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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 ancestral variants that
evolved before this major adaptive radiation took place roughly 15,000 - 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 last
~300 kyr (Genner et al., 2007). This work thereby illustrates how independent de
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- Summary 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 – most notably an
exon duplication of the last exon. A tandem duplication of the last exon showed an
unexpected 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 value 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
linkage. 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 interactions 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 and 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 contributions of this thesis
to the field of evolutionary genetics in general and the study of convergent
evolution in particular. There, I discuss that the 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 cichlids (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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- Summary convergence at the gene level (chapter I), functional convergence of genes
(chapters I & II & V), a role of standing 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
taxonomische 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 führten 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 entwickelten 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), wird
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 Streifenmustern 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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- Zusammenfassung 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 ViktoriaseeBuntbarsche aus anzestralen Varianten besteht, die bereits vor dieser großen
adaptiven Radiation vor etwa 15.000-100.000 Jahren entstanden sind. Wir
entdeckten

außerdem

de

novo

Mutationen,

die

mit

der

Divergenz

der

Streifenmuster in Verbindung stehen, die nur bei Buntbarschen des Malawisees
vorkommen und sich innerhalb der letzten ~300.000 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 könnten. 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 wir 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 Kopplung 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. Dafür verwendeten wir
zwei unabhängigen Hybridkreuzungen, aber fanden keinen Hinweis für eine
genetische Kopplung der beiden Merkmale, da sie in F2 Nachkommen segregieren.
Wir finden jedoch, dass die Korrelation zwischen Körpertiefe und Streifenmuster
stabilisierender

Selektion

argumentieren,

dass

unterliegt,

natürliche

die

auf

Selektion

die

Körpertiefe

aufgrund

von

wirkt.

Wir

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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- Zusammenfassung dass die Deletion eines Exons innerhalb des Gens oca2 für den Amelanismus
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 Phänotypen 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, vergleichenden 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 weiterhin 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

(Kapitel

II)

die

Geschwindigkeit der Entwicklung konvergenter Phänotypen, die die Radiationen
ostafrikanischer Buntbarsche charakterisieren, erleichtert haben.
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___________________________________________________________
General Introduction
___________________________________________________________
First encouraged by observations made as a naturalist on board of the HMS Beagle and
following 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 conclusion.
According to them, phenotypic variation between organisms evolved through a
reproductive advantage in heritable traits of individuals. 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 advance of the field of genetics and the modern synthesis in
the 1930s and afterwards. Today Darwin’s and Wallace’s 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: “Nothing in biology makes sense, except in the light of evolution”
(Dobzhansky, 1973).
Some of the best documented cases of evolution by natural selection involve animal
coloration. In countless examples, it has been demonstrated how natural selection shapes
coloration and color patterns across the animal kingdom (see for example Protas & Patel,
2008; Cuthill et al., 2017).

Significance of coloration
Coloration and color patterns, as part of an animal's coloration, promote the survival and
ultimately the reproductive success of animals in multiple ways, e.g. through ecological
functions such as crypsis (Protas & Patel, 2008), mimicry (Endler, 1981), or adaptation to
sun exposure (Jablonski & Chaplin, 2010). Coloration evolved in response to natural
selection in many different circumstances, which eventually led to the great diversity 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 higher
frequency on the dark bark resulting in higher fitness of the melanistic carbonaria moths
(Cook & Saccheri, 2013 and references therein). Predation can also produce a plethora of
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- General Introduction 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
individual’s 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 peacocks for example are used by females to choose a
mate (Loyau et al., 2007) and more ornamented males are better at dealing with 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 evolved 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
natural and sexual selection and plays 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 studying the evolution and diversity of animal coloration provides rich insights 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 color 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 modern genetic and molecular techniques for studies of
phenotypic divergence has tackled questions that have been the subject of long-standing
debates 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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- General Introduction mutations (Barrett & Schluter, 2008)? Which genetic changes are associated with
divergence and how can speciation occasionally happen so fast (Marques et al., 2019)?
How does the extent of prior genetic divergence affect the susceptibility for future
parallelism 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 Futuyma’s 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 similar 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 synonymous (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 & Reznick, 2008). Therefore, it 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’s Evolution textbook it is therefore proposed that the distinction between parallel
evolution and convergent evolution may not be very meaningful (p. 47, 4th 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 experiments 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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- General Introduction Kratochwil & Meyer, 2015a). For example, convergence 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).
Inferring 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 adaptations to similar environmental pressures (Harvey & Pagel,
1991). Taken together, studying convergent phenotypes can provide insights into the
proximate mechanisms (how?) and indirectly 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, across 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 examples of convergent color patterns across broader taxonomic ranges. In
vertebrates,

coloration

is

produced

by

specialized

pigment-producing

cells,

chromatophores, with mammals and birds having only one pigment cell type, the
melanocyte. Melanocytes produce 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 different colors. There, melanin 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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- General Introduction Mundy et al., 2004), reptiles (e.g. Rosenblum et al., 2004), and fishes (e.g. Horth, 2003).
The most famous example of melanism is probably the before mentioned industrial
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., 2016) 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 (α-MSH) which leads 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 & Nachman, 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 variants 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 agouti 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 compared the expression level of Asip between two populations of
oldfield mice (Peromyscus polionotus), lighter colored beach and darker mainland mice.
They found that the level of Asip was higher in the beach mice leading to lighter
pigmentation and reduced predation in their sandy habitat (Steiner et al., 2007).
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- General Introduction In mammals and birds Asip is involved in the formation of dorso-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 diversity
in color patterns and species (Seehausen & Schluter, 2004; Braasch et al., 2006, 2008;
Miyagi & Terai, 2013). For example, the 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, knowing the causal allelic variants can
deeply improve our understanding 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 mc1r, several studies identified the mutations 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
positions 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).
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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 convergence is probably the
result of independent de novo mutations. However, convergence 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
evolved adaptations to freshwater using the same allelic variants which are globally shared
due to common ancestry (Jones et al., 2012), and many convergent mimicry patterns In
Heliconius butterflies are the result of adaptive introgression of allelic variants (Moest et
al., 2020 and references therein).
The roles 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 can 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, genomewide patterns of sorting of ancestral variation have been reported and an important role
of ancestral hybridization for the evolution of East African cichlid radiations has been
demonstrated.
Evidence of variation derived from ancestral hybridization events or from secondary
introgression is accumulating in the rapid adaptive radiations of Hawaiian silverswords
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- General Introduction (Barrier et al., 1999), Darwin’s 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 identical 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 population 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 hundreds of endemic species in several lakes of
different sizes and ages. In the three East African Great Lakes – Lake Victoria, Lake
Tanganyika and Lake Malawi – alone more than 1,200 cichlid species evolved (Salzburger
& Meyer, 2004). There, they 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) – 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 importance 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 repeatedly (Fig. 1) and occur in 30%
of all in East African cichlids (chapter IV), suggesting that they have evolved by natural
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1991).

Fig. 1 The adaptive radiations of East African cichlid fishes. 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),
Telmatochromis 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 & Merilaita, 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 that
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, recent technological advances, including nextgeneration 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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- General Introduction 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 genetic 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 mutations 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 stateof-the-art sequencing methods to answer the following questions:
1) What is the genetic basis of cichlid coloration (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 faster 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 horizontal 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 show that regulatory changes of the
‘stripe repressor gene’ 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 convergence 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 – 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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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 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.
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 shows 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 IV explores the adaptive value of stripe patterns and shows 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 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 interactions
may directly influence horizontal 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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Chapter I – Agouti-related peptide 2 facilitates convergent
evolution of stripe patterns across cichlid fish radiations
Claudius F. Kratochwil, Yipeng Liang, Jan Gerwin, Joost M. Woltering, Sabine Urban,
Frederico Henning, Gonzalo Machado-Schiaffino, C. Darrin Hulsey, Axel Meyer
SCIENCE, Vol. 362: 457-460, 2018

