 

melanophore number. Furthermore, the consistency of expression pattern of BCL2 and 

BAD (genes that are under positive regulation of MITF) leads us to believe that the trends 

reflect biological reality. 
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Figure V.6 Expression levels of MITFb, BLC2 and BAD. 

The other candidate-color genes analyzed (MC1R, CSF1Ra, KIT, KITLG, SLC45a2) 

did not conform to any expected pattern or show clear trends (Supporting Figure SV.1). 

Although some of them had clearly more variation and higher values in the T and G 

groups (MC1R, CSF1Ra) as reported previously (Henning et al. 2010).  

The five members of the tyrosinase gene family (TYRa, TYRP1a, TYRP1b) were 

clearly negatively correlated to the amount of melanophores in the tissues of the 

different groups (Figure V.7). This is consistent with the role of this gene family in the 

enzymatic conversion of tyrosine to melanin. TYR is the rate limiting enzyme in the 

cascade that produces melanin. DCT is expressed exclusively by melanophores and 

melanoblasts (melanophore precursors). The level of expression of this gene was found 

to be very low, with a maximum number of mapped reads of 8 in one normal sample. This 

naturally precludes it from being detected in the global DE analyses.  

Despite having retained functional paralogs of several pigmentation pattern 

genes, the expression patterns of the paralogs seem redundant at least to the extent of 

expression levels. This redundancy is consistent with the observed pattern in other 

teleosts. The impact of the FSGD on the evolution of coloration was recently reviewed 

(Braasch et al. 2006; Braasch et al. 2007; Braasch et al. 2009). In particular, the TYRP1 

paralogs were found to have functionally diverged in a lineage-specific manner: TYRP1a is 

expressed in melanophores and TYRPb in the retinal pigment epithelium in medaka. The 

expression of both paralogs overlaps in zebrafish (Braasch et al. 2009). In the present 

experiment, one copy of MREG and PMEL was found to be DE and this might also indicate 

that they diverged in function from their paralogs. 
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Figure V.7 Expression levels of members of the tyrosinase gene family. 

CONCLUSIONS 

RNAseq was successfully employed to investigate the transcriptome wide 

expression levels on a non-model organism. The present study identified both well-known 

and uncharacterized genes associated to melanophore maintenance (expression pattern 

1), cell death and clearance (expression pattern 2) as well as potential regulatory target 

genes (expression pattern 3). Our results also illustrate how parallel phenotypes can 

evolve in different lineages by using genes of the same pathways. The zebrafish golden 

gene (slc2415) for instance, was found to be differentially expressed across the Midas 

cichlids color morphs. Given the differences between the zebrafish and Midas golden 

phenotypes (constitutive vs. late onset) and the lack of detected sequence differences in 

the latter, it appears that the expression differences in this gene are downstream 

consequences of melanophore death in the Midas, which contrasts to its upstream role in 

causally determining the phenotype in zebrafish (Lamason et al. 2005). Other genes that 

determine similar phenotypes in other organisms (Parichy et al. 1999; Fukamachi et al. 

2001; Hoekstra et al. 2006; Miller et al. 2007; Roberts et al. 2009) did not show clear 

trends in our experiment.  

The further characterization of the unknown DEGs identified in the present study 

is warranted, given that they might represent novel pigmentation genes of interest to 

evolutionary and cichlid biologists as candidates for influencing naturally occurring 

phenotypes (Kuraku and Meyer 2008). Importantly, we note that an uncharacterized 

gene (Uncharacterized 2 in Table 2), which includes a lysozyme domain, maps to the gold 

candidate region as defined by positional cloning (S. Fukamachi, F. Henning and A. Meyer, 

work in progress, see also (Henning et al. 2010)). Microsatellite and SNP markers located 

in the vicinity of this gene segregate with the gold phenotype in a F2 mapping panel 
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confirming linkage. Thus, opening the exciting possibility it is the causal gene underlying 

the gold phenotype. This hypothesis is currently under investigation and will be 

addressed in future work. 

Interestingly, DEGs found to be upregulated in transitional fish also bear 

resemblance to patterns observed in melanoma formation (Yamanishi et al. 1991) and 

psoriasis (Michibata et al. 2004; Itoh et al. 2005). The evolutionary conservation of the 

major pigmentation pathways opens the possibility that the other genes that conformed 

to expression pattern 2 also constitute potential markers for the development of 

melanoma or other pigmentation disorders. 
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GENETIC MAPPING OF THE MIDAS GOLD LOCUS 

FREDERICO HENNING, SHOJI FUKAMACHI & AXEL MEYER 

BACKGROUND 

Body coloration directly influences and reflects how an organism interacts with its 

conspecifics and its environment more generally. In addition to being targets of natural 

selection (Hubbard et al. 2010), coloration is also one of the main cues for mate choice 

and therefore, often a trait that can underlie species recognition and lead to the 

speciation (Gray and McKinnon 2007). In addition, coloration differences are accessible to 

genetic analysis and have been of interest to geneticists for over a century (Morgan 1910; 

Reed et al. 2011). 

Several species of Midas cichlids are polychromatic. All individuals start with a 

“normal” coloration that includes 7 bars or 8 spots (depending on the motivational 

status). The “gold” coloration is a result of the secondary loss of melanophores that 

progresses with a variable age of onset, beginning at 6-7 months (Dickman et al. 1988) 

and possibly incomplete penetrance (Henning et al. 2010 see also Chapters IV, V and 

references therein ). Gold and normal morphs are known to mate assortatively with 

regard to body coloration and this possibly has fuelled sympatric divergence in two 

separate instances (Wilson et al. 2000; Elmer et al. 2009a; Elmer et al. 2010). In addition to 

the genetic divergence between the normal and gold color morphs in A. xiloaensis it was 

also recently found that ecological and slight morphometric differences between the 

color morphs exist which are suggestive of ecological differences (unpublished data by 

Kusche, Elmer and Meyer).  

It was suggested that the gold coloration is dominant to the normal one, but the 

proportions and a formal statistical test were not reported (Barlow 1976). This was 

recently tested (Henning et al. 2010) and the segregation ratio was similar to, but still 

significantly different from 1:3 as would be expected from a single dominant loci (χ2 = 5.21, 

df = 1, p = 0.023 see Chapter IV). This deviation was explained by the presence of non-

transformed gold fish among the normals, but the action of genetic modifiers could not 

be ruled out (Henning et al. 2010). The binary nature of the trait allows a straightforward 
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genetic analysis. However, one cannot rely on normal fish for mapping, as some of these 

might be non-transformed, genotypically gold fish. In the present chapter, the genetic 

basis of the gold phenotype is investigated through the use of positional cloning. 

RESULTS 

gold also influences mating preference, or is in tight linkage to the locus that does 

To test whether body coloration segregates independently from mating 

preference, phenotypically gold and normal F2s of a cross between a gold and a normal 

Midas cichlids were allowed to freely choose mates in a community tank. 14 NxN pairs, 10 

GxG pairs, and three mixed pairs were obtained (Figure VI.2). This is significantly different 

from the expected proportions under independence (χ2 = 6.89, df = 2, p = 0.0319) and 

suggests that body coloration and mating preference are either pleiotropic or in tight 

linkage. 

 

Figure VI.1 Assortative mating among F2s. Bars repsent the number of each type of pair: gold /gold 
(G x G), gold/normal (G x N) and normal/normal  (x) is diplayed. 

Coloration is mendelian and age of onset is a co-dominant trait 

From a heterozygote by heterozygote cross, a total of 41 normal and 124 gold fish 

were obtained. This proportion is in striking agreement to 1:3 (χ2 = 0.049, df = 1, p = 

0.8232).  Interestingly, the proportion of heterozygous and homozygous (36:34) gold fish 

was very close to 1:1 and significantly different from 2:1 (χ2= 7.314, df = 1, p < 0.007) at 1 

year of age. At 2 years of age, the proportion of heterozygotes and homozygotes (80:34) 
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was no longer significantly different from the expected mendelian proportions of 2:1 (χ2 = 

0.63, df = 1, p = 0.43) (Figure VI.2).  

These results confirm that the gold coloration is based on a single dominant 

locus. Furthermore, the different proportions of homozygous and heterozygous gold fish 

in the two different time points suggests that the G allele is co-dominant regarding age of 

onset. From the present data, it is estimated that all of the homozygotes transformed 

before reaching one year of age while only half of the heterozygotes did. Therefore, GG 

fish probably undergo color change at a smaller size than Gg individuals. (In principle, 

there is no obvious causal relationship between size and onset of colors change, but 

there clearly is a correlation of size with age.)  

 

Figure VI.2 Segregation ratios of the gold phenotype. A) Numbers of gold and normal F2s obtained 
from a heterozygote by heterozygote cross. B) Number of heterozygote (Gg) and homozygote 
(GG) gold fish obtained at 1 and two years of age.  

This observation is of interest to understanding the evolutionary processes that 

may affect the frequency of this allele in the wild. There is some evidence that the natural 

occurring predator, Cichlasoma managuense distinguishes between both color morphs 

(Kusche and Meyer, unpublished results). If predation pressure is more intense for 

smaller fish, gold might also be codominant regarding fitness under predation pressure. 

There is also evidence that there are also advantages to being gold. It was found 

that gold fish grow faster than normal fish and that this is likely caused by a competitive 

advantage (Barlow 1973, 1983). These two opposing selective forces could potentially 

create a heterozygote advantage that could elegantly explain the observed pattern of a 

stable polychromatism (Barlow 1976; Barlow et al. 1984; Dickman et al. 1990). Despite 

being quite speculative given the current data and lack of knowledge on other potential 

selective forces, this scenario is an exciting avenue for future investigation. 
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Isolation and annotation of the gold region  

The genomic region linked to gold was obtained by a genome scan using AFLP 

markers and defined by recombinant breakpoint analysis. The candidate interval spans a 

BAC tiling path of three clones of ~480Kb which was Sanger shotgun sequenced and 

assembled. It was not possible to obtain a single contig owing to the presence of 

repetitive sequences and tandemly duplicated genes (SIGLEC gene family) in clones 

076E13 and 067G20. Nevertheless, contigs of up to 30Kb of these clones were obtained 

and scaffolded using a scaffolds from a draft version of the A. citrinellus genome (Fan & 

Meyer, work in progress). The final assembly consists of 5 scaffolds, out of which 3 

correspond to a region of ~175Kb in clones 076E13 and 067G20 that contains the SIGLEC 

repeats. The gold candidate region was annotated manually using blastx against model 

vertebrates and the presence of 13 genes was detected (Figure VI.3).  

 

Figure VI.3 The gold critical interval. Two F2 individuals define a critical region of ~480Kb (only the 
recombinant chromosome is represented). The gold grandparental chromosome is represented in 
orange and the normal in black, recombination events are shown in red. The BAC tiling path of the 
region encompasses three clones (049H02, 076E13 and 067G20). Genes identified by blastx search 
are shown below. Potential candidate genes are highlighted in red boxes.  

11 of the genes in the gold region could be annotated with confidence (high bit 

score when compared to a homolog of well annotated model organism). The remaining 

two positional candidate genes presented similarities with DNA-directed polymerases 

(e.g. POLR3GL) and partial hits to genes of the SIGLEC, sialic-acid-binding 

immunoglobulin-like lectins, family (MAG, CD22, sialoadhesin, fibroblast growth factor 

receptor). Lectins are carbohydrate-binding proteins with functions in the native immune 

system and in cell-cell adhesion and interactions (Powell and Varki 1995; Angata and 

Brinkman-Van der Linden 2002; Varki and Angata 2006; Crocker et al. 2007). SIGLECs are I-
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type lectins that exhibit immunoglobulin domains (Powell and Varki 1995) and among 

other properties, mediate B cell signaling (Nitschke 2005).  

Comparative genomics 

Interestingly, the gold interval seems to span a region that underwent extensive 

rearrangements. These possibly consist in Midas cichlid- or even Gold-specific 

rearrangements. The synteny of two blocks of genes (TXNIP-TTC24 and NLRC3-

TMPRSSVI) is, to a certain extent conserved throughout teleosts. The AGO61 gene is 

present in a different genomic scaffold in all cichlids and is located at a great distance 

from the other genes in other teleosts, albeit on the same chromosome. Intriguingly, 

despite being separated by only 5Kb in the Midas cichlid BAC clone (also confirmed by 

PCR on genomic DNA of field-collected samples), TTC24 and FFAR3 are located 4.6Mb 

apart in the tilapia and present in different scaffolds in M. zebra (Figure VI.4). 

