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ñHow have  all  those  exquisite  adaptations  of  one  part  of  the  organisation  to  

another  part,  and  to  the  conditions  of  life,  and  of  one  distinct  organic  being  to  

another  being,  been  perfected?ò 
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Summary  
 

Cichlid fishes (Cichlidae) are known for their extreme diversity, in the number of 

species as well as in their coloration and pigmentation patterns. Across adaptive 

radiations of East African cichlid fishes, a  phenomenon by which a single lineage 

diversifies rapidly into ecological and phenotypic diversity (Schluter, 2000) , 

numerous species have evolved in very short  time frames.  The largest radiations 

of cichlids gave rise to 250 species in Lake Tanganyika which evolved within  10 - 12 

million years  (Salzburger et al. , 2005; Koblmüller et al. , 2008; Takahashi & 

Koblmüller, 2011) , and it took  less than 5 million years for the 500 species in  Lake 

Malawi  to evolve . Lake Victoria is most remarkable in this regard, as roughly 500 

species have evolved in no more than  15,000 to  100,000 years  (Meyer et al. , 1990; 

Kocher, 2004; Turner, 2007; Brawand et al. , 2014) .  Among these radiations, 

horizontal stripe patterns evolved repeatedly  and serve as a prime example of 

phenotypic  convergence. While convergent evolution is considered a hallmark of 

East African cichlids (Kocher et al. , 1993; Muschick et al. , 2012)  it is still debated 

why there is so much convergence in the cichlid family. Convergence can  occur 

through the evolution of different genetic mechanisms in different lineages ; 

evolution from a polymorphic allele in a shared  ancestor (standing genetic 

variation); or evolution of an allele that was introduced via hybridization  (Stern, 

2013) . Both the question whether stripe patterns evolved though independent de 

novo  mutations or from standing genetic variation, and which genetic mechanisms 

control  these conspicuous stripe patterns remained unsolved. In my thesis, I 

studied both the proximate and ultimate mechanisms that shape this stripe pattern 

to understand how and  why this phenotype evolved so many times independently.  

Together with my colleagues, I first investigated the genetic basis of 

horizontal stripe patterns  and show that a single gene, the agouti - related peptide 

2 (agrp2 ), facilitates the repeated evolution of stripe patterns in cichlids with 

reduced agrp2  expression being associated with the presence of stripe patterns 

across species flocks. Moreover, we identified regulatory changes of agrp2  that act 

as on -off switches for stripe pattern formation.  

Next, we reconstructed the evolutionary history of variants associated with 

stripe pattern divergence.  For this we analyzed over 100 genomes and found that 

the regulatory interval in Lake Victoria cichlids consists of ancestra l variants that 

evolved before this major adaptive radiation took place roughly 1 5,000  -  100,000 

years ago. We further discovered de novo  mutations associated with stripe patterns 

divergence which are unique to Lake Malawi cichlids and evolved within the l ast 

~300 kyr (Genner et al. , 2007) . This work thereby illustrates how independent de 
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novo  mutations at the same locus can drive convergent phenotypic evolution over 

longer timespans, while ancestral standing genetic variation at the root of  adaptive 

radiations can facilitate rapid phenotypic divergence.  

Additionally, we were asking which further characteristics the agrp2  locus 

exhibits that can facilitate divergence in stripe patterns. We discovered several 

recent duplications, insertions and deletions within the gene ï most notably an 

exon duplication of the last exon. A tandem duplication of the last exon showed an 

unex pected dynamic as it varies even within some species. In this publication, we 

suggest that exon duplications deserve more attention in the study of repeated 

evolution and diversification of phenotypes.  

Exploring the ultimate mechanisms, i.e. the adaptive v alue of stripe 

patterns, we show that there is a significant  correlation between body depth  

(standard length/body depth) and presence of horizontal stripes . Yet, not all trait 

combinations are necessarily adaptive as they could be the result of genetic  

lin kage. Therefore, we explore if the horizontal stripe pattern evolved because it is 

genetically linked to body depth or because the two traits are adaptive and subject 

to the same selection pressures. Using two independent hybrid crosses we do not 

find any support for genetic linkage between body depth and stripes. However, we 

find that the correlation between body depth and stripe pattern is subject to 

stabilizing selection acting on body depth. We argue that natural selection due to 

predator -prey interacti ons may directly influence horizontal stripe pattern 

evolution.  

Lastly, we investigated an additional convergent phenotype, an amelanistic 

morph of the African cichlid Melanochromis auratus . We screened the genome of 

this species for the causal mutation an d establish that an exon loss within the gene 

oca2  is responsible for the amelanism. Interestingly, oca2  is involved in 

pigmentation disorders in a wide range of amelanistic morphs across vertebrates 

demonstrating its highly conserved function and convergent modification to 

produce amelanistic phenotypes.  

Finally, I provide a general discussion of the main c ontributions of this thesis 

to the field of evolutionary genetics in general and the study of convergent 

evolution in particular. There, I discuss that t he combination of genomic, 

comparative and morphological analyses provided valuable insight to bridging  the 

gap between genotype and phenotype, and ultimately to unmask how evolution 

has produced and continues generating such spectacular phenotypic diversity . 

While it was suggested that a combination of forces causes the explosive speciation 

rates of cichli ds (Kocher, 2004) the studies in this thesis  support this view since 

they show that a combination of convergent phenotypes (chapters I & V), 
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convergence at the gene level (chapter I), functional convergence of genes 

(chapters I & II & V), a role of standin g genetic variation (chapter II), and 

potentially hybridization (chapter II) has facilitated the pace of the evolution of 

convergent phenotypes that characterize the East African cichlid radiations.  
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Zusammenfassung  
 

Buntbarsche (Cichlidae) sind für ihre extreme Vielfalt bekannt, sowohl in der Anzahl 

Arten als auch in ihrer Färbung und ihren Pigmentierungsmustern. In den adaptiven 

Radiationen ostafrikanischer Buntbarsche, ein Phänomen, durch das eine einzelne 

taxonomis che Linie sich schnell ökologisch und phänotypisch diversifiziert 

(Schluter, 2000), haben sich innerhalb sehr kurzer Zeiträume zahlreiche Arten 

entwickelt. Die größten Radiationen von Buntbarschen befindet sich in Ostafrika. 

Dort führte n sie zur Entstehung  von 250 Arten im Tanganjikasee, die sich innerhalb 

von 10 -12 Millionen Jahren entwickelten (Salzburger et al., 2005; Koblmüller et al., 

2008; Takahashi & Koblmüller, 2011), und es dauerte weniger als 5 Millionen Jahre, 

bis sich die 500 Arten im Malawisee entwickelt hatten. Der Viktoriasee ist in dieser 

Hinsicht am bemerkenswertesten, da etwa 500 Arten in nicht mehr als 15.000 bis 

100.000 Jahren entstanden  (Meyer et al., 1990; Kocher, 2004; Turner, 2007; 

Brawand et al., 2014). Innerhalb dieser Radiationen e ntwickelten sich wiederholt 

horizontale Streifenmuster, die als Paradebeispiel für die phänotypische 

Konvergenz dienen. Obwohl die konvergente Evolution als Markenzeichen der 

ostafrikanischen Buntbarsche  gilt (Kocher et al., 1993; Muschick et al., 2012), w ird 

immer noch diskutiert, warum es in dieser Familie so viel Konvergenz gibt. 

Konvergenz  kann durch die Entwicklung ähnlicher  genetischer Mechanismen in 

verschiedenen Abstammungslinien  (de novo  Mutation), durch die Entwicklung eines 

polymorphen Allels in einem gemeinsamen Vorfahren ( standing genetic variation ), 

oder durch die Ausbreitung eines Allels durch Hybridisierung  entstehen  (Stern, 

2013). Sowohl die Frage, ob sich die Streifenmuster durch  unabhängige de novo  

Mutationen oder aus standing genetic variation  entwickelten, als auch die Frage, 

welche genetischen Mechanismen diese auffälligen Streifenmuster regulieren, blieb 

ungelöst. In meiner Dissertation habe ich sowohl die proximalen als auch  die 

ultimativen Mechanismen untersucht, die dieses Streifenmuster formen, um zu 

verstehen, wie und warum sich dieser Phänotyp so oft unabhängig voneinander 

entwickelt hat.  

Zusammen mit meinen Kollegen untersuchte ich zunächst die genetische 

Grundlage der horizontalen Streifenmuster. Wir zeigen, dass ein einzelnes Gen, das 

agouti - related peptide 2  (agrp2 ), die wiederholte Evolution von Streifenmustern in 

Buntbarsche ermöglichte, wobei eine verringerte Expression von agrp2  mit dem 

Vorhandensein von Streifenm ustern in verschiedenen Arten assoziiert ist. Darüber 

hinaus identifizieren wir regulatorische Veränderungen von agrp2 , die als Ein -  und 

Ausschalter für die Streifenmusterbildung fungieren .  
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Als nächstes rekonstruierten wir die evolutionäre Geschichte der kausalen 

Varianten, die mit der Streifendivergenz assoziiert sind. Dazu analysierten wir über 

100 Genome und fanden heraus, dass das regulierende Intervall der  Viktoria see-

Buntbarsche aus anzestralen Varianten besteht, die bereits  vor dieser großen 

adaptiv en Radiation vor etwa 15.000 -10 0.000 Jahren entstanden sind . Wir 

entdeckten außerdem de novo  Mutationen, die mit der Divergenz der 

Streifenmuster in Verbindung stehen, die nur bei Buntbarschen des Malawi sees 

vorkommen und sich innerhalb der letzten ~300 .00 0 Jahre  entwickelt haben 

(Genner et al., 2007). Diese Arbeit veranschaulicht somit, wie unabhängige 

Mutationen am gleichen Locus die konvergente phänotypische Entwicklung über 

längere Zeiträume hinweg vorantreiben können, während die genetische Variation 

der Vorfahren, die die Ursache für die adaptive Radiation ist, die schnelle 

phänotypische Divergenz erleichtern kann.  