___________________________________________________________
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 “tape of
life,” outcomes would be different (Gould, 1989). The relative importance of determinism
and contingency during evolution is still far from settled (Losos et al., 1998; Losos, 2017).
But for particular groups of organisms, one can now test Gould’s 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.1B) (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.1C
to N), including the repeated occurrence of melanic horizontal stripes (Fig. I.1A and
supplementary text). Convergent evolution is prevalent in the East African cichlid
radiations (Meyer, 1993; Seehausen 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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- Chapter I 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.1E) and Haplochromis
sauvagei (Hsau, striped, Fig. I.1C) - we found that horizontal stripes (Fig. I.2C) are
inherited as a recessive Mendelian trait mapping to chromosome 18 (Fig. I.2A). This was
confirmed by a second cross involving the same nonstriped species and another striped
species, H. chilotes (Hchi, striped) (Fig. I.2A 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.2B). 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 finemapping 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.2D 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.2D
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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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 ≥ 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 nonstriped Pnye. Our analyses indicated that a 1.1-kb
interval within the first agrp2 intron (Fig. I.2B) 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 [Tukey’s honest significant difference
(HSD), P < 0.001] and is significantly more potent than the homologous sequence of the
striped species Hsau (Tukey’s HSD, P < 0.001) (Fig. I.2E and 2F, 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 CRISPRCas9 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.2H 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.2G), 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.3B). This association was confirmed by comparative
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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.3C). 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.4D).
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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.1M)

and

striped

species

Ps.

cyaneorhabdos (Pcya; Fig. I.1K) 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.4B and 4C and
Supplementary Fig. SI.15; and supplementary text). The results revealed significant
linkage between the agrp2 allele and stripe presence (Fisher’s exact test, P = 7.6 × 10−8;
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.4D).
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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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.2B) 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.4D and figs. S12 and S13). The intermediate
phenotypes obtained from the Malawi cross (Fig. I.4A), together with the lack of the
dorsolateral stripe in the CRISPR-Cas9 mutants (Fig. I.2H), provide evidence for additional
modifier loci determining stripe presence (Fig. I.4D). 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 Gould’s 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
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Highlights
•

Genomic differentiation between striped and nonstriped cichlids is linked to the
same gene, agrp2, across cichlid radiations

•

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

•

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

•

Ancestral standing genetic variation fueled color pattern divergence in Lake Victoria
cichlids

Keywords
pigmentation, standing genetic variation, evolutionary genomics, Cichlidae, repeated
evolution

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 impacts 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 “stripe locus”. And while we find similar signatures at the level of the agrp2 locus,
the exact haplotypes that are 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 5′ untranslated region of agrp2. These variants are unique to Lake Malawi and
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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–non-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 — stripes clearly evolved or were
lost repeatedly (Fig. II.1A).
Stripes in Lake Malawi and Victoria radiations are associated with the same gene
but different intronic regions
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 consists 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 mbuna 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 5′ untranslated region
(UTR) of agrp2 (FST=0.76 vs. scaffold mean 0.16; Fig. II.2A, and 2B). 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 (FST 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 in 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 example 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 5’UTR 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
differentiation 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).
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region of agrp2. 5’ UTRs have been show to play an important role in post-transcriptional
regulation (Araujo et al., 2012) and could therefore lead to variation in Agrp2 protein
translation. Variants within this highly associated region are unique to striped Lake Malawi
mbuna and not present in non-mbuna nor Lake Victoria cichlids (Supplementary Fig.
SII.2) and therefore most likely constitute de novo mutations that evolved within the last
~300 kyr in the Lake Malawi radiation (Genner et al., 2007). This association vanishes
when comparing the whole Lake Malawi dataset (Supplementary Fig. SII.1).
For the Lake Victoria radiation, the agrp2 locus was shown to be highly divergent
between striped and nonstriped species (Fig. II.2A). The two most differentiated regions
(FST=0.87 and FST=0.78 vs. scaffold mean of 0.06) are directly upstream of the second
exon and largely overlap with the cis-regulatory active region that was previously identified
based on Sanger sequencing of three Lake Victoria species (Kratochwil et al., 2018). Taken
together the Lake Victoria regulatory interval (including both highly associated regions, LV
1 and LV 2, Fig. II.2B) has a size of ~1.23 kb and is likely composed of several smaller
cis-regulatory elements such as enhancers or silencers (Fig. II.2B). In contrast to the
topology of the Lake Malawi region (region LM), the gene trees inferred from these two
regions of highest differentiation (LV 1 and LV 2) clearly separate striped from nonstriped
Victoria cichlids (Fig. II.2D and 2E). This pattern supports the hypothesis that different
regulatory regions at the same locus facilitate convergent evolution of stripe patterns
across cichlid radiations.
The association of the identified cis-regulatory intervals found in Lake Malawi and Lake
Victoria for stripe pattern formation was further corroborated by assessing topology
weights with TWISST (Martin & Van Belleghem, 2017), which strongly supported a topology
that groups species by presence or absence of stripes (Fig. II.2A). The adjacent gene,
atp6V0d2, also exhibited pronounced topology grouping by stripe phenotype, but did not
show any fixed mis- or nonsense mutations nor differential expression (Kratochwil et al.,
2018).
In summary, our results support strong differentiation between striped and nonstriped
species through distinct regulatory mechanisms of the agrp2 locus, demonstrating that
convergence at the gene level does not coincide with convergence at the mutational level
in the radiations of East African cichlids.
The causal stripe haplotype in Lake Victoria evolved prior to the adaptive
radiation
The genotype-phenotype association in Lake Victoria is particularly interesting as we find
it across all Lake Victoria species in our dataset. Therefore, the haplotype associated with
stripes might have been recruited from ancestral standing genetic variation that was
already present prior to the Lake Victoria cichlid radiation.
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lineages that are known to have diverged before the onset of the adaptive radiation in Lake
Victoria (i.e. from Lake Kivu). The more distantly related outgroup includes nonstriped
species from Lake Kivu (‘Haplochromis’ gracilior) and Lake Edward (Thoracochromis
pharyngalis). Two more closely related outgroups include striped and nonstriped species
endemic to Lake Kivu (Haplochromis vittatus, and Haplochromis paucidens) and a striped
riverine haplochromine species (Astatotilapia stappersii) from Kalambo River and Rusizi
River (Greenwood, 1979; Seehausen et al., 2003; Meier et al., 2017a), a connection
between Lake Kivu and Lake Tanganyika. Horizontal stripes are only present in the more
closely related outgroups (Fig. II.1, and Luc De Vos et al., 2001; McGee et al., 2016;
Meier et al., 2017). To test if the causal alleles underlying stripe pattern divergence were
already present in these more ancient haplochromine cichlid lineages, we analyzed the
agrp2 locus in all striped outgroup species as well as in H. gracilior which was previously
proposed as the source population of the Lake Victoria radiation .
First, we calculated FST between striped and nonstriped phenotypes of Lake Victoria
cichlids, and the ancestral lineages. A haplotype network of the most differentiated region
in Lake Victoria cichlids, and the ancestral lineages (FST =0.88) and Lake Malawi mbuna
revealed that striped species from Lake Malawi have a different haplotype than striped
Lake Victoria species (Fig. II.3A), as already suggested by the results above (Fig. II.2E
and 2D). Yet, striped Lake Victoria species share the same haplotype with the two striped
species of the outgroup lineages of the Lake Victoria radiation (riverine A. stappersii and
H. vittatus from Lake Kivu). We can therefore conclude that the cis-regulatory interval
(Fig. II.2A and 2B) must have evolved after their split from their common ancestor with
Lake Malawi haplochromines (2 – 4 Mya) but before their major radiation into the endemic
species flocks of Lake Victoria and Lake Kivu (> 0.5 Mya, the age of Lake Kivu, Verheyen
et al., 2003). To further investigate the evolutionary origin of haplotype segments at the
agrp2 locus, we calculated the per site probability of ancestry from the outgroup species
for each Lake Victoria species along haplotypes (Fig. II.3B) using ChromoPainter (Lawson
et al., 2012). For this, we used striped and nonstriped species from Lake Victoria as
recipients with striped and nonstriped species of their older sister lineages acting as donor
species. We found strong evidence that the cis-regulatory interval in striped Lake Victoria
species (candidate regions LV 1 and LV 2, Fig. II.2B) is most closely related to the riverine
A. stappersii while other segments of the agrp2 locus are more closely related to the striped
species from Lake Kivu (H. vittatus, Fig. II.3B). The region of highest differentiation
between striped and nonstriped species of the whole Lake Victoria superflock (Fig. II.3A)
overlaps with candidate region LV 1. This region reveals a higher probability of ancestry
from the striped donor species of the riverine haplochromine (A. stappersii) than from all
other striped donors.
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Fig. II.3 The evolution of the major effect haplotype of Lake Victoria stripe divergence predates the
adaptive radiation of Lake Victoria. (A) Haplotype network of the highest FST region (536 bp) between striped
and nonstriped species from the Lake Victoria superflock shows that there is a stripe and a non-stripe haplotype
present in Lake Victoria. Mismatches represent heterozygous individuals which either show only one stripe (H.
paropius) or are a striped individual of a species (H. phythophagus) that displays polymorphism by
presence/absence of horizontal stripes. After FST calculation we included the Lake Malawi mbuna which do not
share the Lake Victoria stripe haplotype. However, the riverine A. stappersii, the striped species from Lake Kivu
(H. vittatus) and all striped Lake Victoria cichlids share the stripe haplotype. (B) ChromoPainter analysis
demonstrates the probability of haplotypic segments to be shared among lineages and thereby the ancestral
relationships at the agrp2 locus of striped and nonstriped recipient species. Candidate regions LV 1, LV 2 and the
536 bp region from panel A (indicated by orange dashed line) of striped recipient species are more closely related
to the riverine species (A. stappersii). In contrast, in nonstriped recipient species these regions are more closely
related to the nonstriped donor species from Lake Kivu (H. gracilior). Candidate region LM (indicated at the top
in blue) does not show a clear donor-recipient signal since there is also a high probability of relatedness of
nonstriped Lake Victoria recipients to our control of a striped Lake Victoria donor species (H. sauvagei).
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lineages which contributed to the repeated evolution of stripes in the Lake Victoria cichlid
species flock.