These possible rearrangements are of interest to understanding the speciation 

process in this group, if it can be shown that they are not fixed in the Midas cichlids. The 

role of chromosomal rearrangements in facilitating genetic hitchhiking in sympatric 

speciation is well recognized (Rieseberg 2001).  

Identification of candidate genes 

The coding sequences of the following positional-candidate genes were obtained 

from gold and normal cDNA: AGO61, NLRC3, FFAR, XRRC1, GNRHR2 and no polymorphism 

was observed. A dopamine receptor 2 homolog is the only gene within the interval that 

has a known pigmentation function and it was more thoroughly investigated. Based on 

phylogenetic analysis and the zebrafish annotation, the Midas DRD2 receptor that maps 

to the gold locus was identified as DRD2b (Figure VI.5). 

The dopamine receptor 2 (DRD2) has a pigmentation function conserved in the 

mice (http://www.espcr.org/micemut/#cloned), Xenopus (Martens et al. 1993) and human 

homologs (Potenza et al. 1994). Intriguingly, DRD2 is also reported to be involved with 

social affiliation in humans (Fowler et al. 2011). DRD2 is expressed mainly in the central 

nervous system, especially in the pituitary (Boehmler et al. 2004). It was shown to be 

differentially expressed during background color adaptation in Xenopus (Martens et al. 

1993). Long-term adaptation to a white background causes melanophore cell death 

(Sugimoto et al. 2000). Melanophore cell death also occurs in transitional gold Midas 

cichlids (Dickman et al. 1988).  

http://www.espcr.org/micemut/#cloned
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Figure VI.4 Comparative genomics of the gold interval. Interrupted lines represent separate 
scaffolds (the cichlid genomes are not completely assembled). Two blocks of genes show 
conserved synteny with other teleosts, however they are separated by great distances in all the 
other genomes. The distances are compacted in the representation.  

 



Chapter VI – Genetic mapping of the gold locus 

- 95 - 

 

Figure VI.5 Dopamine receptor gene tree. The maximum likelihood tree was built using the coding sequences of model teleosts (zebrafish –ZF, medaka, carp, 
stickleback-SB, fugu), human and mouse DR homologs and is rooted by the alpha2 A2 adrenergic receptor (a2A2AR).  
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The molecular mechanism underlying the influence of DRD2 on pigmentation is 

mediated by its inhibitory effect on pro-opiomelanocortin (POMC) (Chen et al. 1983). POMC is 

processed into melanotrophic peptides, such the melanophore stimulating hormone (α-MSH) 

which is the recognized as the most important hormone affecting proliferation and dispersion 

of chromatophores (Fujii 2000). A DRD2 variant with increased inhibitory activity or a 

regulatory polymorphism leading to over-expression, would also explain the dominant nature 

of the gold phenotype and the codominance of age of onset. 

Dopaminergic regulation of melanophore density in the Midas cichlid 

To investigate whether melanophore density in the Midas cichlid is also under 

dopaminergic control, a pharmacological experiment was conducted. A D2-specific antagonist 

was administered. After 2 weeks, fish treated with the antagonist had a notably darker 

appearance. These could, however, merely reflect physiological color change. To test whether 

blocking DRD2 also induces morphological color change, the density of melanophores was 

estimated. As expected, the treatment group had higher melanophore density (Wilcox, W=0, 

p < 0.001) as shown in Figure VI.6.  

 

Figure VI.6 Changes in melanophore density following treatment with D2 antagonist. A) Melanophore 
density in fish treated with a dopamine receptor D2 antagonist. Values of each replicate are shown in B. 
Examples of a scale with a high and low density are shown in C and D.  
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These results complementary to the results of an in vitro experiment where the 

administration of a D2 agonist had an inhibitory effect on α-MSH in pituitary cells of the tilapia 

(Lamers et al. 1997) and show that melanophore density is under dopaminergic control in the 

Midas cichlid. 

Characterization of the DRD2b coding sequence and transcriptional variation 

The coding region of DRD2b was sequenced from gold and normal F2s. Two 

synonymous and one non-synonymous (Arg/His243) substitutions were found (Figure VI.7). The 

alignment to other teleosts indicates that Arg243 is the ancestral state and was in linkage 

disequilibrium with the G allele in the present mapping cross. This observation makes it 

unlikely that this represents the causal polymorphism, unless it is also postulated that the 

normal phenotype is the derived one. Furthermore, the His243 allele is not present in some 

populations also segregating for gold. 

 

Figure VI.7 Alignment of the deduced DRD2b Midas peptide with tilapia, zebrafish and stickleback 
homologs 

The DRD2b transcriptional variation was investigated by rapid amplification of cDNA 

ends and was found to span over 20Kb of genomic DNA. The Midas DRD2b presents 
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considerable transcriptional diversity, including 4 5’ non-coding and 7 coding exons (Figure 

Figure SVI.1). Upstream regulatory regions of the mouse DRD2 homolog are well-characterized 

and known to harbor regulatory sequences and a non-coding exon located 10Kb upstream of 

the first coding exon (Neve 2010). The 3’UTR was obtained by RT-PCR using a reverse universal 

adaptor primer and gene-specific forward primer that anneals to the sixth coding exon and 

extends 89 bases downstream of the stop codon. Transcription initiation was found to occur 

at six different positions of the non-coding exon 1, which is located more than 10Kb upstream 

of the canonical translation initiation site (Figure SVI.1). A total of 9 transcripts, ranging from 

1150 to 1929bp were obtained from brain cDNA libraries of gold, normal and transitional fish. 

The Midas canonical transcript does not include the second, third and fourth non-

coding exons. Transcripts that include the 19bp upstream of the acceptor site in the second 

exon, produce a 179aa truncated protein. The 3bp alternative acceptor site in coding exon 5 

leads to the exclusion of the valine residue at position 331 of the peptide. The 1150 transcript 

does not contain the canonical start codon. While the same ORF is present, the first ATG site 

the translation is located downstream and translation would result in a 5’truncated peptide 

(Figure SVI.2). These findings contrast to the pattern found in other species. Xenopus, human 

and mouse DRD2 homologs also undergo alternative splicing, but only two isoforms, termed 

short and long, were described (Dal Toso et al. 1989; Giros et al. 1989; Martens et al. 1993). 

Population-based association analysis 

Several polymorphic markers (13 SNPs and three microsatellites) located downstream, 

within and upstream of the DRD2b locus were located by sequencing BAC ends, the 

EactMctt_149 AFLP site and exons and introns of DRD2b in a population sample. Linkage of 

these markers to the gold locus was confirmed by genotyping the F2 mapping panel. Single 

SNP association tests show strong, significant association of all SNPs present in the DRD2b 

locus (Figure VI.8). A higher level of differentiation between normal and gold populations is 

expected in the vicinity of the gold locus and is independent confirmation of the family-based 

linkage mapping results. 

The most strongly associated SNP (number 6 in Figure VI.8) is located upstream of the 

first coding exon. Furthermore, the interval between SNPs 9-11 (immediately downstream of 

the 3’UTR) is characterized by a complete absence of gold individuals homozygous for the 

normal allele. This pattern is expected for a dominant trait such as the gold phenotype. One 

would also expect a complete absence of the gold allele from normal samples (as this 

phenotype is recessive). However, it should be recalled that phenotypically normal fish can be 
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genetically gold and are unreliable for mapping. The region downstream of the 3’UTR contains 

conserved non-coding elements (Figure SVI.1) and was found to harbor a great number of 

indels. One of these was used as a marker (marker 11) and also showed one of the strongest 

associations to the gold locus. 

 

Figure VI.8 Genotype-phenotype association. Significant differences in allele frequencies between gold 
and normal populations are found in the DRD2b locus. The chi-square test statistic and position in the 
candidate region are represented on the y and x axes, respectively.  

The same SNPs were also genotyped in samples from the Lake Nicaragua populations 

of gold and normal Midas cichlids (43 golds and 42 normals). However, in this case, only one of 

the SNPs showed statistical signs of association (SNP number 8). These results can be 

explained by the following hypotheses: a) the gold phenotype has multiple origins and 

therefore, alternative alleles are segregating. Alternatively, b) DRD2b is not the causal gene, 

and the results obtained in Lake Xiloá were an artifact of insufficient marker density and 

population stratification.  

The difference in association between the two populations could reflect different sizes 

of the linkage disequilibrium blocks as has been found in other population-based gene 

mapping studies (Baxter et al. 2010; Reed et al. 2011). Lake Nicaragua populations are more 

ancient and larger and are expected therefore to have smaller LD blocks.  

LIMITATIONS AND FUTURE DIRECTIONS 

However exciting, these results are still preliminary and must be interpreted with 

caution due to the following limitations: 
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 Mate choice studies have not tested whether mate choice cue is indeed visual. 

If mate selection turns out to be behavioral it cannot be clamed that 

preference and marker are governed by the same locus. Furthermore, tight 

linkage cannot be ruled out; 

 Background association due to relatedness and population differentiation was 

not accounted for and might have led to inflated associations. Furthermore,  

this association was not replicated in a population from Lake Nicaragua;  

 The confirmation on further populations is required. If multiple genes are 

involved (as opposed to multiple mutations in the same gene), it will be 

necessary to establish additional mapping families and perform positional 

cloning experiments; 

 Higher marker density is required to guarantee the sampling of the highest 

associated region. Otherwise, it can lead to the misidentification of causal loci 

(Baxter et al. 2010; Reed et al. 2011); 

 No obvious coding polymorphisms or expression differences were detected in 

DRD2b. or other positional candidates screened so far. The possible existence 

of regulatory polymorphisms might require extensive fine-mapping 

experiments. 

Test of other positional candidates 

The same procedure outlined for DRD2b (with the exception of the drug-based 

experiment) will be carried out for the other candidate genes if a clear expression difference 

in DRD2b is still not found. Due to the number of genes in the region (10-15) and the absence 

of another clear candidate, these experiments can become rather extensive. One of the genes 

found to be differentially expressed in Chapter V (Uncharacterized 2) maps to the gold 

candidate interval. This gene is upregulated in T fish, as would be expected for the causal 

gene. A number of difficulties for testing if this is indeed the causal gene can therefore be 

anticipated. First, this gene is uncharacterized and judging by the BLASTx results, seems to be 

present only in cichlids. Second, it maps to the region that has not been fully assembled, 

within the SIGLEC repeat region. Third, this gene seems to have undergone tandem 

duplications. A number of similar sequences are found in the same contig. Furthermore, it is 

possible that several of its neighboring genes are also differentially expressed, so a 

comparison of all genes in the interval is necessary. In order to characterize the genes within 

the SIGLEC repeat region, it is first necessary to obtain a better assembly of the candidate 
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interval (recall that this region is not fully assembled). This will be done by resequencing the 

BAC clones with the PacBio NGS platform which can produce reads of up to 10Kb. These 

difficulties can be circumvented if the critical interval is refined by fine-mapping approaches. 

These might reduce the number of positional candidate genes and aid in the localization of the 

causal polymorphism.  

Fine-mapping of the gold locus 

The number of observed meiosis and recombination events for breakpoint analysis 

can be increased by the production of more F2 recombinants. Unfortunately, the original F1 

individuals are no longer available. However, a further generation can be produced from gold 

F2s heterozygous for the critical interval. Genotyping of the F3 generation will be conducted 

as a first fine-mapping step (Figure VI.9a). The potentially refined critical interval will then be 

sequenced using the PacBio NGS platform at high coverage (Figure VI.9b) and used for 

population-based fine-mapping (Figure VI.9c). 
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Figure VI.9 Flow-chart of the fine-mapping approach. The first step involves reduction of the candidate 
interval by family-based recombination breakpoint analysis (a). Gold F3s will be screened for 
recombinants using a set of markers that define the candidate region. The corresponding sequence of 
the remaining BAC tiling path (b) will be determined using the long read PacBio NGS platform. 
Following the assembly, the reference sequence will be used for targeted-capture in population 
samples (c). In plot c the position on the reference sequence and chi-square test statistic of association 
are represented in the y and x axes, respectively.  