Zusätzlich untersuchten  wir, welche weiteren Merkmale der agrp2  Locus aufweist, 

die die Divergenz der Streifenmuster erleichtert haben könn ten. Wir entdeckten 

mehrere kürzliche Duplikationen, Insertionen und Deletionen innerhalb des Locus. 

Eine Tandem -Duplikation des letzten Exons zeigt eine unerwartete Dynamik, da sie 

sogar innerhalb einiger Spezies variiert. In dieser Publikation schlagen w ir vor, dass 

Exon -Duplikationen mehr Aufmerksamkeit bei der Untersuchung der wiederholten 

Evolution und der Diversifizierung von  Phänotypen verdienen.  

Bei der Untersuchung der ultimalen Mechanismen, d.h. des adaptiven 

Wertes von Streifenmustern, zeigen wir , dass es eine signifikante Korrelation 

zwischen der Körperlänge (Standardlänge / Körpertiefe ) und dem Vorhandensein 

von horizontalen Streifen gibt. Doch nicht alle Merkmalskombinationen sind 

notwendigerweise adaptiv, da sie das Ergebnis genetischer Kopplun g sein können. 

Deshalb untersuchen wir, ob sich das horizontale Streifenmuster entwickelt hat, 

weil es genetisch mit der Körpertiefe gekoppelt ist oder weil die beiden Merkmale 

adaptiv sind und dem gleichen Selektionsdruck unterliegen. Daf ür  verwend eten wir 

zwei unabhängigen Hybridkreuzungen , aber  fanden keine n Hinweis  für eine 

genetische Kopplung  der beiden Merkmale, da sie in F2 Nachkommen segregieren . 

Wir finden jedoch, dass die Korrelation zwischen Körpertiefe und Streifenmuster 

stabilisierende r Selektion unterliegt, die auf die Körpertiefe wirkt. Wir 

argumentieren, dass natürliche Selektion aufgrund von Räuber -Beute -

Interaktionen die Entwicklung der horizontalen Streifenmuster direkt beeinflussen 

kann.  

Schließlich untersuchten wir einen weiteren konvergenten Phänotypen , eine 

amelanistischen Morphe des afrikanischen Buntbarschs  Melanochromis auratus . 

Wir untersuchten das Genom dieser Art auf die kausale Mutation und stellten fest, 
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dass die Deletion eines Exons innerhalb des Gens oca2  für den Amelan ismus 

verantwortlich ist. Interessanterweise ist oca2  an Pigmentationsstörungen in einer 

Vielzahl von amelanistischen Morphen bei Wirbeltieren beteiligt, was seine 

hochkonservierte Funktion und konvergente Modifikation zur Erzeugung 

amelanistischer Phänoty pen zeigt.  

Abschließend gibt es eine allgemeine Diskussion über die wichtigsten Beiträge 

dieser Arbeit zum Gebiet der evolutionären Genetik im Allgemeinen und der 

Untersuchung der konvergenten Evolution im Besonderen. Ich diskutiere dort wie 

die Kombination von genomischen, vergleichende n und morphologischen Analysen 

wertvolle Erkenntnisse zur Überbrückung der Kluft zwischen Genotyp und Phänotyp 

geliefert hat und letztlich dazu beiträgt, zu verstehen, wie die Evolution eine so 

spektakuläre phänotypische Vielfalt hervorgebracht hat und wei terhin hervorbringt. 

Es wurde angenommen, dass eine Kombination von Kräften die explosiven 

Speziationsraten von Cichliden verursacht (Kocher, 2004). Die Studien in dieser 

Arbeit unterstützten diese Ansicht da sie zeigen, dass eine Kombination von 

konvergenten Phänotypen (Kapitel I & V), Konvergenz auf der Ebene der Gene 

(Kapitel I), funktionelle Konvergenz der Gene (Kapitel I & II & V), standing genetic 

variation  (Kapitel II) und potentiell der Hybridisierung (Kapi tel II )  die 

Geschwindigkeit der Entwicklung konvergenter Phänotypen, die die Radiationen 

ostafrikanische r Buntbarsche  charakterisieren , erleichtert haben.  
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____________________________________________ _______________  

General  I ntroduction  

___________________________________________________________  

 

First  encouraged  by  observations  made  as a naturalist  on  board  of  the  HMS Beagle  and  

follow ing  more  than  two  decades  of  reflecting  on  gathered  material ,  in  1859  Charles  Darwin  

proposed  in his renowned  book On the Origin of Species  natural  selection  on  phenotypic  

variation  as the  main  mechanism  of  evolutionary  change  (Darwin, 1859) .  At the same time 

British biologist Alfred Russel Wallace independently came to the same conc lusion. 

According  to  them , phenotypic  variation  between organisms evolved  through  a 

reproductive  advantage  in heritable traits of individual s.  However, back at that time it was 

impossible to identify  the  exact  source  of  all  the  phenotypic  variation  that  was  observed.  

This  only changed  with  the  advanc e of  the  field  of  genetics  and  the  modern  synthesis  in 

the  1930s  and  afterwards . Today  Darwinôs and Wallaceôs theory forms the framework of 

our current understanding of evolution  by  natural  selection . The evolutionary perspective 

illuminates every aspect of biology, from genetics  to ecology. As Theodosius Dobzhansky 

famously stated: ñNothing in biology makes sense, except in the light of evolutionò 

(Dobzhansky, 1973) .  

Some  of  the  best  documented  cases  of  evolution by natural  selection  involve  animal 

color ation. In countless examples, it has been demonstrated how n atural selection shap es 

coloration and color patterns across the animal kingdom  (see  for example Protas & Patel, 

2008; Cuthill et al. , 2017) .  

 

Significance  of color ation  

Coloration  and color patterns , as part of an anim al's coloration, promote  the survival  and  

ultimately  the  reproductive  success  of animals in multiple  ways , e.g. through ecological  

functions  such  as cryp sis (Protas & Patel, 2008) ,  mimicry  (Endler, 1981) ,  or  adaptation  to  

sun  exposure  (Jablonski & Chaplin, 2010) .  Color ation evolved in response to  natural  

selection  in many different circumstances , which  eventually  led to  the  great divers ity in 

coloration and color  patterns  that we can see today .  

Arguably the most famous example of evolutionary change brought about by natural 

selection is that of industrial melanism in the peppered moth ( Biston betularia ) -  the 

evolution of melanistic moths due to air pollution.  With the onset of the Industrial 

Revolution several regions of England suffered from atmospheric pollution, which caused 

a darkening of birch trees. The original white morph typica  was predated at a highe r 

frequency on the dark bark resulting in higher fitness of the melanistic carbonaria  moths 

(Cook & Saccheri, 2013 an d references therein) . Predation can also produce a plethora of 



 -  General  I ntroduction  -   
 

 - 2 - 

colorful wing patterns such as in Heliconius  butterflies. There, two or more species often 

share common predators, and have come to mimic each other's warning color patterns to 

their mutual  benefit, a classic example of Müllerian mimicry (Joron et al. , 2006) .  

However, coloration does not only aid survival  but may also convey information about an 

individualôs quality as mate (e.g. its physical condition). Females of many species mate 

preferentially with males that have more intense or more exaggerated characters such as 

color patterns.  Feathers of male peac ocks for example are used by females to choose a 

mate  (Loyau et al. , 2007)  and more ornamented males are better at dealing w ith infections 

(Loyau et al. , 2005) .  Darwin attributed such patterns to sexual selection, a mode of natural 

selection  (Darwin, 1871) .  Sexual selection exists when members of one sex choose 

individuals of the other sex to mate with, and compete for access to mates and other 

resources (Futuyma & Kirkpatrick, 2017) .  

Since ornamental traits  that  attract  mates,  can  also  attract  predators  a trade -off  between  

sexual  selection and  selection  for survival exists.  For instance the  conspicuous coloration  

of male  guppies  (Poecilia reticulata )  that is favored by females makes them easy targets 

for predators at the same time (Endler, 1980 ) .  Interestingly,  the more  conspicuous  male  

coloration  evolve d in  areas  where  predators  are  less  abundant  (Endler, 1980) .  

In summary , the study of animal coloration provided some of the best -known examples of 

the processes of natural and sexual selection and the interplay of both (e.g. Endler, 1980; 

Howlett & Majerus, 1987; Cook & Saccheri, 2013) .  Since coloration is a target  for  both  

natu ral  and  sexual  selection  and  play s a  key role  in  adaptation and the process of speciation 

it  consequently  is of  high  evolutionary  significance  (Protas & Patel, 2008; Cuthill et al. , 

2017) .  

 

Since s tudying the evolution and diversity of animal coloration provides rich insight s into 

biological processes generating current diversity it  has long attracted the attention of 

biologists.  Studies of color patterns  helped understanding fundamental questions in the 

field of evolutionary biology and genetics.  Because c olor patterns can be scored with 

comparative  ease  (Protas & Patel, 2008; Cuthill et al. , 2017) , it is perhaps not surprising 

that it  was  the  focal  trait  of  much  of  the  pioneering  work  in  the  emerging  field  of  genetics.  