Pairwise comparisons between

the striped and nonstriped species from Lake Victoria as well its outgroups revealed the
same alternatively fixed SNPs (Supplementary Fig. SII.1). Therefore, incomplete lineage
sorting due to ancestral standing genetic variation is the most parsimonious explanation
for the recurrent evolution of stripes in the Lake Victoria species flock.
Conclusion
In summary, our study sheds light on the genetic basis and evolutionary history of
horizontal stripes, an adaptive phenotype that evolved repeatedly within the hundreds of
species of the East African cichlid radiations (Seehausen et al., 1999). Our findings point
out how different regulatory regions of the same gene, agrp2, underlie rapid phenotypic
divergence in the adaptive radiations of haplochromine cichlid fishes. We further show that
ancestral variants formed the genetic basis for the stripe phenotypes in the Lake Victoria
radiation and thereby allowed the repeated gain and loss of horizontal stripes in this species
flock within less than 100,000 years. Thus, we present a compelling case in which an
ancient haplotype permitted the phenotypic diversification and potentially even contributed
to the explosive speciation of Lake Victoria cichlids. Several recent studies across a wide
range of study systems suggested that rapid speciation often involves ‘old genetic variants’
upon which selection can act (Belleghem et al., 2017, 2018; Han et al., 2017; Cameron &
Whitfield, 2019; Edelman et al., 2019; Jiggins, 2019; Lewis et al., 2019; Marques et al.,
2019). By a comprehensive analysis of the “stripe locus” with its well-resolved genotypephenotype connection, we provide compelling insights into how ancestral standing genetic
variation at the root of adaptive radiations can facilitate rapid phenotypic divergence within
species flocks.

Materials and Methods
Contact for Resource Sharing
Further information and requests for resources should be directed to and will be fulfilled
by the Lead Contacts, Axel Meyer (axel.meyer@uni-konstanz.de) and Claudius F.
Kratochwil (claudius.kratochwil@uni-konstanz.de).
Experimental Model and Subject Details
This study was performed in accordance with the rules of the animal research facility (T16/13) of the University of Konstanz and the animal protection authorities of the State of
Baden-Württemberg.
We obtained whole-genome sequencing data from several different sources (see Table
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- Chapter II SII.1). Additionally, we obtained sequences from another 95 individuals through target
enrichment or whole gnome resequencing.
Target enrichment data
Target enrichment data was produced using customized 120 nt baits with ~3x flexible tiling
density by MYBaits for each targeted genomic region from the Oreochromis niloticus (NCBI:
GCA_000188235.1) genome. Baits for the 25 kb interval around agrp2 were designed from
a curated version of the Pundamilia nyererei genome which contains this interval.
DNA was either extracted from muscle tissue or from fin clips stored in EtOH following the
DNeasy blood & tissue protocol (QIAGEN) or Genaxxon Genomic DNA Purification Mini Spin
Column Kit (Genaxxon Bioscience GmbH), respectively. For library preparation, we used
the Illumina TruSeq Nano HT Library preparation kit (Illumina Inc.) following the
manufacturer’s

guidelines.

For

the

baits,

we

followed

the

MYBaits

manual

v3

(http://www.mycroarray.com/pdf/MYbaits-manual-v3.pdf) and hybridized the probes at
65°C for 22 hours. Probes were sequenced in paired-end mode on a HiSeq 2500 system.
Whole-genome resequencing
DNA concentration was measured with fluorescence spectrophotometry by Qubit
(Invitrogen). For library preparation, we used the Illumina TruSeq Nano HT Library
preparation kit (Illumina Inc.) following the manufacturer’s guidelines. Samples were run
on a Bioanalyser 12000 Chip to assure a high quality of DNA libraries and afterwards
amplified using PCR. Finally, samples were checked on a Bioanalyser HS chip before
sequencing. Sequencing was performed in paired-end mode (151PE) on a Hiseq X Ten
platform (Illumina Inc.).
Statistical analysis
Illumina adapters were trimmed from the raw fastq reads using picard v2.17.11
(http://broadinstitute.github.io/picard) and reads were mapped to the P. nyererei
reference genome using bwa mem v0.7.12 (Li & Durbin, 2009). Variants were called using
the standard filter option in freebayes v1.1.0 (Garrison & Marth, 2012). We decomposed
multiple nucleotide polymorphisms in the VCF file into single nucleotide polymorphism
(SNP) per line using a custom python script. The resulting VCF file was hard-filtered using
common hard filters from vcflib’s vcffilter ("QUAL > 1 & QUAL / AO > 10 & SAF > 0 & SAR
> 0 & RPR > 1 & RPL > 1"), normalized using vt normalize (Tan et al., 2015), and indels
were removed using VCFtools v0.1.15 (Danecek et al., 2011). Mean effective sequencing
depth, estimated from filtered VCF files, can be found in Table SII.1.
Next, we used SHAPEIT v2.r790 (Delaneau et al., 2011) for phasing and generated
individual consensus fasta sequences with a custom python script. The consensus base
was only kept when the site depth was above 5x coverage.
To calculate mean absolute genetic divergence (dXY) and mean relative genetic
differentiation (FST) between striped and nonstriped species, we used Saguaro r44 (Zamani
et al., 2013). For the five regions with highest differentiation values, we plotted haplotype
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interval that differ between stripe phenotypes, we ran TWISST (Martin & Van Belleghem,
2017) for each lake separately. To reduce computation time, we used a subset of six
species per lake (three striped and three nonstriped) resulting in 15 topologies. We
followed