Given that multiple natural populations segregating for the color polymorphism are 

available, the most straightforward approach to fine-map the gold locus is to conduct target-

sequencing of population samples. The advent of next-generation sequencing (NGS) has 

enabled simultaneous SNP discovery and genotyping by sequencing across population 

samples. In traditional marker-based techniques, the causal polymorphism is mapped to an 

interval of unknown sequence. In contrast, with genotyping by sequencing of a targeted 
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region, all sequence polymorphisms in the region of highest association are known. This can 

potentially reduce fine-mapping and causal polymorphism discovery to a single step (Mokry et 

al. 2011). This method is also more time and cost-effective than manual SNP discovery and 

genotyping by Sanger sequencing.  

A variety of protocols and commercially available kits that allow targeted sequencing 

of genomic regions have recently been developed (Mamanova et al. 2010). Agilent’s 

SureSelect and Roche’s SeqCap are flexible, solution-based approaches that capture target 

sequences by hybridization to long (80-100bp), synthetic oligonucleotides. The advantages of 

SeqCap EZ are of requiring less template DNA (making it more suitable for field-collected 

samples) and shorter oligos, which reduces costs. The SureSelect platform was recently used 

with success in the fine-mapping of a regulatory mutation in agouti that affects coat color 

variation in mice from the Nebraska sand hills (H. Hoekstra, personal communication). In that 

experiment, over 1000 SNPs were simultaneously discovered and genotyped in a sample of 

192 individuals, in a targeted region of size similar to ours. In addition to sequencing the 

candidate region, a number of unlinked regions were also sequenced and thus allowed the use 

of methods to control for population stratification and non-random sampling. These are the 

main confounding factors in association studies.  

Further work on fine-mapping and identifying the causal variants will also allow us to 

answer more specific questions concerning the origin (singular vs. multiple, ancient vs. new) 

and spread (the role of natural selection) of the G allele(s). 

Ecological genetics 

The ecological conditions that allow for divergence with gene flow in this system 

remain to be thoroughly investigated. Theories of speciation with gene flow generally require 

a source of divergent selection and a genetic mechanism coupling it to mate choice (see 

Chapter I and references therein). The gold polymorphism can provide such an example of the 

coupling of selection targets (predation and social traits) with assortative mating through a 

gene with extensive pleiotropic effects. Sympatric speciation theory predicts that divergence 

in sympatry requires independent density regulation. This can happen through niche 

partitioning. The effect of avian predation, if any, also remains to be investigated. Avian 

predation occurs non-randomly in space and could be a source of selection for habitat 

partitioning. There is already evidence of ecological character displacement between gold and 

normal morphs (Kusche & Meyer, in preparation). The present results show that the selection 

pressures arising from predation might not necessarily be directional.  
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CONCLUSIONS 

The current results indicate that: 

 The gold phenotype is a dominant Mendelian trait. It is however, codominant 

with regards to age of onset, and possibly fitness under predation pressure;  

 Mating preference and body coloration co-segregate in the F2 and thus are 

either in tight linkage or pleiotropic; 

 The gold was mapped to a genomic region containing 10-15 genes. Out of 

which, a single one (DRD2b) has a known pigmentation function;  

 Comparative genomic analysis revealed that this region underwent several 

rearrangements. The genomic region that maps to the gold locus might be 

unstable; 

 SNPs located within the critical interval are significantly associated with the 

gold phenotype independently confirming the family-based mapping results.  

 No coding polymorphism in DRD2b that also segregated with the phenotype in 

other populations was identified. This could suggest the existence of a 

regulatory polymorphism.  

The successful mapping of the Midas gold locus can make extraordinary contributions 

towards understanding the ecological processes and genetic conditions that are more 

conducive to gene flow. The data up to now show that a simple mendelian genetic 

architecture can underlie speciation in some lakes while persisting as an ancient, stable 

polymorphism in others (Barlow 1977). Theory of speciation with gene flow also predicts a 

source of divergent selection and a genetic mechanism coupling it to mate choice (Maynard 

Smith 1966). In this case, the major difficulty of building divergence with gene flow might be 

overcome by pleiotropic effects on mating preference. The gold polymorphism can also 

provide such an example of the coupling of selection targets (predation and social traits) with 

assortative mating through pleiotropic effects.  

MATERIALS AND METHODS 

Crosses 

The F2 mapping panel of 249 individuals was obtained by F1 intercross resulting from 

the mating of a gold colored male and a normal colored female of A. citrinellus (stocks 

maintained at the University of Konstanz). Gold F2s were genotyped as soon as the phenotype 
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was unambiguous. This occurred between 7 and 48 months. Normal F2s were raised to 4 years 

of age to ensure that the majority of the genetically gold fish underwent color change.  

To confirm that that the trait is mendelian, a F3 brood was obtained from a pair 

heterozygous gold F2s. These were selected amongst the available F2s using SNP markers that 

delimit the candidate interval (049H02R and 067G20R, see below). F3s were reared in a 1000l 

tank until the age of one year. At this time point, a fin clip was collected from each gold and 

transitional fish and their numbers recorded. The fish were then moved to a 2000l tank and 

sampled again at the age of 2 years. Gold fish were genotyped for the candidate interval using 

two microsatellite markers linked to the gold locus. 

Linkage of mating preference and coloration 

A mate choice experiment was conducted to test for co-segregation of mate choice 

and body color in the F2 mapping panel. Normal (N) and gold (G) F2s were tested for mating 

preference in four community tanks. In these conditions, Midas cichlids form stable pairs, at 

least until fry are free-swimming. Pairs observed for more than 1 day were removed from the 

community tanks, with reposition. 

Isolation and annotation of the gold candidate interval 

An AFLP genome scan of the F2s revealed two (out of 285) markers linked to the gold 

locus. A chromosomal distance between the gold locus and the closest AFLP marker 

(EactMctt_149) is calculated to be 0.3 cM. A BAC library of the Midas cichlid (Stölting, Henning, 

Fukamachi & Meyer et al. unpublished) was screened with a fragment of EactMctt_149 and a 

positive clone was obtained (067G20). Linkage of this BAC to the gold locus was verified by 

BAC-end mapping. To define the critical interval (a candidate region sandwiched by 

recombination events), chromosome walking was performed and one recombinant was 

identified upstream and downstream of EactMctt_149. The gold grandparental critical region 

 haplotype was also inherited by five normal F2s, showing that the phenotype is either 

incompletely penetrant or that four years are not sufficient to ensure the transformation of all 

genetically gold fish. The BAC tiling path of the critical interval comprises three overlapping 

clones (049H02, 067G20, and 076E13). The critical interval was shotgun sequenced and 

assembled using the SeqMan module of Lasergene v.7 (DNASTAR, WIS, USA).  

Dopamine receptor peptide sequences available in Ensembl were aligned using the 

MUSCLE algorithm (Edgar 2004) and a gene tree was  reconstructed using PhyML (maximum 
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likelihood) algorithm (Guindon and Gascuel 2003) as implemented in SeaView (Galtier et al. 

1996). 

Comparative genomics of the gold candidate interval 

The predicted coding sequences from all the genes present in the gold candidate 

interval were blasted (BLAT) against the tilapia genome in Ensembl and the gene tree view 

was used to identify and record the positions of the orthologs in the current assemblies of the 

zebrafish (Zv9), medaka (MEDAKA1) and stickleback (BROADS1). The genomic positions of the 

orthologs from the five cichlids with currently available genomes (http://cichlid.umd.edu) 

using the Meyer lab local blast server. Analysis of conserved synteny only included two of the 

five current cichlid genome assemblies (tilapia and Metriaclima zebra) because the others did 

not add new information to the analysis i.e. showed similar patterns to M. zebra or tilapia while 

involving a higher number of unassembled scaffolds. The final plot was produced using the R 

package genoPlotR (Guy et al. 2010). 

Dopaminergic regulation of coloration in the Midas cichlid 

40 full-sib A. citrinellus from Lake Asososca Leon were split into four 100l tanks. Midas 

cichlids from this lake do not segregate for the gold coloration. Two of the tanks were 

administered with 10mg/l of metoclopramide hydrochloride (Sigma), a D2-specific antagonist. 

Every three days, water was changed and the antagonist was added. Fish were kept in 12:12 

light/dark cycles. All fish were sacrificed on day 30 and 5-10 scales were collected. These were 

treated in epinephrine (10-4M in 1x Ringer’s solution) for 5min. to induce melanophore 

aggregation (and facilitate counting) and mounted on microscope slides for observation. A 

blinded researcher counted the melanophores and measured the area using the analyze 

particles function in ImageJ (Schneider et al. 2012). 

Melanophore density was calculated by normalizing the total melanophore count by 

the total area analyzed for each fish. The data were not normally distributed (Shapiro-Wilks 

test, p < 0.05) and no difference was detected between the replicates. Therefore, the 

replicates were combined and the treatment and control groups were compared using a 2-

sample Wilcoxon test in R (version 2.14.2). 

Characterization of the Midas cichlid DRD2b ortholog 

DRD2b full-length cDNA was obtained by using RT-PCR (coding exons 1-7), 5’RACE 

(non-coding exons 1-4) and 3’RACE (3’UTR). 5’RACE-PCR was performed using nested-PCR 

http://cichlid.umd.edu/
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(two nested reverse gene-specific primers) on a cDNA library prepared with the GeneRacer Kit 

(Invitrogen) from brain tissue of one gold and one normal F3. The products were cloned, 

labeled with BigDye v.1.1 and sequenced on a ABI 3130xl. 3’RACE was performed by PCR 

amplification using a gene-specific forward primer and the AUAP primer. The PCR product was 

sequenced directly, as it showed a single band after agarose gel fractioning. 

Transcription initiation sites were determined by 5’RACE using a gene-specific reverse 

primer that anneals to the first coding exon. Nested-PCR generated 3 distinguishable bands at 

roughly 500, 700 and 900bp which were ligated into pGEM-T Easy vectors (Promega). More 

than 60 colonies were directly sequenced using m13 primers. Splice variants were obtained 

through the use of a forward primer that anneals to the first non-coding exon (in a region 

present in all previously detected 5’ variants) and a reverse primer that anneals to the 3’UTR. 

cDNA sequences were mapped to the genomic contig with Spidey 

(http://www.ncbi.nlm.nih.gov/spidey/). 

Population genetics 

Phenotype-genotype association was measured in a population of 23 gold and 18 

normal A. xiloaensis collected in Lake Xiloá in 2007 and of 43 gold and 45 normal A. citrinellus 

collected in Lake Nicaragua in 2005. SNP markers were discovered by sequencing PCR 

fragments (1-2Kb) located within and around the DRD2b locus and adjacent genes (XRCC1 and 

NLRC3). The Eactt fragment (derived from the AFLP scan) and the 067G20 BAC-end SNP (that 

delimits the downstream limit of the gold candidate region) were also used. All fragments 

were PCR amplified (2-10ng/l DNA, 1uM primer, 10mM each dNTPs, 1x Buffer DreamTaq buffer, 

0.5U DreamTaq [Fermentas]), then depleted of unincorporated primers and nucleotides by 

treatment with Exonuclease I and FastAP (Fermentas), labeled with BigDye v.1.1 (Applied 

Biosystems) and sequenced on a ABI 3130xl genetic analyzer. Sequences were assembled 

using SeqMan (DNAstar, Lasergene) and SNP positions were genotyped. Genotype-phenotype 

association analysis was carried out using Haploview (Barrett et al. 2005). Both single marker- 

and haplotypes-based statistical tests of genotype-phenotype association were performed. 

Permutation tests were carried out with 10000 replicates.  

http://www.ncbi.nlm.nih.gov/spidey/
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GENERAL DISCUSSION 

Here I briefly contextualize the present results within the broader theoretical 

framework outlined in Table I.1. 

Adaptive vs. non-adaptive sexual selection 

Eggspots have traditionally been treated as a trait under sexual selection through 

adaptive female choice that influences speciation rates (Hert 1989; Goldschmidt and Visser 

1990; Hert 1991; Couldridge and Alexander 2001; Couldridge 2002; Salzburger et al. 2005; 

Lehtonen and Meyer 2011; Theis et al. 2012). However, more recent publications (Tobler 2006; 

Egger et al. 2011; Castillo Cajas et al. 2012) and the results presented in Chapter III support a 

different notion. The among-species patterns of variation in this trait are more consistent with 

a limited role in species recognition. The within-species variation is consistent with a trait 

under weak or no (direction) sexual selection. The proposed function of signaling fitness is 

also unsupported. In light of these new results, eggspots are probably better interpreted as an 

example of trait sensory exploitation and non-adaptive female choice. Given the paucity of 

empirical examples, I believe this interpretation is even more exciting than the traditional one. 