Three  out  of  the  seven  traits  analyzed  by  Gregor  Mendel  to conceptualize his  laws of 

inheritance were  coloration  traits  (Mendel & Tschermak, 1866) .  The  idea  of  genetic  linkage  

by  Thomas  Hunt  Morgan  was  also  based  on  color  traits  in  Drosophila,  i.e.  eye  color  

(Morgan, 1910, 1911) .  

The recent application of mod ern genetic and molecular techniques for studies of 

phenotypic divergence has tackled questions that have been the subject of long -standing  

debate s among  evolutionary  geneticists , i.e.  if regulatory or coding changes are prevalent 

in driving phenotypic evolution (Davidson & Erwin, 2006; Hoekstra & Coyne, 2007) ? Does 

rapid phenotypic divergence benefit from standing genetic variation rather than de novo  
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mutations (Barrett & Schluter, 2008) ? Which genetic changes are associated with 

divergence and h ow can speciation occasionally happen so fast (Marques et al. , 2019) ? 

How does the extent of prior genetic divergence affect the susceptibility  for future 

parallel ism versus contingency , and  what conditions  allow convergence in distantly related 

taxa  (Blount et al. , 2018) ? Does the evolution of different genetic mechanisms in different 

lineages  cause convergence  (Stern, 2013) ? In short, a central question in evolutionary 

genomics is how phenotypic similarities between taxa arise from differences in their 

genomic repertoire . 

 

What is convergent evolution?  

Convergent evolution  is broadly defined as  the independent evolution of the same 

phenotype by two or more taxa . Biologists often distinguish convergent from parallel 

evolution  (Futuyma & Kirkpatrick, 2017) . According to Futuymaôs textbook of Evolution  

convergent evolution describes cases in which functionally similar features actually differ 

profoundly in structure. Such differences are expected if structures are modified from very 

different ancestral features (p. 45, 4 th  edition, 2017). Parallel evolution describes cases in 

which independent evolution of a character state is thought to have s imilar genetic and 

developmental bases, especially in closely related species (p. 47, 4 th  edition, 2017). This 

distinction assumes the underlying genetic mechanisms for  distantly related species  to be 

different (convergent) but similar for  closely related species (parallel). However,  this 

distinction between parallel and convergent evolution is most often based on  taxonomic 

relationships between the groups alone  and not on the underlying mechanisms  (Arendt & 

Reznick, 2008) . Parallelism is applied to close relatives and convergence to more distantly 

related groups , and some researchers treat  the  two  terms as synonymou s (Arendt & 

Reznick, 2008) .  Yet, closely related taxa often evolve the same phenotype via different 

mechanisms and distantly related taxa often evolve the same phenotype via the same 

mechanism (Arendt & Rez nick, 2008) . Therefore, i t has been suggested that parallel 

evolution should be treated as a special case of convergent evolution (Lecointre & Le 

Guyader, 2006) , and that the distinction between the two terms is a false dichotomy which 

merely  represents ends of a continuum (Arendt & Reznick, 2008) .  In the newest edition of 

Futuyma ôs Evolution  textbook it is therefore proposed that the distinction between parallel 

evolution and convergent evolution may not be very meaningful (p. 47, 4 th  edition, 2017) .  

Accordingly, I will use the term convergence throughout this thesis.  

 

The genetic basis of color patterns  

Convergent phenotypes are  exceptionally useful to study the genetic basis of color 

patterns. They  provide replicated natural experiment s that can be used to bridge the 

genotype -phenotype gap by elucidating which  mechanisms have generated and shaped 

recurrent phenotypes (Kuraku & Meyer, 2008; Protas & Patel, 2008; Stern, 2013; 
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Kratochwil & Meyer, 2015a) . For example, c onvergence at the genetic level suggests that 

genetic constraints limit the existing variation upon which natural selection can act (Wake, 

1991; Gould, 2002) . Accordingly, some studies have revealed multiple cases in which the 

same genes are responsible for similar phenotypes across distantly related taxa such as 

the gene oca2  which controls pigmentation of snakes (Saenko et al. , 2015) , mice (Brilliant 

et al. , 1991) , humans (Rinchik et al. , 1993) , and cichlid fishes (Kratochwil et al. , 2019 , 

chapter V).  

I nferring  which evolutionary force ( e.g. natural selection, genetic drift, or gene flow) and 

which environmental factor , such as predation, causes phenotypic change is challenging . 

The evolution of convergent phenotypes in distantly related taxa  suggests that those 

phenotypes  constitute adaptatio ns to similar environmental pressures (Harvey & Pagel, 

1991) .  Taken together , s tudyi ng convergent phenotypes can  provide  insights into the 

proximate mechanisms  (how?) and indirect ly  into the  ultimate  consequences  (why?) that 

generate phenotypic diversity . 

Questions about the mechanisms resulting in phenotypic convergence are inherently 

hierarchical. Convergent phenotypes can share a similar molecular basis; however, 

similarities can occur at many levels (e.g. gene, allele, pathway, and the function), and 

similarity at one level does not necessarily imply similarity at another level. To understand 

the causes of convergent evolution, we must therefore distinguish between  these levels . 

 

Convergence at the phenotypic level  

Batesian mimicry, in which harmless species deter predators by mimicking the warning 

signals of a species with strong defenses , generates some of the most remarkable cases 

of phenotypic convergence by natural selection. Similarly, a cross the New World more  than 

130 species of nonvenomous snakes show mimetic coloration resembling venomous coral 

snakes (Davis Rabosky et al. , 2016) .  

There are also example s of convergent  color patterns across broad er  taxonomic ranges . In 

vertebrates, c oloration  is produced  by  specialized pigment -producing cells , 

chromatophores , with m ammals and b irds hav ing  only one pigment cell type, the 

melanocyte . Melanocytes produc e melanin that is secreted into the skin or feathers and 

hairs  (Galván et al. , 2017) .  Mammals and birds produce  two  types of melanin (eumelanin 

and pheomelanin), and they produce a huge color range, from black (eumelanin) to 

yellowish - red  (pheomelanin) .  In contrast, fish, amphibia and reptiles develop several 

chromatophore types producing di fferent colors. There, m elanin is produced in 

melanophores  (which are homologous to the mammalian melanocytes) .  Despite these 

differences in how colors are produced there are many examples of phenotypic 

convergence across vertebrates . 

The increased production  of melanin , melanism  (Searle, 1968) ,  is very commonly found in 

vertebrates . Melanism is known from mammals (e.g. Alshanbari et al. , 2019) , birds (e .g. 
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Mundy et al. , 2004) , rep tiles  (e.g. Rosenblum et al. , 2004) , and fishes (e.g. Horth, 2003) .  

The most famous example of melanism is probably the before mentioned i ndustrial 

melanism in the peppered moth (Biston betularia ,  Cook & Saccheri, 2013 and references 

therein) . Industrial melanism  is also known from other insects  (Muggleton et al. , 1975)  but 

also vertebrates  such as the turtle -headed sea snake  (Emydocephalus annulatus ,  Goiran 

et al. , 2017)  and urban  feral pigeons  (Columba livia f. domestica ,  Chatelain et al. , 2014) .  

However , in these examples we only have a limited understanding of the genetic bases . 

While it is known in the peppered moth  that  the mutation giving rise to industrial melanism 

was the insertion of a transposable element in the gene cortex  (Hof et al. , 2 016)  the genetic 

basis  remains unknown for both sea snakes  and feral pigeons. Yet, there  are examples in 

which the genetic basis of convergent phenotypes is known. Interestingly , convergence at 

the phenotypic level often is paralleled by convergence at the proximate mechanisms  

(genes and/or mutations).  

 

Convergence at the gene level  

Some coloration genes show a recurrent role in mediating adaptive color changes in several 

species (Protas & Patel, 2008) .  The melanocortin - receptor 1  (Mc1r ),  a transmembrane 

receptor that is expressed in mammalian melanocytes  and fish melanophores , is activated 

by its agonist melanocyte -stimulating hormone ( Ŭ-MSH)  which lead s to an increase in 

melanin synthesis  (Manceau et al. , 2011; Cal et al. , 2017) . Mc1r  was demonstrated to be 

responsible for color variations  in many different vertebrates. Variation in Mc1r  is causing 

polymorphisms with lighter and darker morphs in mice (Hoekstra & Na chman, 2003) , felid 

species (Eizirik et al ., 2003) , birds (e.g. Theron et al. , 2001; Doucet et al. , 2004; Mundy 

et al. , 2004) , reptiles (Rosenblum et al. , 2004) , and fishes (Gross et al. , 2009) .  Moreover, 

it can also cause individual variation in plumage patterning  in some birds (Uy et al. , 2016) .  

Mc1r  varian ts are also associated with dark hair color in foxes (Våge et al. , 1997)  and with 

the occurrence of red hair in humans (Raimondi et al. , 2008) .  

Melanocortin receptors ,  such as Mc1r , are antagonized by members of the a gouti gene 

family such as agouti  signal -peptide  (Asip /Agouti ), which  regulate pigmentation  in 

tetrapods . Local expression of Asip  results in decreased synthesis of eumelanin and 

increased production of pheomelanin  in mammals and birds . Associations between coat 

colors and sequence polymorphisms in Mc1r  and agouti genes are known from  many  

domestic species (Rieder et al. , 2001; Schmutz & Berryere, 2007; Cieslak et al. , 2011) .  