the

authors´

recommendations

(https://github.com/simonhmartin/twisst/),

which involved variant calling with GATK's Haplotype Caller (Poplin et al., 2018), filtering
with VCFtools v0.1.15 (Danecek et al., 2011), and phasing with beagle 4 (Browning &
Browning, 2007). Finally, we constructed neighbor joining trees for SNP windows (window
size 50) in PhyML v3.1 (Guindon et al., 2010).
Next, we inferred a gene tree for the locus with the highest FST value (candidate regions
LM, LV 1 and LV 2) using BEAST 2 (Bouckaert et al., 2014) and jModelTest v2.1.1 (Darriba
et al., 2012) to find the appropriate substitution model. The species tree we inferred from
6545 random genome-wide loci of 3kb with a step size of 100 kb to compare its topology
with that of the gene tree.
For this, we first inferred single gene trees of all loci using IQ-tree 1.6.9 (Nguyen et al.,
2014) with the ModelFinder option (Kalyaanamoorthy et al., 2017) for automatic selection
of the appropriate model of evolution and with 100 rounds of ultra-fast bootstrapping
(Hoang et al., 2017) and estimation of the Shimodaira–Hasegawa-like approximate
likelihood ratio test (Guindon et al., 2010) respectively. Ultimately, we built the species
tree using ASTRAL-III (Zhang et al., 2018). All trees were illustrated with FigTree v1.4.0.
Lastly, we used ChromoPainter (Lawson et al., 2012) to elucidate haplotype relationships
within the agrp2 locus. There, we used different donor (“ancestral”) species and three
striped, and three nonstriped recipient species from Lake Victoria.
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Abstract
Color patterns in African cichlid fishes vary spectacularly. While phylogenetic analysis
showed already 30 years ago that many color patterns evolved repeatedly in these
adaptive radiations, only recently have we begun to understand the genic basis of color
variation. Horizontal stripe patterns evolved and were lost several times independently
across the adaptive radiations of Lake Victoria, Malawi and Tanganyika and regulatory
evolution of agouti-related peptide 2 (agrp2/asip2b) has been linked to this phenotypically
labile trait. Here, we asked whether the agrp2 locus exhibits particular characteristics that
facilitate divergence in color patterns. Based on comparative genomic analyses, we
discovered several recent duplications, insertions and deletions. Interestingly, one of these
events resulted in a tandem duplication of the last exon of agrp2. The duplication likely
precedes the East African radiations that started 8–12 million years ago, is not fixed within
any of the radiations and is found to vary even within some species. Moreover, we also
observed variation in copy number (2– 5 copies) and secondary loss of the duplication,
illustrating a surprising dynamic at this locus that possibly promoted functional divergence
of agrp2. Our work suggests that such instances of exon duplications are a neglected
mechanism potentially involved in the repeated evolution and diversification that deserves
more attention.

Introduction
The East African cichlid fish adaptive radiations, with their over 1200 species, are one of
the most prominent examples for repeated, convergent evolution (Meyer, 1993; Stiassny
& Meyer, 1999; Muschick et al., 2012). In the large species flocks of Lakes Tanganyika,
Malawi and Victoria, body shapes, trophic morphologies and color patterns evolved dozens
of times independently (Kocher, 2004; Muschick et al., 2012; Kratochwil et al., 2018;
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Salzburger, 2018). This

exuberant variation demanded the search for genomic

explanations for the exceptional rates of diversification and repeated evolution (Brawand
et al., 2014; Kratochwil & Meyer, 2015a, 2019; Salzburger, 2018). Recent work from
sticklebacks supports that genomic features such as DNA conformation can promote
evolutionary adaptations and do so repeatedly (Xie et al., 2019). A meta-analysis of several
cases of parallel evolution also suggests an influence of mutational biases on repeated
adaptive evolution (Lynch et al., 2016; Stoltzfus & McCandlish, 2017). Moreover, gene
duplications are important molecular mechanisms of diversification (Ohno, 1970; Van de
Peer et al., 2009; Musilova et al., 2019) and convergence (Denoeud et al., 2014; Ishikawa
et al., 2019).
Recently, it has been shown that the evolution of cichlid fish stripe color patterns is
facilitated by independent regulatory evolution at the agrp2 locus (Kratochwil et al., 2018).
Yet, it remains unclear what genomic features influenced the evolution of the underlying
flexible gene regulatory architectures and the evolution of novel cis-regulatory elements
that clearly account for diversification and repeated evolution in cichlids. Here, we report
on an investigation of the agrp2 locus and asked whether particular genomic features
including structural variation might affect the evolutionary dynamics of this important locus
for cichlid color pattern diversification.

Results
Evolutionary history of the agrp2 locus
The agrp2 locus has been previously implicated in regulating stripe patterns in the cichlid
radiations of Lakes Victoria, Malawi and Tanganyika. To gain a deeper understanding of
the evolution of this locus, we investigate it in a comparative approach across ten teleost
species (Fig. III.1A). The gene agrp2 is flanked by the ripk2 (Receptor interacting
serine/threonine kinase 2) and snx16 (sorting nexin-16) on the 5’ side, and atp6V0d2 (vtype proton ATPase subunit d 2) and “unk”, an unknown gene 3’ of agrp2. Beyond cichlids,
mainly coding sequences are conserved, with strong signals of conservation for ripk2, but
also atp6V0d2 and agrp2. Interestingly, alignments show only low conservation 5’ of a
skin-specific regulatory region (enh.a) that has been functionally linked to agrp2
expression (Kratochwil et al., 2018). This possibly suggests a larger regulatory module
within this intron that might also contain elements that drive the brain-specific expression
that shows greater evolutionary conservation (Zhang et al., 2010; Shainer et al., 2017).
Within the family Cichlidae we find several conserved blocks in the non-coding sequence
in 5’ and 3’ as well as the intronic sequences including the enh.a regulatory sequence (Fig.
III.1B).
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Fig. III.1 Sequence conservation at the agrp2 locus. (A) Shuffle-LAGAN global pair-wise alignment of
genomic sequences from cichlids as well as representatives from the Order Percomorpha and non-Percomorpha
outgroups. The used reference is the genome of the Lake Malawi cichlid M. zebra. While exonic regions of agrp2
and the neighboring genes ripk2, snx16, agrp2, atp6V0d2 and an unknown gene are largely conserved across
the Order Percomorpha and partially seemingly even in all teleosts, there are only a few conserved non-coding
elements. One of these partially conserved elements [with stickleback and turbot; divergence times 105 – 154
MYA (Kumar et al., 2017)] is 5’ of a previously described regulatory element of agrp2, enh.a (black arrow). (B)
Multiple sequence alignments of available assemblies of the agrp2 locus indicate several larger (>50bp) deletions
(numbered from 1 to 10).

Description of a novel non-coding exon of agrp2
To be able to better interpret structural variation at the agrp2 locus within African cichlids
we first comprehensively described the transcript annotation of the agrp2 gene. Previously
it has been shown that agrp2 mRNA is mainly expressed in the brain and in the skin (Zhang
et al., 2010; Shainer et al., 2017; Kratochwil et al., 2018). For the agouti signaling protein
(asip), another member of the agouti family, different tissue-specific isoforms have been
reported (Mallarino et al., 2017). Therefore, we asked whether agrp2 also has different
isoforms that may act — besides the described cis-regulatory variation — as an additional
source of differential regulation between tissues (i.e. brain and skin) and species (i.e.
striped and nonstriped species). As alternative splicing and the evolution of novel isoforms
could be affected by structural variation in the agrp2 locus we aimed to identify the fulllength transcripts in an effort to discover potentially unknown exons. Based on 5’ Rapid
Amplification of cDNA Ends (5’RACE) we amplified the full length 5’ sequence of agrp2 from
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both brain and skin tissue of the striped species Haplochromis sauvagei and nonstriped
species Pundamilia nyererei. Sanger sequencing provided evidence for two isoforms (Fig.
III.2A). Isoform 1 has three exons: the first exon consists of a 72bp 5’ untranslated region
(UTR) and 109bp of the coding sequence (Fig. III.2B and Supplementary Fig. SIII.1).
Isoform 2 has an additional non-coding first exon with 44bp of the 5’UTR, the second exon
has only a short 22bp UTR and the 109bp coding sequence (Fig. III.2C and
Supplementary Fig. SIII.1). The isoforms can be found in both species and in both brain
and skin tissue, as confirmed by isoform specific PCR (Supplementary Fig. SIII.1).

Fig. III.2 Isoforms of agrp2. (A) Using 5’ and 3’RACE as well as PCRs on cDNA we characterized two isoforms
of agrp2. Both have an identical coding sequences but differ in their 5’ UTR. (B) Isoform 1 has a 72bp 5’UTR. (C)
Isoform 2 has an additional non-coding exon with 44bp of the 5’UTR, the second exon has only a short 22bp UTR.