The genetic architecture of speciation 

The genetic mapping of the Midas cichlid gold locus (Chapter VI) supports the idea 

that speciation in this system is facilitated by simple genetic architectures and assortative 

mating rather than sexual selection. This study has already confirmed the theoretical 

prediction that linkage disequilibrium between preference and cue for non-random mating is 

expected in sympatric speciation (Servedio et al. 2011). The cause is likely to be genetic and 

probably a case of pleiotropy or tight linkage. Further fine-mapping experiments and the 

ultimate identification of the causal gene and polymorphism are likely to allow a distinction 

between these processes. 

Coding or regulatory mutations 

The lack of coding differences between gold and normal fish in the most promising 

positional candidate genes and the different times of onset of homozygote and heterozygote 
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gold fish strengthen the hypothesis that a regulatory polymorphism underlies this 

phenotype. Naturally, this will only be confirmed with the identification and functional 

validation of the causal polymorphism. Although evidence for a regulatory basis in adaptation 

and speciation was largely lacking until recently (Hoekstra and Coyne 2007), a number of 

recent papers have shown that this might be the case (Roberts et al. 2009; Manceau et al. 

2011; Reed et al. 2011). 

Evolutionary convergence and contingency 

It has been argued that historical contingency plays a major role in macroevolutionary 

patterns and that evolution is therefore unpredictable (Gould 1989). At the molecular level 

however, several case studies show that homologous genes have been reused multiple times 

through the course of evolution to bring about similar phenotypes in distant organisms 

(Arendt and Reznick 2008; Elmer and Meyer 2011). Some of the most striking examples of 

convergence have been documented in color genes (Manceau et al. 2010). It has been 

suggested that the traditional distinction between convergence and parallelism must be 

abandoned in light of the new knowledge in evolutionary genetics (Arendt and Reznick 2008). 

Despite being involved in many similar phenotypes, MC1r (Chapter III) seems to have no 

relationship with the Midas cichlid gold polychromatism. The transcriptomic analysis of color 

change in Chapter IV did reveal changes in gene expression of many known color genes in the 

gold phenotype. These included SLC24a5 gene, which maps to the golden locus of zebrafish 

(Lamason et al. 2005), TYRP1a which is associated to a light/dark polymorphism in Soay sheep 

(Gratten et al. 2007) and TYR which underlies ocultaneous albinism type 1a 

(http://omim.org/entry/203100) as well as other genes known to affect coat color in mice 

(http://www.espcr.org/micemut/). It seems clear that the gene expression differences 

reported here are downstream changes. Nevertheless the RNAseq analysis illustrates the 

conservation of the main pigmentation pathways and allows one to speculate whether the 

present results might have other implications outside of fundamental research.  

http://omim.org/entry/203100
http://www.espcr.org/micemut/
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RECORD OF ACHIEVEMENTS 

Chapter II 

AM and MS planned the study and designed the experiments. MS collected the molecular 

data. FH and SF analyzed and coded the genotypic data, constructed the linkage map using 

JoinMap (FH) and MapQTX (SF) and manually optimized marker ordering. MS (75%) and FH 

(25%) wrote the manuscript. All authors revised and contributed to the final version of the 

manuscript. 

Chapter III 

AM proposed the research project. FH and AM designed the breeding scheme and artificial 

selection protocol. FH collected and analyzed the data and wrote the manuscript. All authors 

revised and contributed to the final version of the manuscript. 

Chapter IV 

AM proposed the research project. SF designed and supervised the experiments. AJR shotgun 

sequenced the BAC clone. FH performed gap-filling, assembly, annotation, comparative 

genomics, population genetics and RT-PCR. FH and SF analyzed the data. FH wrote the 

manuscript. All authors revised and contributed to the final version of the manuscript. 

Chapter V 

AM, FH and JJ proposed and JJ secured funding for the study. FH, JJ and PF designed the 

experiments. FH crossed and reared the fish. FH and JJ extracted RNA. PF prepared and 

sequenced libraries and performed the bioinformatics analyses (read filtering, trimming and 

mapping). FH and PF conducted the differential expression analysis. FH performed the 

candidate gene analyses, sequenced the coding regions of candidate genes and performed 

the phylogenetic analysis. FH prepared the illustrations. FH (55%), JJ (35%) and PF (10%) wrote 

the manuscript.  All authors revised and contributed to the present version of the manuscript.
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AM and SF proposed the study. The original cross had been previously set up by Dr. Walter 

Salzburger. The BAC library was constructed by Kai Stölting, SF and FH (unpublished). SF 

conducted the AFLP genome-scan, conducted the mate-choice experiment, isolated and 

shotgun sequenced the candidate interval. FH designed, conducted and analyzed breeding 
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interval, performed comparative genomic, population genetic, RACE and RT-PCR and 
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Table SII.1 Loci names, accession numbers, primers sequences, fluorescent labels, product size of cloned fragment, and annealing temperatures 

MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

Abur1 1 HEX 55° 281 AAAGGCCTGTCATCAACTGG GGTCCCCACAGGGTAAATG 
Abur4 2 FAM 55° 320 TTAAGGCCACCGTAGATTCC CTGGTAGCCTGGAGGTCAGC 
Abur5 3 HEX 55° 210 TCACATTGTTCGTTTTGCAC ACGCTCAACAGACAGCAATC 
Abur9 4 FAM-M13 60°/58° 208 GGCCACACGCTTAATAGTCC TGACTTATATTTGCATCCGTGTG 
Abur10 4 FAM-M13 60°/58° 123 TCGAGCTCAGCTTTCTCACTC GCAGCACTGATTGATGCTAGTC 
Abur11 5 FAM 55° 219 GCCATGGCACCTTTAATATG ACCCTTACATGCCCAAAAAG 
Abur12 6 HEX 55° 129 TTCTCGGCCACCAATTTTAC GGTGGGACGGGATGAGAT 
Abur16 7 HEX 55° 400 TGGTCCGTTTAAATGTGTGC TGGGAGGTTTAATAATTAGTGATG 
Abur18 3 FAM 55° 391 CACGTGACGTCCTGATGAAC GCCTACCTGTGGGATACAGC 
Abur21 8 FAM-M13 62°/58° 201 AATGTCATGTGGCTTCTCACC CTGCCTAGTTCTCCCTGAGC 
Abur22 8 FAM 55° 130 TGAGGCATTTTTGTCAATCC GCGTGCACACGTTAGTGG 
Abur24 3 FAM-M13 62°/58° 144 GTTGCATGTAGCTTGCCATC ATCCATCCACCCATTCACTC 
Abur25 4 FAM 55° 210 CGAACCTCAAACGTCCTCTC CTGCTCTGATGGAGTCCAAG 
Abur28 9 HEX 55° 315 CGAAGCGCTTTAGTGGTTTC CATCGCTCAGCTTTCTCCTC 
Abur29 10 FAM 55° 294 GGCAGTTTCTTTTTAACAACATGTAA AAAGGGACGAACGTGACATC 
Abur30 5 FAM 58° 200 GGTGAGCTGCATACCACAAG GTCAGCTGTGAGCGTCTGG 
Abur31 unassigned FAM 55° 392 ACTGTGGAGACGTGCAAGG AAACCTGTACGTCGCTGGAC 
Abur34 8 FAM-M13 62°/58° 250 AACTCTGAGCAGCAACAGCA TCTCAGTGAATCAGCATTCCA 
Abur35 6 HEX 55° 373 AGGGCGAGAGACCCTGAC CTGTTCTCTGAGGTCCTGACG 
Abur36 11 FAM 55° 395 TCTCTGAAGGTGAGCCACAG ACGCTGCCCCTCTTCATC 
Abur37 1 HEX 55° 389 TCGTTTACTTTTATTTATTTCCACCTG TCTCGACTCAGAGTGCTAATTG 
Abur38 12 HEX 58° 280 GGGAAAGAAGCCGTTTGG TTAATGCAGGAGAACAGACAAGG 
Abur40 13 HEX 50° 320 TATTGTCATCCCAGGTCACG TTGATGTCAGATTTTTCTTTAATTTG 
Abur41 14 FAM 55° 133 TAAGTTTCTGGGCCTTGCTG TGAAGGAAAGAAGCCCAAGC 
Abur42 4 FAM-M13 62°/58° 316 TCGAGCTTCCTGCACTATTTC AATCTGCATGACTGGGAGATG 
Abur44 15 FAM 55° 227 GACCATTTGCCCGCTAAG GAAACTCGATTGGCTGCTTC 
Abur45 4 HEX 55° 380 AGCAGTGGATGTGGCAGAG TACAGGATGTGCCCCTCTC 
Abur46 16 FAM 55° 400 CCCCTGCACTCGTTTACTTTAG GAAAACAGAACGCAATCCAAG 
Abur47 17 HEX 50° 124 TCCAGAAACACAGTTGTGACG TTTTGTTCAACATTTATGCCTTTAC 

Abur51 3 FAM 58° 178 GGATGGCATGGACTCAGAAG TTTTCACTTTCCCCATCTCAC 
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MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

Abur53 14 HEX 55° 400 CGACATGAAGACGGCTAAAG GCTCTCTGTGCTGTGGTTTG 
Abur55 9 HEX 55° 412 CTTCAACGAACCTGCGAGTC GAGGAGCTGCTGGAGAACTG 
Abur58 3 FAM 55° 350 GACCCGACGTAGGACAAAAC AGCACACCTGTGTGTTCCTG 
Abur59 7 FAM 55° 500 ACCGGTACACTCTCCCACAG CAGTTGCAATAGGCTGAACG 
Abur61 9 HEX 50° 131 GATTGGCCGAACACAGAAAG ACCTGGGTGTAAAGCAGCTC 
Abur62 11 FAM-M13 62°/58° 377 TGTCATTCAGGCAGCATTTC ATGAGCCCAGATGGTGATTG 
Abur63 12 FAM-M13 62°/58° 313 ATATGGCTGCCAATCACAGG GTGTGCAACCATTACGCAAC 
Abur65 18(unordered) HEX 55° 235 TCTTCCAACATGCACAGAGC GTTAAGCCGTTTGGACAAGG 
Abur66 3 FAM 55° 450 TTCTCGCCTTCCGACAAG TCCGTCCTTATGGTGTGAGC 
Abur67 16 FAM-M13 62°/58° 275 AACCTGGCAGAGCTGAAGTG AGGTACCCCACGTGATGATG 
Abur69 17 HEX 55° 392 ATGCGCGGTTTTTGTAGTG TCCCCTCATCTGATTCTTGC 
Abur77 17 FAM-M13 62°/58° 186 TCTGTGACGTTTGCCTCTCC TTGTCTTTCTGCCAATGCTG 
Abur78 13 FAM 58° 234 GCTGCCTTGCATTAAAGTCC TATTGCAGACACCGTTCAGG 
Abur80 17 HEX 55° 214 GCAGCTTGTTGGGAAGAAAC CTGACTGAGCTGTCCCTGTG 
Abur81 19 HEX 55° 383 ACTCAGCGTCTCCCAGTGTC TCGGTCACTCACAAATGCTC 
Abur82 2 FAM 55° 340 ACAAAGAGCATGCACAAATG CAGGAGACACAGTGGGAGATG 
Abur84 14 FAM-M13 62°/58° 327 CACCTGCTGTCCTTGAGATG AGGTGAGTGTGGGCTCCTC 
Abur85 5 FAM-M13 62°/58° 368 TGTCAAAGCTGGATTGATGG ACTGCCCACAGCAGGAAG 
Abur86 9 FAM-M13 62°/58° 131 ACCCTGCCAGGCTAAGTAAG AAGGGAATAAGCGTCGAAGG 
Abur90 18 HEX 55° 146 AACCAAGCCTGAAAATCCTC GCCAGCTTCAGATGTGGTACTC 
Abur93 7 FAM 50° 260 ACTTCTCAGTGAATCAGCATTTC CAGGACGGACAGAACTTTGG 
Abur94 17 HEX 55° 216 CCACCTCAGGGTGCTTTATAC TCAGGAGGTCCAACTATCATCAC 
Abur98 3 HEX 55° 224 TCACGCACTTCTTTGTTTGG AAGGGACGTTGCTCAATCAC 
Abur99 16 FAM 55° 300 ATCGTCACCGCAATAACCTC CCGAGTACTCTGGAGCAAGG 
Abur100 11 HEX 55° 428 CATTCCAATCCCCTGTGC CTGCTCCAACTCTCCTGTCC 
Abur102 4 FAM 55° 326 CCCTAGCTGCTTACCCTAACC CACCTGCACAGGAAACACAC 
Abur106 7 FAM-M13 62°/58° 238 AGATGAAACTGTCCAGGCAAC ATGCGCCTCAAATAGAAACG 
Abur107 8 FAM 55° 136 CTGGACTTTTGAGTCCCAGTG CATCACCACCCGATACACAG 
Abur109 16 FAM 55° 197 AGACAGCGTTGAACCCAGAG CGACTTTGGCTTCCTCAAAC 
Abur110 15 FAM 55° 326 CGAAGGGAGATGATAGGGAAG AGTAGTACTTGCACAGAAGGAGAAG 
Abur111 16 HEX 55° 330 ATTTGGACGAGGAGGATGAG AAGTGTTTCCAGCGTTGGTC 
Abur113 20 FAM 55° 399 GCCTGAGCACCCAGAAATAC GCATCATTTGGCTCTTTTCC 