Steiner et al. , 2007 co mpared t he expression level of Asip  between two populations of 

oldfield mice  (Peromyscus polionotus ), lighter colored beach and darker mainland mice. 

They f ound that the level of Asip  was higher in the beach mice  leading to light er  

pigmentation and reduced predation in their sandy habitat (Steiner et al. , 2007) .  
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In mammals and birds Asip  is involved in the formation of dor so-ventral patterning and for 

the establishment of stripe patterns  (Hubbard et al. , 2010; Manceau et al. , 2011; Mallarino 

et al. , 2016; Haupaix et al. , 2018) .  In teleost fishes the homolog of Asip , asip1  also controls 

dorso -ventral patterning  (Cal et al. , 2017 and references therein) .  Interestingly, while 

tetrapods have two agouti  gene  family members, Asip  and Agrp , teleosts have four ( asip1 , 

asip2 , agrp1 , and agrp2 ) which is due to the teleost specific genome duplication (Braasch 

et al. , 2008) . In teleost fish asip1  is likely to affect coloration by altering the ratios between 

different cell - types, increasing the development of iridophores (silver shiny 

chromatophores, which produce reflective plates of guanine crystals) and suppressing 

development of melanophores (Guillot et al. , 2012; Ceinos et al. , 2015) .  It was suggested 

that this diversity in coloration genes in teleosts might be  a main reason for their d iversity 

in color  patterns  and species  (Seehausen & Schluter, 2004; Braasch et al. , 2006, 2008; 

Miyagi & Terai, 2013) . For example, t he teleost -specific agouti gene, agouti related peptide 

2 (asip2b / agrp2 ), has a fundamental role in the convergent evolution  of stripe patterns  

across species flocks of  East African cichlids (Kratochwil et al. , 2018 , chapter I).  

However, as genes can be modified in several different ways (e.g. regulatory changes, 

point mutations, frame shift mutations) establishing the exact evolutionary forces leading 

to convergent phenotypes is challenging. Hence, k nowing  the causal  allelic variants  can 

deeply improve our  understand ing of  the evolutionary history of convergent phenotypes.  

 

Convergence at the allelic  level  

Are the underlying allelic variants the same across closely and distantly related species 

with similar color patterns  or are they instead unique and generated by de novo  mutations 

(Davidson & Erwin, 2006; Hoekstra & Coyne, 2007 )? Convergent evolution at the allelic  

level ,  can result from either evolution though independent  de novo  mutations that occurred 

in different species; evolution from a polymorphic allele in a shared ancestor  (standing 

genetic variation) ; or evolution of an allele that was introduced via hybridization (Stern, 

2013) .  

For  m c1r , several studies identified the mutation s at the same position  in distantly related 

species providing examples of convergence  at the mutational level .  The Mc1r  locus was 

sequenced from an approximately 43 ,000 -year -old excavated bone of a mammoth 

(Mammuthus primigenius ,  Römpler et al. , 2006) . The individual was polymorphic at three 

position s of the Mc1r  locus  and one  of these substitutions  occurs at the homologous 

position in  the  lighter beach oldfield mice ( Peromyscus polionotus , Hoekstra et al. , 2006; 

Steiner et al. , 2007) .  Although  we do  not know for this individual, lighter (blonde) 

mammoth fur has been found (Lynch et al. , 2015) .  



 -  General  I ntroduction  -   
 

 - 7 - 

Similarly,  the same non -synonymous substitution in Mc1r  leads to a melanic phenotype  in 

bananaquits (Mundy et al. , 2004) , Japanese quail (Nadeau et al. , 2006)  and chicken (Ling 

et al. , 2003) .  

In these examples , the species are so divergent that allelic  convergenc e is probably the 

result of independent de novo  mutation s. However, c onvergence at the allelic  level does 

not necessarily mean that a mutation arose more than once , especially in closely related 

species . For example, marine Threespine sticklebacks (Gasterosteus aculeatus ) repeatedly 

evolve d adaptations to  freshwater  using the same allelic variants  which are  globally shared 

due to common ancestry  (Jones et al. , 2012) , and m any convergent mimicry patterns In 

Heliconius  butterflies are the result of adaptive introgression of allelic variants (Moest et 

al. , 2020 and references therein) .  

 

The role s of standing genetic variation , de novo mutation  and hybridization in 

speciation  

There is increasing evidence for the importance of standing genetic variation in driving 

exceptionally rapid diversification (e.g. Feder et al. , 2003; Rieseberg et al. , 2003; Xie et 

al. , 2008; Lamichhaney et al. , 2016; Han et al. , 2017; Meier et al. , 2017a; Nelson & 

Cresko, 2018; Svardal et al. , 2019) .  Most new mutations are expected to be neutral or 

deleterious (Ohta, 1992 )  whereas deleterious alleles have already been purged from 

standing genetic variation because they have  already been subject to selection . Hence, 

allelic variants that have been present as standing genetic variation occur at higher allele 

frequencies than new mutations. This may facilitate diversification because these ancestral 

variants c an be more easily reassembled into new combinations  (Marques et al. , 2019) .  

Fixation of de novo  mutations, on the other hand, is predicted to result in a slower 

speciation process (Barrett & Schluter, 2008; Hedrick, 2013; Marques et al. , 2019) .  

Allelic variants can be introduced into a population through hybridization  as was shown in 

Heliconius  butterflies  in which the gene optix , known to control red wing patterning, shows 

signs of adaptive introgression from other Heliconius  species (Zhang et al. , 2016) , and in 

gray wolves  some color polymorphisms are the result of introgression from domestic dogs 

(Anderson et al. , 2009) .  Convergent phenotypes  and/or allelic variants can thus  originate 

via hybrid speciation. Hybrid speciation occurs when two species generate a third stable 

lineage, which is reproductively isolated from both parental species.  In cichlids, genome -

wide patterns of sorting of ancestral variation have been reported and an important role 

of ancestra l hybridization for the evolution of East African cichlid radiations ha s been 

demonstrated.  

Evidence of variation derived from ancestral hybridization event s or from secondary 

introgression is accumulating in the rapid adaptive radiations of Hawaiian silversword s 
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(Barrier et al. , 1999) , Darwinôs finches (Lamichhaney et al. , 2015, 2016; Han et al. , 2017) , 

and cichlid fishes of the East African Great Lakes (Genner & Turner, 2012; Meier et al. , 

2017a, 2018; Meyer et al. , 2017; Irisarri et al. , 2018; Malinsky et al. , 2018) .  

In all these examples, the contribution of alleles that are identic al by descent to convergent 

evolution is controversial because the causal allelic variants were not generated 

independently. However, when selection acts concurrently with the same source material 

but in different populations, both allele frequencies and p opulation trait values may change 

independently over time (Rosenblum et al. , 2014) . The independent rise in frequency of 

an adaptive allele might occur on different genetic backgrounds providing opportunities for  

a more complex  understanding of the dynamics of convergent evolution.  

 

Cichlids  as a model  system  in evolutionary  genetics  

With more than 3,000 species, the fish family Cichlidae is one of the most species - rich 

families of vertebrates  (Salzburger & Meyer, 2004) . Cichlids occur in southern and central 

America, Africa, Madagascar, Iran and India. The hotspot of their biodiversity, however, is 

East Africa, where they diversified into hundred s of endemic species in several lakes of 

different sizes and ages. In the three East African Great Lakes ï Lake Victoria, Lake 

Tanganyika and Lake Malawi ï alone more than 1,200 cichlid species evolved (Salzburger 

& Meyer, 2004) . There, t hey evolved many  forms of body shapes, and color patterns as 

well as a high degree of behavioral , and trophic  diversity  (Fryer & Iles, 1972; Meyer, 1993; 

Stiassny & Meyer, 1999) .  

The degree of phenotypic diversification is associated with a very low degree of genetic 

diversification (Kuraku & Meyer, 2008; Brawand et al. , 2014) . This gave rise to the byname 

of 'natural mutants' because cichlids allow researchers to screen for genetic underpinnings 

of phenotypic diversification (Kuraku & Meyer, 2008)  ï similar to mutagenesis screens 

which are used to select crops for cultivation. Due to this low genetic differentiation, many 

species can be hybridized allowing us to screen for the shared genetic basis of traits using 

genetic mapping experiments (Kratochwil & Meyer, 2015a) .  Additionally, cichlids offer a 

great opportunity to investigate the genotype to phenotype connection because multiple 

phenotypes have evolved repeatedly within and between different lakes (e.g. Stiassny & 

Meyer, 1999) .  

Body coloration is an important phenotype that facilitated  the  diversification of the  

cichlid  family  (Seehausen & Schluter, 2004; Santos & Salzburger, 2012; Miyagi & Terai, 

2013)  with  evidence for the importa nce of both natural and sexual  selection  for the 

evolution of body coloration (Meyer, 1993; Deutsch, 1997; Seehausen & van Alphen, 1998; 

Couldridge & Alexander, 2002; Maan et al. , 2010) .  Especially color patterns , such as bar 

and stripe patterns, that generate a high -contrast arrangement of colors, can be major 

ecologically relevant traits.  Horizontal stripes evolved repeatedl y (Fig. 1 )  and occur in 30% 

of all in East African cichlids (chapter IV ), s uggesting that they have evolved by natural 
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selection and constitute adaptations to similar environmental pressures (Harvey & Pagel, 

1991) .  