Additionally, we performed 3’ Rapid Amplification of cDNA Ends (3’RACE) to amplify
the full length 3’UTR of agrp2 (Supplementary Fig. SIII.2). Sequencing revealed a total
3’UTR length of 616bp in P. nyererei and 579bp in H. sauvagei, respectively. Within the
UTR we found three potential cleavage sites with an AAUAAA or AUUAAA motif
(Supplementary Fig. SIII.2). Sanger sequencing gave no indication for additional exons
between exon 1 and 2 as well as exon 2 and 3 (Supplementary Figs. SIII.1 and SIII.2)
in any of the >30 analyzed species.
Characterization of insertions and deletion of the agrp2 locus
To more comprehensively describe structural variation (i.e. larger insertions and deletions;
indels or duplications) we aligned available cichlid fish genomic segments of the agrp2
locus (Brawand et al., 2014; Conte et al., 2017, 2019; Kratochwil et al., 2018) including
seven African cichlid species: the geographically widespread Oreochromis niloticus, the
Lake Tanganyika endemic Neolamprologus brichardi, non-endemic of the Lake Tanganyika
region Astatotilapia burtoni, non-endemic of the Lake Malawi region A. calliptera, the Lake
Malawi endemic Maylandia zebra, and the Lake Victoria endemics P. nyererei and H.
sauvagei. In our analyses we found twelve larger indels (>50bp) localized in intronic
sequence as well as directly upstream and downstream of the agrp2 gene in this set of
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African cichlid fishes (Fig. III.1B). Based on maximum parsimony most of the indels within
the analyzed 10-15kb locus (10/12) likely arose within the radiating cichlid lineages
(Supplementary Fig. SIII.6). Based on previous studies that performed genome-wide
characterizations of indels and structural variations (Fan & Meyer, 2014; Dolfin et al.,
2018), density of indels at the agrp2 locus is 4-5 times higher than genome-wide average.
Several of the indels overlap with putatively functional DNA regions. Two independent
deletions (#1a and #1b; compared to the outgroup O. niloticus) are located within the
promoter region of agrp2, one in the Lake Malawi species A. calliptera (296bp deletion;
418bp 5’ of the start codon) and one in the Lake Tanganyika species N. brichardi (793bp
deletion; 157bp 5’ of the start codon) (Fig. III.1B). Two further indels (#5 and #6)
overlap with a region within intron 1 that has been previously characterized as a cisregulatory element of agrp2 containing several alternatively fixed alleles associated with
stripe presence/absence in Lake Victoria cichlids (Kratochwil et al., 2018) (Fig. III.1B).
Element #5 is a 145bp short interspersed nuclear element (SINE) retrotransposon-derived
insertion (Supplementary Table SIII.1 and SIII.4) specific to haplochromine cichlids (and
therefore missing in the genomes of N. brichardi and O. niloticus) (Fig. III.1B). The 648bp
element #6 is only present in O. niloticus (and more distantly related species, compared
to the Lake Victoria and L. Malawi species, such as the Neotropical cichlid Amphilophus
citrinellus; blast E value: 7e-66) therefore suggest that it constitutes a deletion specific to
the radiating cichlids including Lake Tanganyika and Haplochromine cichlids (Fig. III.1B).
Two of the deletions (451bp and 947bp) were variable even within the extremely
young Lake Victoria radiation (approximately 10.000 years; Johnson et al., 1996; Elmer et
al., 2009) and are of particular interest as they were specific to the striped species H.
sauvagei (Fig. III.1B). To confirm a potential association with the stripe phenotype, we
conducted PCRs to assay the variation in length. Indeed, amplicons of H. sauvagei were
shorter than those of P. nyererei, also those of H. chilotes but other striped species such
as H. serranus and H. thereuterion as well as all nonstriped species showed no evidence
for a deletion (Supplementary Fig. SIII.7). The lack of association is in line with the
previous hypothesis that variation in stripe patterns of Lake Victoria cichlids is mainly
associated with the regulatory element in the first intron of agrp2 (Kratochwil et al., 2018).
Tandem exon duplication of agrp2 in several African cichlids
The largest insertion (1811bp) is directly upstream of exon 3 and could be only found in
the two long-read chromosome-level assemblies of M. zebra and A. calliptera (Fig.
III.1B), yet sequences contained gaps in several of the short-read genomes suggesting
assembly problems. To visualize repeats that could cause such assembly problems and to
gain insights into the origin of the insertion, we generated syntenic dot plots of the available
long-read assemblies (O. niloticus, M. zebra and A. calliptera). The alignments provide
evidence for several duplicated regions in the M. zebra and A. calliptera genomes that are
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unique in the O. niloticus genome (Fig. III.3A to 3C). While most duplications are small
(<50bp), we found one ~1.6kb tandem duplication that included exon 3 of agrp2. Using
PhyML we generated a maximum likelihood phylogeny of exon 3 and the two copies (exon
3a and exon 3b; Fig. III.3D and 3E) that were found in M. zebra and A. calliptera. Based
on the phylogeny, parsimony suggests only one duplication event that gave rise to exon
3b (bootstrap support 92%). Also, the phylogeny provides no evidence of gene conversion
or concerted evolution.
To test if the duplication is common across the radiation of Lake Malawi (where M.
zebra and A. calliptera are from) but potentially also Lakes Victoria and Tanganyika, we
used three complementary approaches: a) a PCR-based approach, b) a TaqMan probe
assay and c) re-analysis of available genome-resequencing data.
In an effort to identify the phylogenetic timing when the exon 3 tandem duplication
occurred, we first designed primers that specifically detect the duplication, both by
designing primers that amplify the region between the duplicates (Fig. III.3E and 3F) or
by amplifying the whole fragment containing the duplications (Fig. III.3E and 3G). The
results of the PCR approach uncover a surprising degree of standing genetic variation within
species as well as substantial variation between species of the flocks of Lakes Victoria,
Malawi and Tanganyika (Supplementary Table SIII.3 and Fig. III.3F and 3G). In total
we found 16 species without duplication and 25 species with a duplication; in 2 species
from Lake Victoria (P. nyererei and P. pundamilia) we found individuals with and without
duplication suggesting standing genetic variation in some species. More interestingly,
duplications could be found across cichlid radiations from Lake Tanganyika, Malawi and
Victoria.
Second, as the PCR assay was not sensitive enough to detect heterozygote
individuals, or individuals with more than two duplicates, we used a TaqMan probe assay
on a subset of species to confirm the results and to determine the exact number of repeats
(Fig. III.3H). The assay was performed using probes for exon 1 (that had no evidence of
duplication in species for which long read sequence data is available and thereby served
as a control) and exon 3. Our analysis confirmed the PCR results and support tandem exon
duplications in several species of the Lake Victoria radiation including H. latifasciatus, P.
nyererei (1/3 individuals), endemic to Lake Malawi Labeotropheus caeruleus and
Pseudotropheus cyaneorhabdos. There is some support for more than two copies in P.
nyererei and Ps. cyaneorhabdos (Fig. III.3H).
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Fig. III.3 The third exon of agrp2 was tandemly duplicated. (A) A syntenic dotplot of the agrp2 loci of O.
niloticus against itself shows no evidence for duplicated sequences. (B) In contrast to that the genome of A.
calliptera show multiple small duplications (red) and inverted duplications (blue) and a 1.6 kb tandem duplication
that gives rise to a duplicated exon 3 (exon 3a and exon 3b). (C) The genome of M. zebra shows a similar pattern
of duplications, including a duplicated exon 3. (D) Maximum likelihood phylogeny of the genomic sequences for
exon 3 (including 3a and 3b) suggest a common origin of the duplication. (E) PCR design to confirm duplications
of exon 3. (F) Short PCRs, amplifying a ~1.6kb sequence between the two copies confirms the duplication in
several, but not all species. The presence also varies within populations (e.g. in P. nye and P. pun). (G) Longrange PCRs including sequence of both copies of exon 3 provide additional confirmation for the duplication. (H)
TaqMan probe assay to quantify the copy number comparing exon 1 (no evidence for duplication) and exon 3. (I)
Copy number quantification based on coverage of genome resequencing data. Thick lines indicate the average
for Lake Malawi (blue) and Lake Victoria species (orange). Thin lines represent individuals. Relative coverage is
increased in many individuals at a position corresponding to the estimated size of the duplication (dashed lines).
Yellow boxes indicate repetitive elements that likely explain the coverage drop 5’ of the duplication in Lake Malawi.
(J) Histogram representation of the Lake Victoria species’ mean relative read coverage within the duplicated
region. Most species have one or two copies. (K) Same representation for Lake Malawi illustrating that the
duplication is more common. Most species have two exon 3 copies, some even more than three. Abbreviations:
A. bur, Astatotilapia burtoni; A. cal, Astatotilapia calliptera; C. euc, Cheilochromis euchilus; H. lat, Haplochromis
latifasciatus; H. sau, Haplochromis sauvagei; J. orn, Julidochromis ornatus; L. mul, Lamprologus multifasciatus;
Lab. cae, Labidochromis caeruleus; M. zeb, Maylandia zebra; Me. aur, Melanochromis auratus; N. bri,
Neolamprologus brichardi; N. cau, Neolamprologus caudopunctatus; O. nil, Oreochromis niloticus; O. var,
Oreochromis variabilis; P. nye, Pundamilia nyererei; P. pun, Pundamilia pundamilia; Ps. cya, Pseudotropheus
cyaneorhabdos; T. vit, Telmatochromis vittatus.