Appendices – Supplementary Files from Chapter II 

- 130 - 

MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

Abur116 3 FAM 55° 477 CCGTGTGTGTTTGAGTGAGC CATGGTTAGGGCATCTGTGG 
Abur117 3 HEX 55° 320 GTTCGGTTGAGGTGACAGTG GAGGAAGTATCCGGTTTGTATTG 

Abur118 19 HEX 55° 138 CAGTCACACTGGGGTGTCG AATGTGTGCATGTCCCTGTG 
Abur120 13 HEX 55° 146 CTGCACAGGCCTGAAGAAC TACAGCAAGAACGGCAGGAC 
Abur123 3 HEX-M13 62°/58° 178 CACACTACAACAGCCTAGAGGAG AAAGCTTTGGTGCATTACCG 
Abur128 1 HEX-M13 62°/58° 129 GGCGTTCAGTGATGGTTAGG TCTTCATCGCCAACCTCTTC 
Abur132 10 HEX-M13 62°/58° 274 GCTCCTTACAGCTGGAGTGC TCTGTGCTCAGGTGTCGATG 
Abur134 3 HEX-M13 62°/58° 311 AGAGACATGCACAGGCACAC TGAGCCAGTGCTTAACCTTG 
Abur138 19 HEX-M13 62°/58° 400 CCACAACCTTCCTGCTAACC CCAACAAAAACACACACACG 
Abur139 4 FAM-M13 62°/58° 336 TCTCGCAGGCTCTAATCAGC TACTGCTCACCGCTTCACC 
Abur140 9 HEX 58° 200 TGCCGAGAAACAAAGTGATAG CTGGAGCTGTGCCTCGTAAG 
Abur141 9 FAM-M13 62°/58° 278 AAGGGAATAAGCGTCGAAGG ACCGTCATAATGCGGCTATC 
Abur144 7 FAM 55° 332 TCCCTGTTCAGGAAAGAACC TAAAGACGTCCGGACAGGAG 
Abur145 9 FAM 55° 127 GCGGTGTTTAAGCTCGCTAC TTCTGCCTGTAATCACACCATC 
Abur146 1 FAM 55° 230 TCATGCCATTTCTGCTTGAG CGATATGCACTCCACAGACG 
Abur147 unassigned HEX 55° 201 TTGGCACCTTGAGTGTTCAG TGTGACACTCGCTCAAAGATG 
Abur148 9 FAM-M13 58°/53° 179 CACTGTGCGAAAAGTGCTTG AAGCCGTCAGACTCCTGAAC 
Abur149 1 HEX 55° 311 AGGGCAAACCAAAGCTGAG GGAAGCCAGGGTAAGTCCTC 
Abur150 18 FAM-M13 62°/58° 380 CACAGCCACACAATGATGTC GCAGCTGCTGTAGAGTCGTG 
Abur151 14 NED 58° 249 GTGAATGTGTGAGCGTGTCC CAGATGCAAACAGCTCGAAG 
Abur161 13 NED 55° 150 GCATGTTCACAACTCACTAGCC GCTGGAGAGGTCATTCTGAGG 
Abur162 unassigned NED 58° 210 CGACCGTTAGTATTCCTGCTG CTGAGGGATGCCAGATGAG 
Abur163 9 NED 58° 364 TGCAGACTTTGCTTGAGTGC TCAACTGCAATTCCTGTGAGTAG 
Abur164 2 NED 58° 425 TGCACCCTTCAGACAAACAC GCCACTTGTGAAATGAACATAAC 
Abur165 10 NED 58° 330 TTTATGATGCCAGTAGTGATGC CGTCTAGTCCGATGCCAAAG 
Abur167 15 FAM-M13 58°/53° 385 GCGCGCAAGCAGTGTCTC CCTCCTCCTCGTCTCCTTCT 
Abur171 3 NED 55° 164 GGAGACCTGCAAGTCAATCC TTGATTGCAACGTATTAACTGATAAC 
Abur174 7 NED 58° 342 TGAGGCCAGACCTACCAAAC TCTCCATCGCTCCTCACAG 
Abur176 16 NED 58° 388 AATGGAGCTCGCTGGTAGTC CTGCACCTGCTGTATGCAAG 
Abur178 17 NED 58° 152 GGTTTGAAGAGAGCGAGCTG CCGGTCAGTGTACTCACAGTATC 
Abur179 unassigned FAM-M13 58°/53° 250 AGTCTTCATTTGCCCTGCTG TCTCTCACCATGTCGGTCTG 
Abur182 8 FAM-M13 62°/58° 150 ACCCTGAGAGGGAGGGATAG AGGAGGCTGCTAACAGATGC 
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MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

Abur183 4(unordered) FAM-M13 62°/58° 334 TGCACTTGGAGCCAGATAAG GAACATTTCTCAGGGATTTCG 
Abur184 19 FAM-M13 62°/58° 211 CACTCTTGGGGGCTGTAATG ATGCCGAATCTTTGGAAATG 
Abur187 5 FAM-M13 62°/58° 282 GTTTGGTGTGTGGGAGTGC TGTCAAAGCTGGATTGATGG 
Abur189 7 FAM-M13 62°/58° 424 GCTTCATGTATAGCAGACATCAGTG TGTGAAAATCAAGTTTTGTGCTC 
Abur190 6 FAM-M13 62°/58° 274 TAAAGTCCGTTTGGCTCGAC GGGGAACCACACTAGAAATCC 

Abur191 3 FAM-M13 62°/58° 242 ACTCACCGCCACTCATCTTG AGCAGTCACACCGCTAGAAAC 
Abur193 16 FAM-M13 62°/58° 219 GGTAACGCAGGAAGTCAAGC AAAACCGCAATTTGAGTCTG 
Abur194 9 FAM-M13 62°/58° 154 AGACCCTGATGGTGGAATTG CCCAGCTGCTCAACTCTCAG 
Abur196 9 FAM-M13 62°/58° 373 GACGCAGTTTCAATGTACGG CCTGTGGTTAGCAAGGTCTG 
Abur197 18 FAM-M13 62°/58° 131 GACAGGGACACAGAGGAAGG CTTCTCAATCCCACCCGTTC 
Abur199 20 FAM-M13 62°/58° 446 GACTCAACGAAACCGAGCAG GCCTCCTCCAGAGTCTCACC 
Abur202 17 FAM-M13 62°/58° 243 CACCTTGGCATTTTCATGTG CCATTTCCTCTCCAGCTCAG 
Abur203 2 FAM-M13 62°/58° 170 TGCAGCAGAGGTGAGACTTG TGGTCATCCAGAGGAAGGAG 
Abur204 4 FAM-M13 62°/58° 268 CTGCACCCAGGAAAAACAAC CTTTTAGCAGCCCTGTGACC 
Abur205 13 FAM-M13 62°/58° 219 TCTAATAAGAATATTACCCATCATGC GTGCTGGGATTTCAGTCCAC 
Abur206 6 FAM-M13 62°/58° 299 GGTCTGATGGCTCTCTGCTC ACACAGCTGCACGCACAT 
Abur207 8 FAM-M13 62°/58° 143 ACCCTGAGAGGGAGGGATAG AGGAGGCTGCTAACAGATGC 
Abur208 unassigned FAM-M13 62°/58° 353 GGAGAAGGAGGAGCAGCAG ATGCCGAATCTTTGGAAATG 
Abur209 4 FAM-M13 62°/58° 138 CTTGGTGGTGTTCGTTACCC AGATGCAAGCCATCACTTTG 
Abur212 4 FAM-M13 62°/58° 249 AGAGGCCAGCAGCTCATTC GCCCCAGGTTCCACTAAGG 
Abur218 14 FAM-M13 62°/58° 133 CACAATAACAGTGCTGGGTCAG CGGTCTGCAGAGACATGGAG 
Abur221 3 FAM-M13 62°/58° 125 CAACAACAGGCAGTCGAAGG CTCGGCATGCAGGTTTCC 
Abur223 4 FAM-M13 62°/58° 179 TGAGAACTTGGGGACAAAGC GGAAGCACAGCTGAGAAAGG 
Abur224 7 FAM-M13 62°/58° 312 GAGCGGTGTATGTGTGACG TGCAGTGCTGTAACTGAACG 
Abur225 3 FAM-M13 62°/58° 246 TCTTACAAAATCCATTCCATGC TGAAAGAGCAAGTTACGAAGACC 
Abur226 14 FAM-M13 62°/58° 226 TCACTTCAACAACCCACAGC TAATGCTTCACCGACTTTGC 
Abur227 3 FAM-M13 62°/58° 290 CAGCAGAGCATCAATTCACC AATCTGCAAAACTGGATCTGG 
Abur228 3 FAM-M13 62°/58° 155 TTTGTGGCTGTTTGTGAAGG GTGATTAAGGATAAGTGAGTGTGC 
Abur230 3 FAM-M13 62°/58° 294 TTGAGCTCTTATCCCACTTGC ACTGAGAATGGACAGCATGG 
Abur233 9 FAM-M13 62°/58° 300 TGATTTGCAAACTTGGATCG GGAGCAGGAAATTGCAACC 
Abur234 5 FAM-M13 62°/58° 198 CCACTGGGAACTGAAACTGC GGCGATCCAGAGTGTGACC 
Abur235 19 FAM-M13 62°/58° 273 GAATCTGCACAATGCCAAAC CAGTACTGAGGCCACCTTTG 
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Abur239 11 FAM-M13 62°/58° 325 CACATTATTTCTACCCCTAACACC TCCCTCAGCTAATCCCTTACC 
Abur240 13 FAM-M13 62°/58° 188 TCATTACAATAACACCAACTGTGC TTTATGGTGGGAAAGGCTTG 
Abur242 7 FAM-M13 62°/58° 266 TCTTGCAAGCCTGTTTCTCC GGTTTTATCAACCCGAGTTCC 
Abur244 3 FAM-M13 62°/58° 172 CCACATGACAGGGACAGAGG CATGGTTAGGGCATCTGTGG 
Abur246 17 FAM-M13 62°/58° 184 CAATGTTCCTCTTCACCAACG CACGTTTCGAGTGAAAATCG 
Abur247 3 FAM-M13 62°/58° 319 GCTGCTTAGCATCAACAAGC AACGCTTCACTCAAACAGTAGC 
Abur248 14 FAM-M13 62°/58° 479 CCACCATCACATTATGTAAGAGACC ACTCACCGCCCACACTCAC 
Abur249 13 FAM-M13 62°/58° 327 TCAGCTGAAAAACAAAAGACG TTTTGTTATGACGAGTGGAAGC 