 

Fig. 1  The adaptive radiation s of East African cichlid fish es . Left, map of East Africa showing the region of 

the African Great Lakes in which cichlid fish have radiated. Right, five representative species of every major 

radiation demonstrating  the repeated evolution of stripe patterns . From left to right: Haplochromis sauvagei , H. 

serranus, H. vonlinnei, H. chilotes, and H. paropius  (endemic to  Lake Victoria); Protomelas annectens, 

Melanochromis auratus, M. kaskazini, P. taeniolatus, M. cyaneorhabdos (endemic to Lake Malawi), 

Telmatoch romis vittatus, Julidochromis ornatus, Neolamprologus buescheri, Abactochromis labrosus, and J. 

regani  (endemic to  Lake Tanganyika) .  

Several functions have been hypothesized for the occurrence of horizontal stripes, such as 

background matching (Cott, 1940; Stevens et al. , 2006; Stevens & Me rilaita, 2009) , and 

communication of motivational status (Van Alphen, 1999) . A comparative study of East 

African cichlid fishes has shown that stripe patterns are  indeed  constrained ecologically 

and not phylogenetically, and that stripes correlate both with piscivorous feeding and 

shoaling  behavior  (Seehausen et al. , 1999) . In shoaling behavior, it has been shown tha t  

fish benefit from the confusion effect by blending in with the shoal and from the oddity 

effect by attracting less attention from predators in general  (Landeau & Terborgh, 1986; 

McRobert & Bradner, 1998) .  

The horizontal stripe pattern  is ideal to understand how the genotype affects the 

phenotype. Genetic mapping experiments revealed that a single genomic locus determines 

the presence or absence of the horizontal stripe phenotype in  the Lake Victoria cichlids 

Haplochromis sauvagei  (Henning et al. , 2014)  and Haplochromis chilotes  (Kratochwil et 

al. , 2018 , chapter I). Additionally, re cent technological advances, including next -

generation sequencing methods such as ChIP - seq  and functional approaches (e.g. 

transgenesis), as well as genetic engineering (e.g. CRISPR -Cas9, Kratochwil & Meyer, 

2015a)  are available for cichlids  allowing us to elucidate the molecular basis of convergent 

phenotypes . 
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Aims of this thesis  

The overall goal of my thesis is to contribute to our understanding of how convergent 

phenotypes in both closely and distantly related species originate.  Using next -generation 

sequencing we can now screen whole genomes to investigate the link between genotypes 

and phenotypes  to test if the same or similar gen etic variants are associated with color 

patterns across both closely and distantly related species of cichlids, if  molecular 

mechanisms arose de novo  or if standing genetic variation facilitated the repeated 

evolution of color patterns . What types of mutat ions cause phenotypic changes, regulatory 

or coding mutations? Both the molecular  basis and the adaptive value of horizontal stripe 

patterns in East African cichlids will be the  main  focus of this thesis. To obtain a 

comprehensive understanding of how color patterns are generated in cichlids I use state -

of - the -art sequencing methods to answer the following questions:  

 

1)  What is the genetic basis of cichlid color ation  (i.e. horizontal stripe pattern and 

amelanism) ? 

2)  Are the same allelic variants responsible for convergent phenotypes across species?  

3)  What is the relative importance of standing genetic variation versus de novo 

mutations for phenotypic diversification?  

4)  Is phenotypic diversification happing fas ter when its resulting from standing genetic 

variation rather than  de novo  mutations?  

5)  What are potential functions of stripe patterns in cichlids?  

 

Chapter  summary  

This thesis  consists  of  five  chapters  which are empirical studies on different cichlid species  

and  generally  investigate  the  genetic  basis  of  color patterns . Chapters  I,  III ,  and  V have  

undergone  peer - review  and  are published.  

In  chapter  I ,  we  investigate  the  molecular  basis  of  horizonta l stripe patterns which 

are a prime example for convergent evolution in the cichlid radiations of the East African 

Great Lakes Malawi, Tanganyika, and Victoria. We s how  that  regulatory  changes  of  the  

óstripe  repressor  geneô agouti - related  peptide  2 (agrp2 )  facilitated the repeated evolution 

of stripes in East African cichlids .  Stripes  are  lost  above  a particular  agrp2  expression  level  

and  present  when  expression  is low.  We discover a regulatory  interval  of  agrp2  that acts  

as on-off  switch  for  stripe  pattern formation .  

For chapter  II  we  analyzed  over  100  cichlid  fish  genomes  to  uncover  the  

evolutionary  origin  of  horizontal  stripes  and find c onvergence at the gene level across all 

of the East African cichlid radiations, but not at the exact mutational level .  In  Lake  Victoria  

cichlids,  stripes  are  largely  determined  by  a core  regulatory  interval  which  arose  previous  

to  their  adaptive  radiation  (15,000 ï 100,000 years ago) .  This is a rare case in which we 

have a clear genotype to phenotype connection and can demonstrate that the causal 
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interval -  and thereby the phenotype -  could spread across an adaptive radiation of >500 

species because it was already present as ancestral standing genetic variation. Moreover, 

we  discover de novo  mutations associated with stripe patterns divergence which are unique 

to Lake Malawi cichlids and evolved within the last ~300 kyr . Our  findings  reveal  how 

independent de novo  mutations at the same l ocus can drive convergent phenotypic 

evolution over longer timespans, while ancestral  standing  genetic  variation at the root of 

adaptive radiations can facilitate rapid phenotypic divergence . 

In  chapter  III ,  we are  asking  if  the  agrp2  locus exhibits  further  characteristics  

which  facilitate  divergence  in  stripe  patterns  and  find  several  recent  duplications,  insertions  

and  deletions  within agrp2 .  A tandem  duplication  of  the  last  exon  of  agrp2  show s a 

surprising  dynamic  as it  varies  even  within  some  species.  We suggest  that  exon  

duplications  deserve  more  attention  in  the  study  of  repeated  evolution  and  diversification  

of  phenotypes.  

Chapter  I V  explores  the  adaptive value of stripe patterns  and s how s that there is 

a significant correlation between body depth (standard length/body depth) and presence 

of horizontal stripes. Yet, not all trait combinations are necessarily adaptive as they could 

be the result of genetic linkage. Therefore, we explore if th e horizontal stripe pattern 

evolved because it is genetically linked to body depth or because the two traits are adaptive 

and subject to the same selection pressures. Using two independent hybrid crosses we do 

not find any support for genetic linkage betwe en body depth and stripes. However, we find 

that the correlation between body depth and stripe pattern is subject to stabilizing selection 

acting on body depth. We argue that natural selection due to predator -prey interactions 

may directly influence horizo ntal stripe pattern evolution.  

In  the  last  chapter  (chapter  V)  we  investigate  an amelanistic  morph  of  the East  

African  cichlid  Melanochromis auratus .  We could  show  that  an exon  loss  within  oca2  is 

responsible  for  this  phenotype.  Interestingly,  the  gene  oca2  is involved  in  pigmentation  

disorders  in  a wide  range  of  amelanistic  disorders  across  vertebrates  demonstrating  its  

highly  conserved  function  and  repeated  involvement  in  amelanistic  phenotypes.  
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Abstract  

The  color  patterns  of  African  cichlid  fishes  provide  notable  examples  of  phenotypic  

convergence.  Across  the  more  than  1200  East  African  rift  lake  species,  melanic  horizontal  

stripes  have  evolved  numerous  times.  We discovered  that  regulatory  changes  of  the  gene  

agouti - related  peptide  2 (agrp2 )  act  as molecular  switches  controlling  this  evolutionarily  

labile  phenotype.  Reduced  agrp2  expression  is convergently  associated  with  the  presence  

of  stripe  patterns  across  species  flocks.  However,  cis- regulatory  mutations  are  not  

predictive  of  stripes  across  radiations,  suggesting  independent  regulatory  mechanisms.  

Genetic  mapping  confirms  the  link  between  the  agrp2  locus  and  stripe  patterns.  The  crucial  

role  of  agrp2  is  further  supported  by  a CRISPR-Cas9 knockout  that  reconstitutes  stripes  in  

a nonstriped  cichlid.  Thus,  we  unveil  how  a single  gene  affects  the  convergent  evolution  of  

a complex  color  pattern.  

 

Main  Text  

Stephen  Jay Gould  famously  posited  that  if  it  were  possible  to  rerun  the  ñtape of  

life,ò outcomes  would  be different  (Gould, 1989) .  The  relative  importanc e of  determinism  

and  contingency  during  evolution  is still  far  from  settled  (Loso s et al. , 1998; Losos, 2017) .  

But  for  particular  groups  of  organisms,  one  can  now  test  Gouldôs hypothesis.  For  instance,  

in  less  than  8 million  to  12  million  years,  more  than  1200  species  of  cichlid  fishes  have  

evolved  to  form  repeated  adaptive  radiations  in  the  East  African  Rift  Valley  lakes,  such  as 

Lakes  Victoria,  Tanganyika,  and  Malawi  (Fig. I. 1 B )  (Meyer et al. , 1990; Kocher, 2004; 

Turner, 2007;  Santos & Salzburger, 2012; Brawand et al. , 2014) .  These  adaptive  radiations  

have  given  rise  to  a large  diversity  of  species  displaying  various  color  patterns  (Fig. I. 1 C 

to  N ),  including  the  repeated  occurrence  of  melanic  horizontal  stripes  (Fig. I. 1 A  and  

supplementary  text).  Convergent  evolution  is prevalent  in  the  East  African  cichlid  

radiations  (Meyer, 1993; See hausen et al. , 1999; Muschick et al. , 2012) ,  providing  a 

replicated  natural  experiment  whereby  distantly  related  species  from  independent  adaptive  

radiations  can  be  used  to  determine  what  mechanisms  have  generated  these  recurrent  
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phenotypes  (Kuraku & Meyer, 2008; Protas & Patel, 2008; Roberts et al. , 2009; Stern, 

2013; Kratochwil & Meyer, 2015a) .  More  specifically,  we  address  whether  horizontal  

stripes,  a convergent  phenotype,  have  an identical,  similar,  or  different  molecular  bases  

across  the  independent  adaptive  radiations  of  cichlid  fishes.  