Third, as a further independent approach we re-aligned available cichlid genomes
(Poletto et al., 2010; McGee et al., 2016; Meier et al., 2017a; Malinsky et al., 2018) to the
P. nyererei reference genome, a genome without the duplication (Brawand et al., 2014)
and analyzed the relative coverage across the agrp2 region (Supplementary Table
SIII.3). Here, we would expect to find a relative coverage of ~1 for individuals without
duplication, a relative coverage of ~2 for individuals with a homozygous duplication, ~1.5
for heterozygous individuals and more than 2 for individuals with more than two copies.
Indeed, using this approach we find support for tandem exon duplications of exon 3 (Fig.
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III.3I), with some individuals being likely heterozygote (e.g. H. paucidens and H. vittatus,
both endemics to Lake Victoria) or having even more than two duplications (e.g.
Thoracochromis pharyngalis) (Supplementary Table SIII.3). Generally, duplications and
more than two tandem duplicates seem to be more prevalent in the Lake Malawi cichlid
radiation (Fig. III.3J and 3K).
Transcription bias and resurrection of a non-transcribed exon 3 copy
To assess potential functional effects, we first tested whether both or only one of the copies
of exon 3 are expressed. Using the genomes of M. zebra and A. calliptera we found copyspecific, paralogous sequence variants at position 1048 and 1115 within the UTR region of
agrp2 (Fig. III.4A). We synthesized cDNA from RNA extractions from the skin of 33
species. Sanger sequencing shows that 32 of the 33 species, independent of the number
of duplicates, showed the exon 3a specific paralogous sequence variants in the
chromatogram trace (Fig. III.4B). This suggests that in species with a duplicated third
exon, only the 5’ exon 3 (exon 3a) is transcribed. Interestingly, one species,
Melanochromis auratus, a species with a single copy had the paralogous sequence variant
specific for exon 3b. This suggests a secondary loss of exon 3a and a resurrection of the
usually non-expressed exon 3b. To confirm the results with a more sensitive approach we
used RNA-seq data for three species (P. nyererei [n=4], Ps. demasoni [n=5] and Me.
auratus [n=4]) and estimated the ratio of the paralogous sequence variants at the cDNA
positions 1048 and 1115 that are located within the 3’UTR (Fig. III.4C). The analysis
confirmed that in both P. nyererei and Ps. demasoni exon 3a is predominantly expressed.

Fig. III.4 Expression bias towards exon 3a and resurrection of exon 3b. (A) Two paralogous sequence
variants identify the two exon copies exon 3a and 3b. The variant of exon 3a corresponds to the ancestral alleles
as also found in O. niloticus. (B) In species with two copies (here M. zebra) exon 3a is mainly expressed as
indicated by the lack of the exon 3b specific chromatogram trace. Species that lost (or never had) exon 3b have
the exon 3a variant. One exception is Melanochromis auratus that only has one copy, but in this species the
sequence corresponds to exon 3b, suggesting a secondary loss of exon 3a. (C) RNA-seq data confirms the
expression bias towards exon 3a (no evidence of exon 3a in P. nyererei; some weak expression in Ps. demasoni)
and the loss of the exon 3a paralogous sequence variants in Me. auratus. Expression ratio was estimated based
on two paralog-specific SNPs in the 3’UTR. Error bars indicate standard deviation.

In Ps. demasoni two individuals showed some expression of exon 3b (22% and 25%). We
found no sequence variation (i.e. lack of a 3’UTR cleavage site) that could explain these
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inter-individual differences. In Me. auratus only exon 3b is expressed (as exon 3a has been
lost). If we assume that also in Me. auratus exon 3a was initially the expressed exon, this
suggest a resurrection of the non-transcribed exon 3b.
Signals of selection
Such a scenario where a non-transcribed, likely neutrally evolving exon copy (exon 3b),
could occasionally become functional again through the loss of exon 3a (as shown for Me.
auratus), but also the observed evolutionary dynamics at this locus could promote the
accumulation of genetic variation that positive selection could act upon. Therefore, we
analyzed the molecular evolution of agrp2 (always using all three exons of the transcribed
sequence across species) to determine if variation is neutral or if it had evolved adaptively
(Fig. III.5A and Fig. III.6).

Fig. III.5 Phylogeny of the agrp2 gene across cichlids. (A) Maximum likelihood phylogeny using agrp2
cDNA. Points connote the presence/absence of the duplication and origin. Numbers indicate bootstrap values
>60. (B-J) Photographs of cichlid fishes studied in this research with information about the duplication and nonsynonymous mutations (see Fig. III.6).

We found evidence that many codons in the gene (~33%) are evolving under neutrality
(dN/dS 1; LRTM1a/M0: X2

(1)=

60.27, P < 0.0001), yet we found no evidence for the

presence of positively selected sites (LRTM2a/M1a: X2

(2)=

0, P = 1). Also, we did not find

evidence that the agrp2 gene is evolving under divergent selection pressures in the cichlid
lineage with the exon 3 duplication compared to other lineages in our alignment (LRTCmCGreat Lakes/M2a_rel:

X2

(1)=

0.46, P = 0.50). Yet, this analysis does not exclude that in some
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instances amino acid changes contributed to adaptive or non-adaptive pigmentation
differences (Fig. III.5B-J and Fig. III.6).

Fig. III.6 Protein sequence evolution of agrp2 across cichlid fishes. Protein alignments show several amino
acid substitutions across cichlids (at twelve positions in Lake Tanganyika cichlids, at two positions in Lake Malawi
and Victoria cichlids). Putative disulfide bonds that are a characteristic of agouti proteins are indicated at the top.
The involved Cysteines are highly conserved.

Given the evolutionary history and characteristics of the third exon of agrp2 in African
cichlids (e.g., exon duplication, resurrection of non-transcribed exons, different functional
importance of exon3 compared to exon 1 and 2) it could be expected that this exon has
evolved under divergent selection pressures relative to the other exons in the gene,
potentially resulting in phylogenetic discordance among exons (Beltrán et al., 2002). We
found some support for this prediction. The single breakpoint recombination analysis
performed in HYPHY, found evidence for a breakpoint at base-pair position 185 (at the
border between exon 2 and exon 3; AIC = 19.78, Model support =1; although the signal
was lost when considering cAIC). Thus, we conducted exon-specific analyses of nucleotide
substitutions for the agrp2 gene. As for the whole gene, we found evidence for some codons
neutrally evolving, both in exons 1+2 (LRTM1a/M0: X2
(LRTM1a/M0: X2

(1)=

(1)=

11.48, P = 0.0007) and in exon 3

40.73, P < 0.0001), but no evidence for positive selection (both P >

0.5). Interestingly, however, we found the proportion of sites evolving neutrally to be
larger for exons 1+2 (40%) than for exon 3 (9%), suggesting that the functional
importance of this exon might result in purifying selection across most codons. We found
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no evidence that exons 1+2 (LRTCmC-Great
2

(LRTCmC-Great Lakes/M2arel: X

(1)=

Lakes/M2arel:

X2

(1)=

0.55, P = 0.46) or exon 3

1.49, P = 0.22) are evolving divergently in radiating African

cichlids compared to lineages where the duplication of the third exon was not found (i.e.
there is no evidence of codons evolving under different selection pressures in the compared
lineages).