Abur251 11 FAM-M13 62°/58° 349 TCGGGTAATTATGGGAGAGG GAACTCTGAAAATCAAGGTCACG 
Abur254 unassigned FAM-M13 62°/58° 302 ACACAGAAGCAGCCACAGC AAACCGCAGATTCGTGTACC 
Abur266 9 FAM-M13 62°/58° 200 AAACCAGTCCAGCTGTTTGC CTGTGATTGGACGGTTTGTG 
Abur276 6 FAM-M13 62°/58° 243 TTGGAACTGTTTCAGTGAACG AGACAACGACTGCCACGAC 
Abur277 19 FAM-M13 62°/58° 327 CCCCTTAAACCTCAGCAGTG GTCTCGAGTCTGTGCAGTGG 
HoxAa 2 FAM-M13 62°/58° 273 TGTCTTTGAAGCGTGGTCTG ATGGAAACGTCCAACTTTGC 
HoxAb 18 FAM-M13 62°/58° 280 CCAGTGGAAAAGAAGGTTGC CCATGGGCTCCAATATGATG 
HoxBa 7 FAM-M13 62°/58° 338 TCCTGGGAAATAGGGAGAGC ATTGTTCCAAGCCCCAGAC 
HoxBb 20 FAM-M13 62°/58° 324 TTATTTGCCCCTCTGGACTG CTGCCTCTGTCCTCCTTCTG 
HoxCa 5 FAM-M13 62°/58° 337 TCCTGCATTCCAGTCTCTCC AACCATTTCTGCTGTCGTCAC 
HoxDa 9 FAM-M13 62°/58° 158 CAAAGCCCCAGACAAAAATC CCGGTCTACACAAAAATACGC 
HoxDb 16 FAM-M13 62°/58° 226 CATCTCCGGTGGCAAGTAAG ACTGCATGGGGACATCATTC 
ParaHoxC1 3 FAM-M13 62°/58° 287 CATAGTCTATTCCACCACCAAGG TTGATAAAACTTGGATATTACAAGAGC 
Ppun1 1 FAM 55° 191 GCTCATATTGGAGGGCTGAG CAGGGATATTTTTGCAGTGAAG 

Ppun5 4 FAM 55° 
Taylor et al. 
2002 TGTTTGTGAGTCCTTTTGTATCG GCCCATATAATACCAATGTGCAG 

Ppun6 16 HEX 55° 255 CTGGCATACAGTATCAGAAAA ATAGTCCAATGAAGTGTGGA 

Ppun7 7 FAM 55° 
Taylor et al. 
2002 TGACCATCTGCGACAAATAAC AGGCCTAAGTCCCCCTAACC 

Ppun12 unassigned HEX 55° 277 TGGGCAAAGTAAACATGCAC TCTGTTAGCTGGGAGGCAAG 
Ppun16 1 FAM 55° 324 CCAGGGTGTTGTATGTGAAGG TGCTGTTGTGAAGGTTTTGC 
Ppun18 14 HEX 55°/50° 254 CCGCACTTGTTTATCTTCACAC CATGCAAACCCAACCTCAAC 
Ppun19 11 FAM 58°/53° 204 CATGGTTTTGTTTGCCGTTC TCTAGCATCAACAGCCATGC 
Ppun20 7 FAM 58°/53° Taylor et al. ATTGCCCATTTTCAGAAAGC TGGACATTTTCAGAGTAAGGAGAG 
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2002 
Ppun24 4 HEX 55° 297 TGGGACCTTCTTGCTTTTTG GCGGAGTTCTGCTGGTATTC 
Ppun34 15 HEX 55° 134 TTGCCTAATAATTCTGCACTCC TGCATGCCTCATACACACAG 
Ppun35 13 FAM-M13 58°/53° 347 TCCCAATTTCAATAACACAGG GCAGATTGCAGCTGAGAAAAG 
Ppun41 16 FAM-M13 58°/53° 119 TCACCATCAGAGCTGCTCAC AACCTCATCTTGCTTTCAGTCC 

TmoM5 17 HEX 55° 
Zardoya et 
al. 1996 GCTCAATATTCTCAGCTGACGCA AGAACAGCGCTGGCTATGAAAAGGT 

TmoM7 5 FAM 50° 
Zardoya et 
al. 1996 CTGCAGCCTCGCTCACCACGTAT CACCAGATAACTGCACAGCCCAG 

TmoM27 1 FAM 48° 
Zardoya et 
al. 1996 AGGCAGGCAATTACCTTGATGTT AGCTCGGCGAATGATGAACTCTT 

OSU9D 4 FAM 50° 
Wu et al. 
1999 CCTCTGTAGTGATGTTTAATCTCTGT TGACACTGCACTTACTTGGCT 

OSU13D 7 HEX 50° 
Wu et al. 
1999 TAAGCTGATAGGAACCCAAC ACTCCTATTTTGTTATTTTTGTGA 

OSU19T 1 FAM 50° 
Wu et al. 
1999 TGAAGGACAAAGCAGGACTG TGCCCGAACCTTTTTATTTA 

OSU20D 7 HEX 50° 
Wu et al. 
1999 GAAGTGGGATTTGCAGCTTG CATGCTTACAAAGAACAGGGTTAC 

UNH002 3 FAM 55° 
Kellog et al. 
1995 TTATCCCAACTTGCAACTCTATTT TCCATTTCCTGATCTAACGACAAG 

UNH106 17 FAM-M13 55° 
Kocher et al. 
1998 CCTTCAGCATCCGTATAT GTCTCTTTCTCTCTGTCACAAG 

UNH130 3 NED 55° 
Kocher et al. 
1998 AGGAAGAATAGCATGTAGCAAGTA GTGTGATAAATAAAGAGGCAGAAA 

UNH152 unassigned FAM-M13 55° 
Kocher et al. 
1998 TCATCAGAATCATGTTTATTG GTATGTATGTGTATGCATGTGTAA 

UNH192 18 FAM-M13 55° 
Kocher et al. 
1998 GGAAATCCATAAGATCAGTTA CTTTTTCAGGATTTACTGCTAAG 

UNH2004 11 FAM-M13 55°/50° 
Albertson et 
al. 2003 ACAAAAGGTTACTGCACTGAGAG TGGTTTATCTCACCGCTTCA 

UNH2005 11 FAM-M13 55°/50° Albertson et AGTCAAGCAACACAGGGTGA TCACTTGAATCTCTTCTTTTAGTTGG 
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MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

al. 2003 

UNH2008 4 FAM-M13 55°/50° 
Albertson et 
al. 2003 CATGGACCAGTGGAGAACCT GCATCCTGCTTTTTCCTTTG 

UNH2032 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 ACTCGGGCTGTCTGAGAAGT TGTTTCCCTCTGAACGGAAG 

UNH2037 12 FAM-M13 55°/50° 
Albertson et 
al. 2003 GGGATTCACTGGCACCTACT ATGTGGTTCCCAGTGATGGT 

UNH2044 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 CTGCTGTCGGGGAAATTTTA GGAAAGAATTGTGGCAGAGG 

UNH2046 6 FAM-M13 55°/50° 
Albertson et 
al. 2003 TTCATCAACATCCTCACCAGA ACGACAGAAGAACCTGCACA 

UNH2056 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 CTTTCCTCGCAAAAATGAGG TGACAGACATGGCTCTTGAGAT 

UNH2058 4 FAM-M13 55°/50° 
Albertson et 
al. 2003 TTTGTTCTGCAGCTTACCTCA TGGCAGCAGAAGTAGCATTG 

UNH2059 12 FAM-M13 55°/50° 
Albertson et 
al. 2003 TTGGAGCTGCTTTCTTACCC TGAGCTTCATTATTCAAACAAACC 

UNH2069 20 FAM-M13 55°/50° 
Albertson et 
al. 2003 GGGGAGGTAGAGGCCATTAT GTCCACCCACGTCCTGTATG 

UNH2071 4 FAM-M13 55°/50° 
Albertson et 
al. 2003 AATCTCCTGCTCTTGCTCTTT GGCCTCCTGCATAGTAAACA 

UNH2075 unassigned FAM-M13 55°/50° 
Albertson et 
al. 2003 AGCTGAGAGGGCTTGTGAAG AGAGCCGCTGTTAAGGGATT 

UNH2080 12 FAM-M13 55°/50° 
Albertson et 
al. 2003 CCTCATTCCTCTCTGGGACA ATGGCATCTCCCTTTTCACA 

UNH2084 4 FAM-M13 55°/50° 
Albertson et 
al. 2003 TCCATCCAAGGGTCAACTTT TGAGGTGCATATTGCTGCAT 

UNH2094 9 FAM-M13 55°/50° 
Albertson et 
al. 2003 ACAGTTTGGGTCAGTGGTCA TGATATGTAGTGAGCAAAACCAA 

UNH2100 9 FAM-M13 55°/50° 
Albertson et 
al. 2003 TTTGTCATGCCCTTTCAGTG CGGTCAATACCATGTCACTCAG 

UNH2104 1 FAM-M13 55°/50° Albertson et CCCTACAGGCGCTAACACAT TGCTCTATTTCCTGTCCATCC 
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MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

al. 2003 

UNH2112 2 FAM-M13 55°/50° 
Albertson et 
al. 2003 CTCGGTGGTCAGAATGAAGG TTACAGCACTTCACGGTTGC 

UNH2116 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 CACAGACCCACAGACGTTTC GGAGTCTCTTTGCCTGAGTGA 

UNH2117 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 TGTTTGCCGTTATCATCCAC CTTTGACGTGTTTTGCAGGA 

UNH2125 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 CCAATCCATTGCAAACACTG CTTTCCTCGCAAAAATGAGG 

UNH2134 11 FAM-M13 55°/50° 
Albertson et 
al. 2003 TGCAGTGCCGACACACTTA GCTCTTCAGGCCAGGTGTAG 

UNH2139 13 FAM-M13 55°/50° 
Albertson et 
al. 2003 GCAGTGCACATGCGACTTAT ACAGCCAGCTACTGTGCAAC 

UNH2141 1 FAM-M13 55°/50° 
Albertson et 
al. 2003 CACCAACTAAAATTTTGCCAAC GCTGATTTTTGTTTTCCGTCA 

UNH2149 6 FAM-M13 55°/50° 
Albertson et 
al. 2003 CATTTTGCATCGTCAGGAGA TCAGGCATTGCAGATGAAAC 

UNH2150 6 FAM-M13 55°/50° 
Albertson et 
al. 2003 TCAAAGAGCAAGAAAAGGGTAAA GCGCCCCTTCCTTCTACTAA 

UNH2153 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 TGAAGAGAATGTGTGGAACGTC ACAGATGCCCACTTTTCTGG 

UNH2163 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 CCTTGTGTTTTTCTCTGCTCAA CCAAACGAGGAGGATCGTTA 

UNH2166 6 FAM-M13 55°/50° 
Albertson et 
al. 2003 ACTGGCCCAAAACTGTCAAA TGTGTGCCAAGGATAGCAAA 

UNH2169 13 FAM-M13 55°/50° 
Albertson et 
al. 2003 CCAGTGGGTCCTCCTACAGA CCCAGTGACTTTGAGGTGTG 

UNH2181 3 FAM-M13 55°/50° 
Albertson et 
al. 2003 GACCTCAGGACAAAGCAGGA GATCACTCGCAGCTAGGACA 

UNH2185 unassigned FAM-M13 55°/50° 
Albertson et 
al. 2003 TGGAGAAGAAAACCCAGTGTG ATGACAGCACGCATTGTTTC 

UNH2191 8 FAM-M13 55°/50° Albertson et ACCACGCTTGTGTGAATGAG AAACCCAAGCTCTGACTCCA 



Appendices – Supplementary Files from Chapter II 

- 136 - 

MICROSATELLITE LG Dye T a Size Forward primer Reverse primer 

al. 2003 

UNH2204 17 FAM-M13 55°/50° 
Albertson et 
al. 2003 CACATCATGTCAATCAGACATCC GGAGACGGTTCAAAGTCCTG 
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Figure SIII. 1 Histogram of eggspot numbers in the base population consisting of 82 individuals (58 
males and 22 females) of one year of age. 

 

Figure SIII. 2 Differences between males in each male-male competition trial. The only trait that differs 
systematically between the two groups is eggspot number. 

 

Figure SIII. 3 Boxplots of number of eggspots of the Malawi genus Maylandia compiled from Konings 
(2007). 
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Table SIII. 1 Numbers of individuals of each selection line. 

Generation 0 1 2 
Line Base L C H L C H 
Replicate   1 2 1 2 1 2 1 2 1 2 1 2 

Females 22 10 12 10 12 13 15 5 22 32 35 24 13 
Males 58 11 13 15 21 12 11 1 28 2 24 17 13 

Total 80 46 58 51 56 93 67 

Table SIII. 2 Numbers of eggspots of several species of haplochromines compiled from popular cichlid 
literature. 