 

Fig. I. 1  Convergent  evolution  of  horizontal  stripes  across  African  cichlid  radiations .  (A)  Schematic  of 

melanic  horizontal  stripes  and  vertical  bars.  (B)  Map  of  the  African  Great  Lakes  Victoria,  Tanganyika,  and  Malawi  

and  superimposed  simplified  phylogenetic  tree  of  the  adaptive  radiations  of  Lakes  Tanganyika  (green;  not  all  

paraphyletic  lineages  shown),  Malawi  (blue),  and  Victoria  (orange).  (C to  N)  Twelve  of  the  focal  striped  and  

nonstriped  species  of  this  study,  including  species  from  Lakes  Victoria  [( C)  to  (F)],  Tanganyika  [( G)  to  (J)],  and  

Malawi  [( K )  to  (N )].  Hlat,  Haplochromis  latifasciatus;  Jorn,  Julidochromis  ornatus;  Lcae,  Labidochromis  caeruleus;  

Maur,  Melanochromis  auratus;  Nbri,  Neolamprologus  brichardi;  Ncyl,  Neolamprologus  cylindricus;  Tvit,  

Telmatochromis  vittatus.  

Previously  (Henning  et  al. ,  2014)  -  using  a genetic  mapping  panel  of  two  Lake  

Victoria  species,  Pundamilia  nyererei  (Pnye ,  nonstriped,  Fig. I. 1 E)  and  Haplochromis  

sauvagei  (Hsau ,  striped,  Fig. I. 1 C)  -  we  found  that  horizontal  stripes  (Fig. I. 2 C)  are  

inherited  as a rece ssive Mendelian  trait  mapping  to  chromosome  18  (Fig. I. 2 A ).  This  was  

confirmed  by  a second  cross  involving  the  same  nonstriped  species  and  another  striped  

species,  H.  chilotes  (Hchi ,  striped)  (Fig. I. 2 A  and  supplementary  text).  To more  precisely  

isolate  the  causal  genetic  interval  for  stripe  presence,  we  fine -mapped  the  trait  using  

recombinant  F2 individuals  of  the  Pnye  ×  Hsau  cross  and  reduced  the  causal  interval  from  

600  to  25  kb  (Supplementary  Fig.  SI .1 ).  This  interval  contained  the  genes  agouti - related  

peptide  2 (agrp2 ),  v- type  proton  ATPase subunit  d 2 (atp6V0d2 ),  and  an unknown  gene  

(unk )  (Fig. I. 2 B ).  The  resequencing  of  all  coding  regions  revealed  no  fixed  missense  or  

nonsense  mutations  (Supplementary  Fig.  SI .2 ),  suggesting  that  cis- regulatory  variation  

determines  stripe  presence.  
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Fig. I. 2  Agrp2  controls  stripe  loss  in  Lake  Victoria  cichlids .  (A )  In  two  mapping  crosses  between  Pnye  and  

Hsau  and  Pnye  and  Hchi,  horizontal  stripes  map  to  the  same  region  on  chromosome  18.  (B)  F2 recombinant  fine -

mapping  isolates  a 25 -kb  interval  containing  agrp2.  (C and  D )  Skin  biopsies  show  differential  agrp2  expressions  

between  skins  from  Hsau  (C)  and  Pnye  (D ).  Error  bars  indicate  means  +  SD.  (E and  F)  An intronic  1.1 - kb  element  

of  Pnye  (Pnye.enh.a)  is regulatory  active  (E)  and  shows  stronger  activity  than  the  homologous  sequence  of  the  

striped  species  Hsau  (F)  in  a zebrafish  larvae  GFP reporter  assay.  (G and  H )  CRISPR-Cas9 mediated  knockouts  

of  agrp2  in  the  normally  nonstriped  cichlid  Pnye  (G)  develop  stripes  [( H);  midlateral  stripe  indicated  by  line].  

LOD score,  logarithm  of  the  odds  score;  N/N,  homozygous  for  the  Pnye  agrp2  allele;  S/S,  homozygous  for  the  
Hsau  agrp2  allele;  C/C,  homozygous  for  the  Hchi  agrp2  allele;  tg,  transgenic  construct;  gRNA,  guide  RNA;  mls,  

midlateral  stripe;  dls,  dorsolateral  stripe;  d,  dorsal;  dm,  dorsomedial;  vm,  ventromedial;  v,  ventral.  

The teleost -specific  agrp2  (Supplementary  Fig.  SI .3 )  is a strong  candidate  gene  for  

stripes  because  its  paralogs  have  been  previously  associated  with  pigmentation  

phenotypes  (Zhang et al. , 2010; Manceau et al. , 2011; Ceinos et al. , 2015) .  To test  for  

agrp2  expression  differences  between  nonstriped  (Pnye )  and  striped  (Hsau )  Lake  Victoria  

cichlids,  we  performed  quantitative  polymerase  chain  reaction  (qPCR;  Fig. I. 2 D  and  

Supplementary  Fig.  SI .5 )  on  a number  of  adult  tissues,  including  skin  (supplementary  

text).  Here,  agrp2  showed  a significantly  higher  expression  in  the  skin  of  Pnye  (Fig. I. 2 D  

and  Supplementary  Fig.  SI .4 ).  The  lack  of  consistent  expression  variation  between  

melanic  and  nonmelanic  regions  and  generally  across  dorsoventral  and  anterior -posterior  

positions  suggests  that  agrp2  does  not  shape  pigmentation  patterns  through  local  

expression - level  variation  but  rather  acts  as a general  stripe  pattern  inhibitor  

(Supplementary  Fig.  SI .6 ).  Whereas  qPCR revealed  no  such  expression  differences  for  

paralogs  and  neighboring  genes  (supplementary  text),  qPCRs on F2 Pnye / Hsau  hybrid  
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individuals  confirmed  that  expression  differences  are  linked  to  the  agrp2  locus  and  exhibit  

an allelic  dosage  effect  as expected  for  cis- regulatory  mutations  (Supplementary  Fig.  

SI .4 ).  

To identify  causal  mutations  affecting  both  agrp2  expression  and  stripe  phenotype,  

we  sequenced  the  agrp2  locus  in  individuals  (n Ó 10  individuals  per  population)  from  

natural  populations  of  the  three  hybrid -cross  species.  We screened  for  alternatively  fixed,  

fully  associated  variants  with  the  stripe  phenotype  in  pairwise  comparisons  of  each  striped  

species  (Hsau  or  Hchi )  versus  the  nonst riped  Pnye.  Our  analyses  indicated  that  a 1.1 -kb  

interval  within  the  first  agrp2  intron  (Fig. I. 2 B )  that  exhibited  shared,  alternatively  fixed  

alleles  is a strong  candidate  region  for  a regulatory  element  controlling  agrp2  expression  

(Supplementary  Fig.  SI .7 ).  To test  whether  this  1.1 -kb  interval  [ enhancer  of  agrp2  in  Pnye  

(Pnye.enh.a )]  contains  cis- regulatory  elements  that  could  influence  interspecific  

differences  between  striped  and  nonstriped  species,  we  tested  the  elements  of  both  species  

in  a green  fluorescent  protein  (GFP)  reporter  assay  in  vivo  (supplementary  text).  It  showed  

that  Pnye.enh.a  efficiently  modulates  GFP expression  [Tukeyôs honest  significant  difference  

(HSD),  P <  0.001]  and  is significantly  more  potent  than  the  homologous  sequence  of  the  

striped  species  Hsau  (Tukeyôs HSD,  P <  0.001)  (Fig. I. 2 E and 2 F,  and  Supplementary  Fig.  

SI .8 ).  Together,  these  results  indicate  that  higher  expression  of  agrp2 ,  and  thereby  the  

suppression  of  stripe  patterns,  is indeed  enhanced  by  Pnye.enh.a  (Supplementary  Fig.  

SI .9 ).  

Our  results  reveal  agrp2  as a major  determinant  of  stripe  presence  that  might  be 

sufficient  to  suppress  stripe  patterns  in  Pnye . To further  test  this  finding,  we  used  CRISPR-

Cas9 genome  engineering  to  manipulate  agrp2  and  to  thereby  potentially  derepress  stripe  

patterns.  Pnye  eggs  were  injected  with  Cas9 and  agrp2  guide  RNAs,  and  we  obtained  four  

mutants,  all  of  which  had  nonsense  and  frameshift  mutations  within  agrp2  (Supplementary  

Fig.  SI .10  and  Table  SI .1 ).  These  CRISPR-Cas9 mutants  developed  a continuous  

midlateral  stripe  (Fig. I. 2 H  and  Supplementary  Fig.  SI .10 )  yet  no  dorsolateral  stripe  

(supplementary  text).  Because  horizontal  stripes  were  never  observed  in  noninjected  Pnye  

individuals  (>100  observations;  Fig. I. 2 G),  this  strongly  suggests  that  although  species  

such  as Pnye  have  no  stripes,  the  genomic  and  developmental  machinery  for  stripe  pattern  

formation  is in  place,  and  stripes  can  reappear  in  this  nonstriped  species  by  experimental  

manipulation  of  agrp2 .  