Discussion
It was Susumu Ohno who postulated nearly 50 years ago how gene duplication might serve
as a source of evolutionary novelties (Ohno, 1970). As one copy is freed from stabilizing
selection, the other can accumulate mutations “more freely” and evolve a novel function
(neofunctionalization) as one possible consequence. While there are many examples for
the dynamics and evolutionary significance of gene duplications (Perry et al., 2007; Vonk
et al., 2013; Denoeud et al., 2014; Ishikawa et al., 2019; Musilova et al., 2019), exon
duplications have received considerably less attention (Kondrashov & Koonin, 2001;
Letunic et al., 2002; Keren et al., 2010; Lambert et al., 2015; Rogers et al., 2017).
Especially tandem duplications of the terminal exon have been barely investigated in an
evolutionary context. A lone exception is a recent study that described a duplication of the
terminal exon of the alternative oxidase (AOX) in oysters that has been involved in
adaptation to environmental stress (Liu & Guo, 2017).
Here, we found a tandem duplication of the third exon of agrp2 that likely occurred
more than 8 to 12 million years ago early in the evolution of the African cichlid fish
radiations before the oldest of these, that from Lake Tanganyika, diversified (Fig. III.7).

Fig. III.7 Summary of the evolutionary history of the agrp2 gene. Exon 3 was duplicated before the
radiations of Lake Tanganyika cichlids more than 8–12 million year ago giving rise to exon 3a and 3b. Exon 3b
was partially either lost again or the non-duplicated version was partially maintained through incomplete lineage
sorting. Additional duplications occurred generating more copies of exon 3. At least in one species (Me. auratus)
exon 3a was subsequently lost.

The duplication is not fixed, as its presence varies across the radiations of the Lakes
Tanganyika, Malawi and Victoria and even is polymorphic within some species.
Furthermore, we found evidence for copy number variation (up to 4 or 5 copies) (Fig.
III.7). In previous short-read assembly genomes (Brawand et al., 2014) this duplication
was not resolved, illustrating that such instances might have been systematically
overlooked as well as their evolutionary and phenotypic importance went unrecognized. In
contrast, long-read assemblies (e.g. using PacBio or Nanopore technologies) have now the
power to uncover such duplications (Fig. III.2B,C). Such assemblies therefore permit
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studying their evolutionary relevance. Despite not finding any evidence for diversifying
selection, evolution of novel isoforms or a link to particular color patterns (Fig. III.5 BJ), we discover a surprising dynamic of gains and losses of exon 3 that also includes (at
least in one instance) the resurrection of the non-functional exon 3b (Fig. III.7). As we
only looked at a small selection of the over 1200 species of East African cichlids, the
dynamics of exon duplication and loss might indeed contribute to the diversity of cichlid
color patterns in some instances. Clearly, an increasing availability of RNA-seq data and
long-read genome data will permit much more comprehensive analyses in the future.
Regulatory variation of agrp2 has been previously shown to be linked to absence
and presence of stripe patterns across African cichlids (Kratochwil et al., 2018). High
expression of agrp2 represses stripe patterns, while low levels lead to their formation.
Moreover, also CRISPR-Cas9 knockouts of agrp2 (which as such constitutes an
experimentally introduced coding variation) cause the re-appearance of stripe patterns in
nonstriped cichlids. This suggests that coding variation might be equally potent in driving
diversification in stripe patterns. Loss- but also gain-of-function mutations in both the
coding sequences and 3’UTR of agrp2 could accumulate in the untranslated copy exon 3b
and be resurrected through subsequent deletion of exon 3a. This, in turn might lead to
phenotypic diversification. Interestingly, the C-Terminus encoded by exon 3 shows high
evolutionary conservation across all agouti family members (agrp2/asip2b, agrp1, asip1,
asip2/asip2a) as it is the part that binds to and antagonizes melanocortin receptor function
(Kaelin et al., 2008). Mutations in this exon are therefore likely to have direct effects on
the melanocortin pathway and thereby color pattern formation.
Our RNA-seq analysis suggests that only the first copy, exon 3a is expressed. This
is in contrast to previous work that has shown alternative splicing of terminal exon copies,
that can be even regulated through environmental factors (Liu & Guo, 2017). As two out
of the five P. demasoni individuals that we analyzed for relative expression of exon 3a/3b
showed a low level of expression of exon3b it is possible that cryptic genetic variation or
environmental factors might trigger a stronger expression of exon 3b.
As copy number variations occur frequently through unequal crossing over,
potentially leading to loss or gain of tandem copies (Hastings et al., 2009) such a tandem
duplication could facilitate neofunctionalization or even loss-of-function of agrp2, especially
if populations experience strong bottlenecks (e.g. during colonization events). Such a
scenario would have implications similar to recent work from sticklebacks (Kratochwil &
Meyer, 2019; Xie et al., 2019). This study describes how repeated loss-of-function
deletions of regulatory elements of pitx1 causes the independent loss of pelvic fin spines
in sticklebacks. These recurrent deletions are driven by repeats that result in a more fragile,
double-strand breaking DNA-formation (Z-DNA) that in turn results in an elevated mutation
rate at this locus. This repeatedly led to loss-of-function mutations of the regulatory
element necessary for pelvic fin spine development.
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In summary, we conclude that the tandem duplication of agrp2 exon 3, or more
generally tandem duplications at genomic hotspots are important loci to analyze in light of
their evolutionary importance as they might facilitate diversification and adaptation in a
similar manner as gene duplications. This analysis crucially depends on state-of-the-art
technologies including PacBio and Nanopore sequencing, the so called third revolution in
sequencing technology (van Dijk et al., 2018), sensitive enough to detect such variations.
In the future, beyond the characterization of structural variation, insertions and
duplication, functional experiments have to more specifically address the role and
phenotypic impact of such mutational events. Many of those will be difficult to assess
through comparative approaches, but will need genetic manipulations, either through
hybridization experiments or functional approaches including CRISPR-Cas9 genome editing
that have become amenable in non-model organisms as cichlid fishes (Juntti et al., 2016;
Kratochwil et al., 2018) and that steadily become more precise (Anzalone et al., 2019).

Materials and Methods
Pairwise global alignment
To perform pairwise global alignments, we extracted ~200kb (100kb for the reference)
intervals flanking the agrp2 gene from Ensembl 94 (Cunningham et al., 2018) and NCBI.
The Maylandia zebra genome (Ensembl 94, GCA_000238955.5) was used as a reference.
Before alignment the reference was masked using the Tilapia repeat masker (Shirak et al.,
2010). Nine genomes were aligned to the reference: Pundamilia nyererei (Ensembl 94,
GCA_000002035.4), Oreochromis niloticus (NCBI, MKQE02), Amphilophus citrinellus
(Ensembl

94,

GCA_000751415.1),

Xiphophorus

maculatus

(Ensembl

94,

GCA_002775205.2), Gasterosteus aculeatus (Ensembl 94, BROAD S1), Scophthalmus
maximus

(Ensembl

94,

GCA_003186165.1),

Astyanax

mexicanus

(Ensembl

94,

GCA_000372685.2), and Danio rerio (Ensembl 94, GCA_000002035.4). For Pundamilia
nyererei we used a curated version (description see below; fasta file available in
supplementary material). For alignment we used the Shuffle-LAGAN algorithm (Brudno et
al., 2003) with a RankVISTA probability threshold of 0.5 and providing the following
pairwise phylogenetic tree: ((((((((M. zebra P. nyererei) N. brichardi) O. niloticus) A.
citrinellus) X. maculatus) G. aculeatus) S. maximus)(A. mexicanus D. rerio)). For the M.
zebra reference, we used an annotation based on the ensemble annotation and manually
annotated the previously described cis-regulatory region of agrp2 (Kratochwil et al., 2018).
Finally, we extracted a ~45kb interval of the Shuffle-LAGAN alignment to be used in Fig.
III.1A. Genomic coordinates of agrp2 coding regions, cis-regulatory elements and
deletions in the different genomes are summarized in Supplementary Table SIII.1.
Cichlid genome alignments
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For the cichlid genome alignments, we selected an 18kb region encompassing the agrp2
gene. Sequences from the genomes of M. zebra, P. nyererei and N. brichardi as well as A.
calliptera