Lake Genus sp Number of eggspots Ref Pg 

Edward Haplochromis  aeneocolor 5 1   
Edward Haplochromis  aeneocolor 4 1   
Edward Haplochromis  aeneocolor 3 1   
Edward Haplochromis  aeneocolor 3 1   
Edward Haplochromis  aeneocolor 3 1   
Victoria Haplochromis  desfontainii 4 1   
Malawi Melanochromis  kaskazini 3 1   
Malawi Melanochromis  melanopterus 1 1 36 
Malawi Melanochromis  mossambiquensis 2 1   
Malawi Melanochromis  wochepa 1 1   
Kivu Haplochromis  paucidens 2 2   
Malawi Metriaclima  aurora 1 2   
Malawi Metriaclima  callainos 6 2   
Malawi Metriaclima  estherae 4 2   
Malawi Metriaclima  fainzilberi 5 2   
Malawi Metriaclima  pyrsonotos 5 2   
Malawi Otopharynx spelaeotes 9 2   
Malawi Pseudotropheus  greshakei 8 2   
Malawi Pseudotropheus  zebra 8 2   
Kachira Haplochromis  commutabilis 6 3   
Victoria Haplochromis  desfontainesi 5 3   
Victoria Haplochromis  flaviijosephi 9 3   
Victoria Haplochromis  katonga 2 3   
Victoria Haplochromis  nubilus 4 3   
Edward Haplochromis  squamipinnis 2 3   
Victoria Pundamilia nyererei 4 3   
Tanganyika Simochromis  babualti 4 4   
Malawi Tropheops  tropheops 3 4   
Malawi Astatotilapia calliptera 6 5 281 
Malawi Aulonocara brevinidus 16 5 361 
Malawi Aulonocara gertrudae 10 5 360 
Malawi Aulonocara gertrudae 12 5 360 
Malawi Aulonocara guentheri 12 5 360 
Malawi Aulonocara nyassae 14 5 360 
Malawi Aulonocara rostratum 13 5 360 
Malawi Aulonocara rostratum 14 5 360 
Malawi Cyatochromis obliquidens 2 5 281 
Malawi Cynotilapia afra 4 5 70 
Malawi Cynotilapia afra 7 5 70 
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Lake Genus sp Number of eggspots Ref Pg 

Malawi Cynotilapia afra 2 5 70 
Malawi Cynotilapia afra 3 5 70 
Malawi Cynotilapia afra 4 5 70 
Malawi Cynotilapia afra 4 5 70 
Malawi Cynotilapia afra 2 5 70 
Malawi Cynotilapia afra 2 5 70 
Malawi Cynotilapia afra 4 5 70 
Malawi Cynotilapia afra 3 5 70 
Malawi Cynotilapia afra 3 5 70 
Malawi Cynotilapia afra 3 5 70 
Malawi Cynotilapia afra 2 5 70 
Malawi Cynotilapia afra 2 5 70 
Malawi Cynotilapia afra 2 5 70 
Malawi Cynotilapia afra 5 5 70 
Malawi Cynotilapia sp. 2 5 71 
Malawi Cynotilapia sp. 5 5 71 
Malawi Cynotilapia sp. 3 5 71 
Malawi Cynotilapia sp. 4 5 71 
Malawi Cynotilapia sp. 4 5 71 
Malawi Cynotilapia sp. 4 5 71 
Malawi Cynotilapia sp. 5 5 71 
Malawi Cynotilapia sp. 7 5 71 
Malawi Gephyrochromis lawsi 1 5 360 
Malawi Labeotropheus  fuelleborni 5 5   
Malawi Labeotropheus  fuelleborni 4 5   
Malawi Labeotropheus  fuelleborni 4 5   
Malawi Labeotropheus  fuelleborni 3 5   
Malawi Labeotropheus  fuelleborni 3 5   
Malawi Labeotropheus  fuelleborni 1 5   
Malawi Labeotropheus  fuelleborni 3 5   
Malawi Labeotropheus  fuelleborni 2 5   
Malawi Labeotropheus  fuelleborni 3 5   
Malawi Labeotropheus  fuelleborni 1 5   
Malawi Labeotropheus  fuelleborni 2 5   
Malawi Labeotropheus  fuelleborni 3 5   
Malawi Labeotropheus  fuelleborni 4 5   
Malawi Labeotropheus  trewavasae 4 5   
Malawi Labeotropheus  trewavasae 5 5 89 
Malawi Labeotropheus  trewavasae 5 5 89 
Malawi Labeotropheus  trewavasae 2 5 89 
Malawi Labeotropheus  trewavasae 5 5 89 
Malawi Labeotropheus  trewavasae 2 5 89 
Malawi Labeotropheus  trewavasae 4 5 89 
Malawi Labeotropheus  trewavasae 2 5 89 
Malawi Labeotropheus  trewavasae 3 5 89 
Malawi Labeotropheus  trewavasae 5 5 89 
Malawi Labeotropheus  trewavasae 2 5 89 
Malawi Labeotropheus  trewavasae 3 5 89 
Malawi Labeotropheus  trewavasae 3 5 89 
Malawi Labeotropheus  trewavasae 3 5 89 
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Lake Genus sp Number of eggspots Ref Pg 

Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  caerulus 2 5 140 
Malawi Labidochromis  caerulus 2 5 140 
Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  caerulus 3 5 140 
Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  caerulus 2 5 140 
Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  caerulus 2 5 140 
Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  caerulus 1 5 140 
Malawi Labidochromis  freibergi 2 5 46 
Malawi Labidochromis  heterodon 2 5 46 
Malawi Labidochromis  ianthinus 1 5 200 
Malawi Labidochromis  maculicauda 3 5 46 
Malawi Labidochromis  mbenjii 3 5 46 
Malawi Labidochromis  sp. 2 5 46 
Malawi Labidochromis  sp. 2 5 46 
Malawi Labidochromis  sp. 2 5 46 
Malawi Labidochromis  sp. 2 5 46 
Malawi Labidochromis  strigatus 2 5 46 
Malawi Labidochromis  vellicans 1 5 46 
Malawi Labidochromis  zebroides 3 5 46 
Malawi Lethrinops furcifer 14 5 366 
Malawi Lethrinops leptodon 10 5 379 
Malawi Lethrinops lethrinus 11 5 366 
Malawi Lodotropheus spengerae 3 5 103 
Malawi Lodotropheus spengerae 2 5 103 
Malawi Lodotropheus spengerae 3 5 106 
Malawi Lodotropheus stuartgranti 4 5 270 
Malawi Malanochromis  brevis 3 5 36 
Malawi Melanochromis  auratus 2 5 108 
Malawi Melanochromis  auratus 1 5 108 
Malawi Melanochromis  auratus 2 5 108 
Malawi Melanochromis  baliodigma 4 5 200 
Malawi Melanochromis  chipokae 2 5 200 
Malawi Melanochromis  cyaneorhabdos 4 5 113 
Malawi Melanochromis  dialeptos 2 5 108 
Malawi Melanochromis  dialeptos 2 5 108 
Malawi Melanochromis  heterochromis 2 5 106 
Malawi Melanochromis  heterochromis 2 5 106 
Malawi Melanochromis  heterochromis 2 5 106 
Malawi Melanochromis  heterochromis 1 5 106 
Malawi Melanochromis  joajohnsonae 3 5 42 
Malawi Melanochromis  johannii 2 5 108 
Malawi Melanochromis  johannii 3 5 113 
Malawi Melanochromis  labrosus 2 5 261 
Malawi Melanochromis  lepidiadaptes 3 5 200 
Malawi Melanochromis  melanopterus 3 5 147 
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Lake Genus sp Number of eggspots Ref Pg 

Malawi Melanochromis  melanopterus 1 5 147 
Malawi Melanochromis  melanopterus 0 5 147 
Malawi Melanochromis  melanopterus 1 5 147 
Malawi Melanochromis  melanopterus 2 5 147 
Malawi Melanochromis  parallelus 1 5 106 
Malawi Melanochromis  parallelus 1 5 106 
Malawi Melanochromis  parallelus 1 5 106 
Malawi Melanochromis  perileucos 4 5 200 
Malawi Metriaclima  aurora 3 5 174 
Malawi Metriaclima  aurora 1 5 174 
Malawi Metriaclima  aurora 1 5 174 
Malawi Metriaclima  aurora 3 5 174 
Malawi Metriaclima  aurora 3 5 174 
Malawi Metriaclima  callainos 2 5 58 
Malawi Metriaclima  callainos 3 5 58 
Malawi Metriaclima  callainos 5 5 58 
Malawi Metriaclima  callainos 4 5 58 
Malawi Metriaclima  callainos 2 5 58 
Malawi Metriaclima  chrysomallos 3 5 178 
Malawi Metriaclima  chrysomallos 4 5 178 
Malawi Metriaclima  chrysomallos 2 5 178 
Malawi Metriaclima  chrysomallos 3 5 178 
Malawi Metriaclima  cyneusmarginatus 9 5 62 
Malawi Metriaclima  cyneusmarginatus 2 5 62 
Malawi Metriaclima  elongatus 3 5 65 
Malawi Metriaclima  elongatus 6 5 65 
Malawi Metriaclima  elongatus 5 5 67 
Malawi Metriaclima  elongatus 2 5 67 
Malawi Metriaclima  elongatus 3 5 67 
Malawi Metriaclima  emmiltos 7 5 54 
Malawi Metriaclima  estherae 6 5 59 
Malawi Metriaclima  estherae 6 5 59 
Malawi Metriaclima  estherae 2 5 59 
Malawi Metriaclima  fainzilberi 2 5 62 
Malawi Metriaclima  fainzilberi 3 5 62 
Malawi Metriaclima  fanizilberi 3 5 62 
Malawi Metriaclima  fanizilberi 3 5 63 
Malawi Metriaclima  fanizilberi 5 5 63 
Malawi Metriaclima  fanizilberi 7 5 63 
Malawi Metriaclima  fanizilberi 3 5 63 
Malawi Metriaclima  fanizilberi 2 5 63 
Malawi Metriaclima  fanizilberi 7 5 63 
Malawi Metriaclima  fanizilberi 3 5 63 
Malawi Metriaclima  fanizilberi 7 5 63 
Malawi Metriaclima  fanizilberi 4 5 63 
Malawi Metriaclima  flavifemina 7 5 147 
Malawi Metriaclima  flavifemina 5 5 147 
Malawi Metriaclima  flavifemina 1 5 147 
Malawi Metriaclima  greshakei 10 5 54 
Malawi Metriaclima  lanisticola 2 5 309 
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Lake Genus sp Number of eggspots Ref Pg 