Next,  we  tested  if  the  expression  levels  of  agrp2  and  stripe  patterns  are  generally  

associated  across  other  cichlid  species  from  the  repeated  species  flocks  of  Lakes  Victoria,  

Malawi,  and  Tanganyika,  suggesting  a shared  molecular  basis  for  convergent  stripe  

phenotypes.  Using  qPCR on adult  skins  of  striped  and  nonstriped  species  of  each  of  the  

three  major  East  African  cichlid  radiations  (in  total,  24  species;  Supplementary  Fig.  

SI .11 ),  we  revealed  that  nonstriped  species  commonly  had  higher  agrp2  expression  levels  

than  striped  species  (Fig. I. 3 B ).  This  association  was  confirmed  by  comparative  
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phylogenetic  analyses  (Fig. I. 3 A ),  demonstrating  a significant  evolutionary  association  

between  low  agrp2  expression  and  stripe  presence  [phylogenetic  analysis  of  variance  

(ANOVA);  mean  P <  0.001;  supplementary  text].  

 

 

Fig. I. 3  Regulatory  changes  of  agrp2  are  predictive  of  convergent  stripe  evolution.  (A )  Densitree  

representation  of  phylogeny  for  the  24  examined  species,  including  divergence  time  estimates  8 mya,  million  

years  ago.  (B)  Skin  gene  expression  analysis  of  agrp2  across  adaptive  radiations  highlights  the  strong  

evolutionary  association  of  stripes  with  low  agrp2  expression  levels  (phylogenetic  ANOVA,  P <  0.001).  Error  bars  

indicate  means  +  SD (C)  A gene  (locus)  tree  of  the  cis-regulatory  element  enh.a  supports  a single  origin  of  striped  

alleles  in  Lake  Victoria.  Numbers  present  posterior  probabilities  >0.9.  Ajac,  Aulonocara  jacobfreibergi;  Ceuc,  
Cheilochromis  euchilus;  Dcom,  Dimidiochromis  compressiceps;  Hmel,  Haplochromis  melanopterus;  Hser,  

Haplochromis  serranus;  Hthe,  Haplochromis  thereuterion;  Jmar,  Julidochromis  marlieri;  Jreg,  Julidochromis  

regani;  Lmul,  Lamprologus  multifasciatus;  Mzeb,  Maylandia  zebra;  Ncau,  Neolamprologus  caudopunctatus;  Onil,  

Oreochromis  niloticus;  Pjoh,  Placidochromis  johnstoni;  Ppun,  Pundamilia  pundamilia.  

To determine  if  this  convergence  at  the  phenotypic  and  agrp2  gene  expression  level  

is also  paralleled  at  the  sequence  level  (Stern, 2013) ,  we  comparatively  analyzed  

homologous  enh.a  sequences  across  cichlids  from  Lakes  Victoria,  Malawi,  and  Tanganyika.  

A tree  of  enh.a  revealed  substantial  sequence  variation  and  resolved  striped  Lake  Victoria  

species  as monophyletic,  suggesting  a single  origin  of  the  striped  alleles,  whereas  striped  

species  of  other  lakes  were  not  monophyletic  (Fig. I. 3 C).  None  of  the  nine  mutations  

within  enh.a  that  showed  complete  association  with  stripes  in  Lake  Victoria  cichlids  showed  

similar  stripe  association  in  cichlids  of  Lakes  Malawi  or  Tanganyika  (Supplementary  Figs.  

S12  and  S13).  Consequently,  independent  mutations  must  be affecting  agrp2  expression  

and  thereby  stripe  patterns  across  the  three  major  cichlid  radiations  (Fig. I. 4 D ) .  
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Fig. I. 4  A shared  genomic  basis  of  stripes  across  cichlid  radiations.  (A )  Stripes  are  associated  with  agrp2  

alleles  in  Lake  Malawi  hybrid  F2 individuals  (Pdem  ×  Pcya).  Inheritance  is not  Mendelian,  suggesting  that  additional  

genetic  modifiers  exist  in  Lake  Malawi  cichlids.  (B  and  C)  F2 hybrids  homozygous  for  the  Pcya agrp2  allele  (C/C,  

showing  stripes,  black  lines)  and  Pdem  allele  (D/D,  no stripes)  exhibit  clear  stripe  pattern  differences.  Parental  

species  are  shown  in  Fig. I. 1K (striped)  and  Fig. I. 1M (nonstriped).  (D)  Summary  of  the  known  (black)  and  

unknown  (gray)  aspects  of  the  genetic  control  of  cichlid  horizontal  stripes.  

 

Lastly,  we  tested  whether  the  same  locus  is responsible  for  stripe -pattern  variation  

outside  of  Lake  Victoria  cichlids  using  a hybrid  cross  between  the  nonstriped  Lake  Malawi  

species  Pseudotropheus  demasoni  (Pdem ;  Fig. I. 1 M )  and  striped  species  Ps. 

cyaneorhabdos  (Pcya ;  Fig. I. 1 K )  that  also  differed  in  their  skin  agrp2  expression  

(Supplementary  Fig.  SI .14 ).  We obtained  270  F2 hybrid  individuals  that  were  genotyped  

at  the  agrp2  locus  and  phenotyped  regarding  their  stripe  patterns  (Fig. I. 4 B  and 4 C and  

Supplementary  Fig.  SI .15 ;  and  supplementary  text).  The  results  revealed  significant  

linkage  between  the  agrp2  allele  and  stripe  presence  (Fisherôs exact  test,  P =  7.6  ×  10ī8;  

Table  SI .2 ).  The  allelic  variation  at  the  agrp2  locus  explains  more  than  50%  of  the  

phenotypic  variance  in  stripe  patterns  [Cox -Snell  or  Nagelkerke  pseudo -R2 from  ordered  

logistic  regression;  Table  SI .3 ].  Nevertheless,  the  phenotypic  distribution  of  F2 individuals  

(49  nonstriped  and  221  striped  individuals)  differed  from  the  Mendelian  3:1  ratio  observed  

in  the  Lake  Victoria  crosses  (chi -square  test,  P <  0.001),  providing  evidence  for  additional  

minor  modifier  loci.  These  results  strongly  suggest  that  agrp2  acts  as a major  determinant  

of  stripe  pattern  absence  or  presence  in  Lake  Malawi  (as  in  the  younger  Lake  Victoria  

radiation),  but  additional  minor  stripe  modifiers  have  evolved  or  were  recruited  in  the  older  

Lake  Malawi  radiation  (Fig. I. 4 D ).  

The  repeated  evolution  of  horizontal  stripes  in  East  African  cichlid  radiations  is 

facilitated  by  cis- regulatory  evolution  of  agrp2.  Despite  its  described  role  and  function  in  

the  brain  (Zhang et al. , 2010) ,  we  have  discovered  a hitherto  unknown  function  for  this  

gene  in  the  skin  that  highlights  notable  functional  similarities  between  Agrp2  and  the  

mammalian  Agouti  (Asip)  as well  as teleost  Asip1  (Manceau et al. , 2011; Ceinos et al. , 

2015) .  From  what  is known  about  proteins  of  the  Agouti  family,  Agrp2  likely  acts  as an 

antagonist  for  the  melanocortin  receptors  Mc1r  and/or  Mc5r  (Cal et al. , 2017) .  Low  Agrp2  

levels  would  trigger  stripe  melanophore  proliferation,  pigment  dispersion,  and/or  pigment  

production  (stripe  patterns  present),  whereas  high  levels  would  block  these  processes  (no  
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stripe  patterns)  (Cal et al. , 2017) .  Expression  levels  of  agrp2  thereby  act  as a switch  

controlling  stripe  presence  and  absence.  In  Lake  Victoria,  expression - level  differences  

seem  to  be caused  by  several  mutations  in  a 1.1 -kb  intronic  regulatory  region  (enh.a ;  Fig. 

I. 2 B )  that  push  the  expression  of  agrp2  levels  above  or  below  a threshold  that  determines  

the  stripe  phenotype.  Such  a threshold -based  molecular  on-off  switch  may  have  permitted  

the  frequent  loss  as well  as reevolution  of  stripes  within  East  African  cichlids.  Although  the  

presence  of  stripes  appears  to  be controlled  by  differential  expression  of  the  same  gene  

(agrp2 ),  causal  genetic  variants  must  differ  among  the  independent  radiations  of  Lakes  

Victoria,  Malawi,  and  Tanganyika  (Fig. I. 4 D  and  figs.  S12  and  S13).  The  intermediate  

phenotypes  obtained  from  the  Malawi  cross  (Fig. I. 4 A ),  together  with  the  lack  of  the  

dorsolateral  stripe  in  the  CRISPR-Cas9 mutants  (Fig. I. 2 H ),  provide  evidence  for  additional  

modifier  loci  determining  stripe  presence  (Fig. I. 4 D ).  However,  those  seem  generally  less  

prominent  in  the  young  (<15,000  years  old)  Lake  Victoria  radiation  compared  to  the  older  

(2  million  to  4 million  years  old)  Lake  Malawi  radiation  (supplementary  text).  