Malawi Metriaclima  lanisticola 1 5 309 
Malawi Metriaclima  lanisticola 3 5 309 
Malawi Metriaclima  lanisticola 1 5 309 
Malawi Metriaclima  lanisticola 2 5 309 
Malawi Metriaclima  lanisticola 1 5 309 
Malawi Metriaclima  lanisticola 1 5 309 
Malawi Metriaclima  lombardoi 1 5 194 
Malawi Metriaclima  mbenjii 5 5 54 
Malawi Metriaclima  phaeos 5 5 174 
Malawi Metriaclima  phaeos 3 5 174 
Malawi Metriaclima  pulpican 8 5 194 
Malawi Metriaclima  pulpican 2 5 194 
Malawi Metriaclima  pulpican 1 5 194 
Malawi Metriaclima  pyrsonotos 6 5 54 
Malawi Metriaclima  pyrsonotos 2 5 54 
Malawi Metriaclima  pyrsonotos 5 5 54 
Malawi Metriaclima  sp. 5 5 54 
Malawi Metriaclima  sp. 8 5 65 
Malawi Metriaclima  sp. 5 5 65 
Malawi Metriaclima  sp. 2 5 65 
Malawi Metriaclima  sp. 3 5 65 
Malawi Metriaclima  sp. 3 5 65 
Malawi Metriaclima  xanstomachus 5 5 62 
Malawi Metriaclima  zebra 2 5 54 
Malawi Metriaclima  zebra 4 5 18 
Malawi Metriaclima  zebra 5 5 18 
Malawi Metriaclima  zebra 2 5 50 
Malawi Metriaclima  zebra 3 5 50 
Malawi Metriaclima  zebra 2 5 50 
Malawi Metriaclima  zebra 3 5 50 
Malawi Metriaclima  zebra 3 5 50 
Malawi Metriaclima  zebra 1 5 50 
Malawi Metriaclima  zebra 2 5 50 
Malawi Metriaclima  zebra 3 5 50 
Malawi Metriaclima  zebra 2 5 50 
Malawi Metriaclima  zebra 4 5 50 
Malawi Metriaclima  zebra 4 5 50 
Malawi Metriaclima  zebra 3 5 50 
Malawi Metriaclima  zebra 4 5 50 
Malawi Metriaclima  zebra 3 5 50 
Malawi Metriaclima  zebra 5 5 50 
Malawi Metriaclima  zebra 5 5 63 
Malawi Metriaclima  zebra 4 5 63 
Malawi Naevochromis  chrysogaster 13 5 261 
Malawi Naevochromis  chrysogaster 17 5 261 
Malawi Petrotilapia  genalutea 3 5 268 
Malawi Petrotilapia  sp. 2 5 36 
Malawi Petrotilapia  sp. 2 5 36 
Malawi Petrotilapia  tridentiger 2 5 36 
Malawi Pseudotropheus  galanos 3 5 38 
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Malawi Pseudotropheus  heteropictus 3 5 200 
Malawi Pseudotropheus  minutos 2 5 98 
Malawi Pseudotropheus  minutos 1 5 98 
Malawi Pseudotropheus  minutos 5 5 98 
Malawi Pseudotropheus  minutos 6 5 98 
Malawi Pseudotropheus  minutos 2 5 98 
Malawi Pseudotropheus  minutos 1 5 98 
Malawi Pseudotropheus  minutos 1 5 98 
Malawi Pseudotropheus  minutos 2 5 98 
Malawi Pseudotropheus  minutos 1 5 98 
Malawi Pseudotropheus  minutos 4 5 98 
Malawi Pseudotropheus  minutos 3 5 98 
Malawi Pseudotropheus  minutos 2 5 98 
Malawi Pseudotropheus  minutos 4 5 98 
Malawi Pseudotropheus  peripicax 2 5 99 
Malawi Pseudotropheus  peripicax 2 5 99 
Malawi Pseudotropheus  peripicax 2 5 99 
Malawi Pseudotropheus  peripicax 1 5 99 
Malawi Pseudotropheus  peripicax 1 5 99 
Malawi Pseudotropheus  peripicax 3 5 99 
Malawi Pseudotropheus  peripicax 2 5 99 
Malawi Pseudotropheus  peripicax 3 5 99 
Malawi Pseudotropheus  peripicax 1 5 99 
Malawi Pseudotropheus  peripicax 3 5 99 
Malawi Pseudotropheus  peripicax 2 5 99 
Malawi Pseudotropheus  peripicax 2 5 99 
Malawi Pseudotropheus  peripicax 4 5 99 
Malawi Pseudotropheus  peripicax 4 5 99 
Malawi Pseudotropheus  socolofi 4 5 200 
Malawi Pseudotropheus  socolofi 5 5 200 
Malawi Pseudotropheus  williamsi 7 5 38 
Malawi Pseudotropheus  williamsi 6 5 38 
Malawi Pseudotropheus  williamsi 4 5 38 
Malawi Pseudotropheus  williamsi 3 5 38 
Malawi Pseudotropheus  williamsi 7 5 38 
Malawi Pseudotropheus  williamsi 2 5 38 
Malawi Taeniolethrinops furcicauda 18 5   
Malawi Taeniolethrinops furcicauda 16 5   
Malawi Taeniolethrinops laticeps 20 5   
Malawi Taeniolethrinops praeorbitalis 22 5   
Malawi Tramitichromis variabilis 12 5 366 
Malawi Tropheops  lucerna 1 5 269 
Malawi Tropheops  lucerna 2 5 269 
Malawi Tropheops  lucerna 3 5 269 
Malawi Tropheops  lucerna 4 5 269 
Malawi Tropheops  novemfasciatus 1 5 200 
Malawi Tropheops  romandi 1 5 194 
Malawi Tropheops  romandi 1 5 194 
Malawi Tropheops  sp. 1 5 34 
Malawi Tropheops  sp. 1 5 34 
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Malawi Tropheops  sp. 2 5 34 
Malawi Tropheops  sp. 2 5 34 
Malawi Tropheops  sp. 1 5 34 
Malawi Tropheops  sp. 1 5 34 
Malawi Tropheops  sp. 1 5 34 
Malawi Tropheops  sp. 3 5 36 
Malawi Tropheops  sp. 4 5 36 
Malawi Tropheops  tropheops 5 5   
Tanganyika Ctenochromis  horei 1 6 248.1 
Tanganyika Limnotilapia  dardennii 3 6 249 
Tanganyika Lobochilotes  labiatus 3 6 184.1 
Tanganyika Petrochromis ephippium 3 6 52.2 
Tanganyika Petrochromis ephippium 4 6 52.3 
Tanganyika Petrochromis ephippium 5 6 52.5 
Tanganyika Petrochromis  ephippium 2 6 52.7 
Tanganyika Petrochromis  famula 3 6 53.8 
Tanganyika Petrochromis  famula 3 6 53.9 
Tanganyika Petrochromis  fasciolatus 7 6 185.1 
Tanganyika Petrochromis  fasciolatus 8 6 185.2 
Tanganyika Petrochromis  orthognatus 10 6 49.7 
Tanganyika Petrochromis  polyodon 8 6   
Tanganyika Petrochromis  sp. 4 6 37.1 
Tanganyika Petrochromis  sp. 2 6 37.2 
Tanganyika Petrochromis  sp. 1 6 43.1 
Tanganyika Petrochromis  sp. 3 6 43.2 
Tanganyika Petrochromis  sp. 4 6 43.3 
Tanganyika Petrochromis  sp. 4 6 48 
Tanganyika Petrochromis  sp. 6 6   
Tanganyika Petrochromis  sp. 6 6 49.2 
Tanganyika Petrochromis  sp. 10 6 49.5 
Tanganyika Petrochromis  sp. 4 6 52.6 
Tanganyika Petrochromis  sp. 6 6 53.1 
Tanganyika Pseudosimochromis  curvifrons 1 6 36.1 
Tanganyika Pseudosimochromis  curvifrons NA 6 36.2 
Tanganyika Simochromis  babualti 1 6 252.1 
Tanganyika Simochromis  babualti 3 6 252.3 
Tanganyika Simochromis  babualti 2 6 252.4 
Tanganyika Simochromis  babualti 1 6 252.5 
Tanganyika Simochromis  babualti 1 6 252.6 
Tanganyika Simochromis  babualti 1 6 253.1 
Tanganyika Simochromis  loocki 8 6 249 
Tanganyika Simochromis  loocki 5 6 249 
Tanganyika Tropheus moori 2 6 56 
Tanganyika Tropheus moori 2 6 56 
Tanganyika Tropheus moori 4 6 56 
Tanganyika Tropheus moori 3 6 56 
Tanganyika Tropheus moori 4 6 56 
Tanganyika Tropheus moori 4 6 56 
Tanganyika Tropheus moori 5 6 56 
Tanganyika Tropheus moori 4 6 56 
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Tanganyika Tropheus moori 3 6 56 
Tanganyika Tropheus moori 3 6 60 
Tanganyika Tropheus moori 3 6 60 
Tanganyika Tropheus moori 1 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus moori 0 6 60 
Tanganyika Tropheus sp. 0 6 61 
Tanganyika Tropheus sp. 2 6 61 
Tanganyika Tropheus sp. 1 6 61 
Tanganyika Tropheus sp. 3 6 61 
Tanganyika Tropheus sp. 0 6 61 
Tanganyika Tropheus sp. 0 6 61 
Tanganyika Tropheus sp. 3 6 73.2 
Tanganyika Tropheus sp. 3 6 73.3 
Tanganyika Tropheus  bricardi 5 6 61 
Tanganyika Tropheus  bricardi 7 6 61 
Tanganyika Tropheus  bricardi 10 6 61 
Tanganyika Tropheus  bricardi 0 6 61 
Victoria Haplochromis  nubilus 3 TFA   
Tanganyika Astatoreochromis straeleni 11 7 31 
Malawi Astatotilapia calliptera 7 7 170 
Malawi Astatotilapia calliptera 6 7 174 
Malawi Aulonocara guentheri 18 7   
Victoria Haplochromis  acidens 6 7   
Victoria Haplochromis  aelocephalus 5 7   
Victoria Haplochromis  apogonpoides 5 7   
Victoria Haplochromis  arcanus 5 7   
Victoria Haplochromis  brownae 4 7   
Victoria Haplochromis  brownae 4 7   
Victoria Haplochromis  cavifrons 2 7   
Victoria Haplochromis  chilotes 4 7   
Victoria Haplochromis  chlorochrous 4 7   
Victoria Haplochromis  cinctus 3 7   
Victoria Haplochromis  cinereus 3 7   
Victoria Haplochromis  crocopeplus 1 7   
Victoria Haplochromis  cronus 2 7   
Victoria Haplochromis  cryptogramma 3 7   
Victoria Haplochromis  dichrourus 2 7   
Victoria Haplochromis  dichrourus 2 7   
Victoria Haplochromis  dichrourus 2 7   
Victoria Haplochromis  dolichorhynchus 4 7   
Victoria Haplochromis  empodisma 4 7   
Victoria Haplochromis  flavipinnis 2 7   
Victoria Haplochromis  granti 4 7   
Victoria Haplochromis  guiarti 3 7   
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Lake Genus sp Number of eggspots Ref Pg 

Victoria Haplochromis  lacrimosus 2 7   
Victoria Haplochromis  laparogramma 2 7   
Victoria Haplochromis  macrops 3 7   
Victoria Haplochromis  martini 3 7   
Victoria Haplochromis  maxillaris 5 7   
Victoria Haplochromis  melichrous 3 7   
Victoria Haplochromis  mylergates 3 7   
Victoria Haplochromis  neyerei 3 7   
Victoria Haplochromis  nigricans 3 7   
Victoria Haplochromis  nigricans 4 7   
Victoria Haplochromis  nubilus 2 7   
Victoria Haplochromis  nubilus 4 7   
Victoria Haplochromis  nuchisquamulatus 4 7   
Victoria Haplochromis  obesus 8 7   
Victoria Haplochromis  obliquidens 4 7   
Victoria Haplochromis  obliquidens 4 7   
Victoria Haplochromis  paraguaiarti 4 7   
Victoria Haplochromis  paropius 3 7   
Malawi Labeotropheus  fuelleborni 12 7   
Malawi Labeotropheus  fuelleborni 3 7   
Malawi Labeotropheus  trewavasae 3 7   
Malawi Labeotropheus  trewavasae 2 7   
Malawi Labeotropheus  trewavasae 10 7   
Tanganyika Lobochilotes  labiatus 7 7 111 
Malawi Melanochromis  chipokae 3 7   
Tanganyika Petrochromis famula 3 7 128 
Tanganyika Petrochromis fasciolatus 5 7 128 
Tanganyika Petrochromis macrognathus 2 7 128 
Tanganyika Petrochromis polyodon 5 7 131 
Tanganyika Petrochromis polyodon 6 7 131 
Tanganyika Petrochromis polyodon 4 7 170 
Tanganyika Simochromis  babaulti 1 7 136 
Tanganyika Simochromis  babaulti 2 7 137 
Tanganyika Simochromis  curvifrons 4 7 137 
Tanganyika Simochromis  curvifrons 4 7 138 
Tanganyika Simochromis  diagramma 3 7 128 
Tanganyika Simochromis  margaretae 1 7 170 
Tanganyika Simochromis  pleurospilus 1 7 170 
Tanganyika Simochromis  pleurospilus 1 7 170 
Tanganyika Tropheus brichardi 4 7 170 
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Figure SV.1 Number of reads obtained from each group 

 

Figure SV.2Expression levels of known color genes.  
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Figure SVI.1 Vista plot of genomic region surrounding DRD2b. 
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Figure SVI.2 DRD2b transcriptional variation. The longest transcript (20.181Kb) is displayed above with UTRs in magenta and the coding region in green. Segments 
shown in blue (size in bp is shown below each segment) are alternatively spliced. 
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Figure SVI.3 Alignment of deduced peptides from the 9 different transcripts. 
 
 
 