Regulatory  variation  of  agrp2  provides  a molecular  basis  for  the  repeated  evolution  

and  loss  of  stripe  patterns  across  cichlid  species  flocks.  Recurrent  regulatory  evolution  at  

the  agrp2  locus  constitutes  an example  of  regulatory  tinkering  (Kratochwil & Meyer, 2015b; 

Mazo-Vargas et al. , 2017)  that  might  have  facilitated  the  ease  and  speed  of  the  evolution  

of  both  converged  and  diverged  phenotypes  that  characterizes  the  East  African  cichlid  

radiations.  The  simplicity  of  such  a threshold  mechanism  might  have  permitted  the  

phylogenetically  observed  rapid  losses  and  re -evolutions  of  stripe  patterns.  Therefore,  

Stephen  Jay Gouldôs predictions  (Gould, 1989)  appear  questionable  at  this  evolutionary  

scale,  and  if  one  were  to  replay  the  evolution  of  cichlid  adaptive  radiations,  the  results  

might  be surprisingly  similar:  striped  and  nonstriped  cichlids  evolving  again  and  again  

through  regulatory  evolution  at  the  agrp2  locus.  
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Chapter  II  -  Ancestral standing genetic variation facilitated color 

pattern divergence in the Lake Victoria cichlid adaptive radiation  

Sabine  Urban , Alexander  Nater,  Axel  Meyer  and Claudius F. Kratochwil  
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Highlights  

Å Genomic differentiation between striped and nonstriped  cichlids is linked to the 

same gene, agrp2 , across cichlid radiations  

Å Different non -coding regions of agrp2  associate with stripes in two independent 

radiations  

Å Convergence at the genetic level does not coincide with convergence at the 

mutational level  

Å Ancestral standing genetic variation fueled color pattern divergence in L ake Victoria 

cichlids  
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Summary  
Only recently was the recruitment of alleles from standing genetic variation recognized as 

an important evolutionary mechanism in driving the rapid phenotypic diversification in 

adaptive radiations  (e.g. Barrett & Schluter, 2008; Brawand et al. , 2014; Seehausen, 

2015; Han et al. , 2017; Bassham et al. , 2018; Belleghem et al. , 2018; Salzburger, 2018; 

York et al. , 2018; Lewis et al. , 2019; Takuno et al. , 2019) .  But we are far from 

understanding specific im pacts of such old genetic variation on adaptive phenotypic 

diversification as we often lack information about genotype -phenotype relationships. In 

cichlid fish of the East African Great Lakes Victoria, Malawi, and Tanganyika (Fig. II. 1 ), 

horizontal stripe patterns were previously linked to a single locus harboring the gene 

agouti - related peptide 2  (agrp2 ,  Kratochwil et al. , 2018) . To test the relative importance 

of standing genetic variation versus de novo  mutations for phenotypic diversification, we 

asked whether striped fish of these three radiations show the same signals of divergence 

at the ñstripe locusò. And while we find similar signatures at the level of the agrp2  locus, 

the exact haplotypes that ar e associated with stripe patters are surprisingly different. In 

Lake Malawi, we found the highest association of alleles with the presence of stripe patterns 

in the 5Ź untranslated region of agrp2 . These variants are unique to Lake Malawi and 
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therefore lik ely evolved through recent de novo  mutations. In Lake Victoria cichlids, stripes 

are almost completely associated with two intronic regions overlapping with a previously 

reported cis - regulatory interval (Kratochwil et al. , 2018) . Moreover, we found that the 

evolutionary origin of these causal allelic variants predates the Lake Victoria adaptive 

radiation . Thus, ancestral standing genetic variation at the agrp2  locus facilitated the 

stripe ïnon -stripe divergence  that characterizes the radiation of over 500 cichlid species in 

Lake Victoria.  

 

Results  and  Discussion  

Stripe pattern convergence and diversification in African cichlid radiations  

To investigate the evolutionary history of the haplotypes associated with stripe patterns, we 

investigated the genomic interval around the agrp2 gene with a combination of target 

enrichment (~30 kb agrp2 region ± 100kb) and whole-genome resequencing. The agrp2 locus 

was previously shown to be associated with horizontal stripes in cichlids of the three African 

Great Lakes (Henning et al., 2014; Kratochwil et al., 2018). Data were collected from 206 

individuals from the three African species flocks (Lake Malawi n=143, L. Tanganyika n=26, L. 

Victoria n=36; Supplementary Table SII.1 ) . We inferred a species tree of the sampled 

species based on 6,545 genome-wide randomly selected loci of 3 kb from 33 high-quality 

genomes. The phylogeny from this state-of-the-art, high-density data set agrees with previous 

reports based on mitochondrial (Meyer et al., 1990), RAD-seq (Wagner et al., 2013) and, most 

recently, genomic data (Malinsky et al., 2018; Svardal et al., 2019). All phylogenies show strong 

discordance between the stripe phenotype and phylogeny τ stripes clearly evolved or were 

lost repeatedly (Fig. II. 1 A ).  

 

Stripes in Lake Malawi and Victoria radiations are associated with the same gene 

but different intronic re gions  

Previous work identified agrp2  as a major effect locus for stripe pattern divergence 

in African cichlids. High expression of this melanocortin receptor antagonist is predictably 

associated with the lack of stripe patterns, low expression with stripe presence (Kratochwil 

et al. , 2018) . However, prior work could not identify the exact causal allelic variants and 

their evolutionary origin(s). Using whole -genome -resequencing and target enrichment 

data, we therefore calculated  relative genetic differentiation ( FST) between striped and 

nonstriped  species for the cichlid radiations of Lakes Tanganyika, Malawi and Victoria over 

the 672,091 filtered bi -allelic single nucleotide polymorphisms (SNPs) called across the 

whole ~10 Mb scaffold 3 containing the agrp2  gene.  
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Fig. II. 1  Recurrent evolution of horizontal stripes in East African cichlids .  (A) Phylogeny of East African 

cichlids based on 6,545 genome -wide random loci of 3 kb. Node color indicates lake of origin (Malawi in blue, 

Tanganyika in green, Victoria in orange, and the Lake Victoria outgroups in purple) and if the species shows 

horizontal stripes (light color) or not (dark color). ( B) Map of the African Great Lakes and surrounding lakes with 

dotted lines connecting species  in the phylogeny to their lake of origin. Horizontal stripes are present in all 

radiations. Photographs from top to bottom: Pundamilia nyererei, Haplochromis sauvagei, Astatotilapia stappersii, 

Pseudotropheus demasoni, Melanochromis kaskazini. Photograph credits: Jan Gerwin, Claudius Kratochwil, Adrian 

Indermauer, Sabine Urban.  

 
In the Lake Tanganyika radiations, we did not find regions of elevated FST between 

striped and nonstriped  species around agrp2  (Supplementary Fig. SII. 1 ), although a link 

between agrp2  expression and stripes has been shown earlier  (Kratochwil et al. , 2018) . 

This cichlid species flock is more than 10 myr old and c onsists of several independent 

radiations (Salzburger et al. , 2005; Koblmüller et al. , 2008; Takahashi & Koblmüller, 2011)  

with a complex history of repeated colonization events (Nishida, 1991; Salzburger et al. , 

2002) . Therefore, the missing association of alleles within the agrp2  locus with stripes 

could be explained by alternative genetic mechanisms of stripe - formation, e.g., the 

involvement of multiple cis - regulatory loci and/or trans - regulatory mechanisms or 

additional modifier loci.  

Among the 500 endemic Lake Malawi cichlids (Brawand et al. , 2014)  the agrp2  locus 

shows elevated differentiation among the littoral rock -dwelling mbu na which contains 

about 200 species (Danley & Kocher, 2001 , Fig. II. 2A ) .  Within this lineage, the strongest 

differentiation between striped and nonstriped  species is in the 5Ź untranslated region 

(UTR) of agrp2  (FST=0.76 vs. scaffold mean 0.16; Fig. II. 2A , and 2 B ).  In a gene tree 

inferred based on this region, the topology clearly separates striped mbuna from 

nonstriped  mbuna but not the Lake Victoria phenotypes ( Fig. II. 2C ).  
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Fig. II. 2  The same genetic locus but different lake -specific regulatory regions are associated with the 

repeated evolution of stripe patterns in the adaptive radiations of haplochromine cichlids of Lake 

Malawi and Victoria.  (A ) Association of stripes with genomic regions. Black dots represent midpoints  of every 

associated region (F ST value) and black lines are smoothened local regressions between striped and nonstriped  

species from Lake Victoria (top) and Lake Malawi mbuna species (bottom). This is plotted together with topology 

weights for topologies i n which striped and nonstriped  species are reciprocally monophyletic (orange bars Lake 

Victoria, blue bars Lake Malawi). Each value is giving the proportionate contribution of a particular taxon tree to 

the full tree with values ranging from 0 to 1. An exa mple for such a topology in which striped species are 

reciprocally monophyletic is provided for both radiations. ( B) Gene structure of agrp2 with regions of elevated FST 
(FST > 0.75). Grey boxes indicate the 5ôUTR that harbors variants associated with stripe divergence in mbuna 

Lake Malawi cichlids. ( C) Unrooted gene tree from the region of highest differentiation in Lake Malawi (LM, 89 

bp). Numbers represent posterior probabilities. ( D) Unrooted gene tree inferred from the region of highest 

differentia tion in Lake Victoria (LV 1, 686 bp). ( E) Unrooted gene tree from the region of second highest 

differentiation in Lake Victoria (LV 2, 410 bp).  
























































































































































































































