(Ensembl

94,

GCA_900246225.3)

and

A.

burtoni

(Ensembl

94,

GCA_000239415.1). Additionally, we added a Sanger sequencing assembly of the locus
from the Lake Victoria species H. sauvagei (Kratochwil, et al. 2018). Sequences were
aligned using MAFFT 7 (Katoh et al., 2017) using automatic strategy choice, and standard
settings. Conservation score and annotations were added using Geneious 2019. The
alignment was visualized using Adobe Illustrator CC 2018. Dot plots were generated using
MAFFT 7 (Katoh et al., 2017) with a threshold score of 39 (E=8.4e-11).
RNA extraction and cDNA synthesis
Fish were obtained from commercial breeders and euthanized with an overdose of MS-222.
Experiments

were

performed

in

accordance

with

animal

research

regulations

(Regierungspräsidium Freiburg, Baden Württemberg, Germany. Reference number: G17/110). Skin, brain (both RNA-seq, cDNA sequencing), liver, eye and muscle tissue (all
cDNA sequencing) were dissected and kept in RNAlater (Invitrogen) at 4°C overnight and
transferred to -20°C for long term storage. RNAlater was removed prior to homogenization.
Skin samples and appropriate amount of TRIzol (Invitrogen) (1ml TRIzol per 0.1g sample)
were homogenized in 2ml Lysing Matrix A tube (MP Biomedicals) using FastPrep-24 Classic
Instrument (MP Biomedicals). RNA was extracted according to the manufacturer’s
recommendations with additional 75% Ethanol wash one time. Subsequent purification and
on-column DNase treatment was performed with RNeasy Mini Kit (Qiagen) and RNase-Free
DNase Set (Qiagen). The other organs were extracted using RNeasy Mini Kit (Qiagen). DNA
was removed using RNase-Free DNase Set (Qiagen) according to the manufacture’s
protocol. Following extraction and purification, RNA was quantified using the Qubit RNA HS
Assay Kit (Invitrogen) with a Qubit Fluorometer (Life Technologies). First strand cDNA was
synthesized using 1μg total RNA and the GoScript Reverse Transcription System
(Promega).
5’ and 3’ Rapid amplification cDNA ends (5’RACE and 3’RACE)
5’RACE was performed as previously described (Scotto–Lavino et al., 2006b). We
performed RT-PCR and nested PCR by two sets of gene specified primers: aR5 + aR4 +aR3
and aR4 + aR3 + aR2 (Supplementary Fig. SIII.1). To generate “5’ end” partial cDNA,
reverse transcription was carried out using gene specified primers aR5 or aR4 by M-MLV
Reverse Transcriptase [H–] (Promega) to generate first-strand product. Following the
reverse transcription, a poly(A) tail was appended using terminal deoxynucleotidyltransferase Tdt (Promega) and dATP. First-strand gene specific cDNA with poly(A) tail was
then purified by NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL). Amplification was
achieved by PCR using Qtotal and Qouter and gene specified primers, aR4 for the first-strand
cDNA product of aR5, aR3 for the first-strand cDNA product of aR4. PCR was performed
using DreamTaq DNA Polymerase (Thermo Fisher Scientific) in 50μl reactions with the
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following program: initial denaturation at 98°C for 3min, annealing at 60°C for 2min,
extension of cDNA at 72°C for 40min, followed by 30 cycles of 95°C for 30sec, 60°C for
30sec, 72°C for 3min, final extension at 72°C for 15min. A second set of PCR cycles was
carried out to increase the yield of specific product using nested primers Qiner and upstream
gene specified primers, aR3 for the first-strand PCR product of aR4, aR2 for the first-strand
PCR product of aR3. The second PCR was performed using the same condition as for the
first-strand PCR without cDNA extension. After the second PCR, bands were purified using
NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL).
3’RACE was performed as previously described (Scotto–Lavino et al., 2006a). Total
RNA was reverse transcribed to first-strand cDNA by M-MLV Reverse Transcriptase [H–]
(Promega) using primer Qtotal in 20μl reverse transcription reaction. To increase the
specificity of the 3’RACE PCR, we performed a nested PCR by two sets of gene specified
primers, aF1 + aF2 and aF2 + aF3 (Supplementary Fig. SIII.2). For the first RACE PCR,
we used the outer primer Qouter with gene specific primer aF1 or aF2. PCR was performed
using DreamTaq DNA Polymerase (Thermo Fisher Scientific) as described for 5’RACE. For
the nested PCR, inner primer Qinner was used in combination with gene specific primers,
aF2 for the first PCR product of Qouter and aF1, aF3 for the first PCR product of Qouter and
aF2. The second PCR was performed using the same condition as for the first PCR without
cDNA extension. Following the second PCR, we gel-purified bands using NucleoSpin Gel
and PCR Clean-up (MACHEREY-NAGEL).
All DNA fragments from 3’RACE and 5’RACE were processed by Sanger sequencing
using Applied Biosystems 3130 Genetic Analyzers. Sanger Sequencing data was analyzed
in Geneious 2019. Primer aF3, aF5, aR5 and aR6 were used for sequencing of 3’RACE
product. aF1, aF2, aR1 and aR2 were the sequencing primers of the 5’RACE products.
To confirm the sequencing result of 3’RACE and 5’RACE, we additionally performed
RT-PCRs. For this, cDNA was synthesized as described above. Three forward primers(F1,
F2 and F3) and one reverse primer (R1–3) were used in PCR with DreamTaq DNA
Polymerase (Thermo Fisher Scientific) with the following program: initial denaturation at
95°C for 10min, 30 cycles of 95°C for 30sec, 60°C for 30sec, 72°C for 1min 30sec, final
extension at 72°C for 7min. Primers are summarized in Supplementary Table SIII.2.
Tandem duplication specific PCRs
DNA was extracted from fin clips using ethanol precipitation. To identify species and
individuals with and without duplication we used two approaches (Supplementary Fig.
SIII.3A). The first approach included PCRs with a forward primer in the 3’ end of exon 3a
and a reverse primer in the 5’-end of exon 3b (Supplementary Fig. SIII.3 and Fig. SIII.4
and Supplementary Table SIII.2). This approach was more sensitive to detect
duplications across species (as primer binding sites were inside coding regions). PCR was
performed using DreamTaq DNA polymerase (Thermo Fisher Scientific) in a 20 µl reaction
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with the following program: initial denaturation at 95°C for 5min, 32 cycles of 95°C for
30sec, 60°C for 30sec, 72°C for 2min, final extension at 72°C for 15min.
The second approach was a long-range PCR that spanned the tandem duplication
(Supplementary Fig. SIII.5 and Supplementary Table SIII.2). Long-range PCRs failed in
many species, likely because of binding site mutations and repeat regions that flank the
duplication (Supplementary Table SIII.4). PCR was performed using DreamTaq DNA
polymerase (Thermo Fisher Scientific) in a 20 µl reaction with the following program: initial
denaturation at 95°C for 5min, 35 cycles of 95°C for 30sec, 62°C for 30sec, 72°C for 7min,
final extension at 72°C for 30min.
TaqMan probe assay
TaqMan probe-based qPCR was used to determine the copy number of exon 1 (as a control)
and exon 3 of agrp2. Genomic DNA was extracted from fin clips using DNeasy Blood &
Tissue Kit (Qiagen) according to the manufacturer’s protocol. Following extraction, the
purity of genomic DNA was checked by Colibri spectrometer (Berthold), the degradation
was evaluated with 1% agarose gel and the concentration was quantified using Qubit DNA
BR Assay Kit (Invitrogen) with Qubit Fluorometer (Life Technologies). qPCRs were
performed with 10ng genomic DNA, 1 µl of each forward and reverse primer (20 µM stock),
1 µl hydrolysis probe (5 µM stock), and GoTaq Probe qPCR Master Mix (Promega) with
Nuclease-Free Water to make the final volume of 20μl in a 96-well plate. Primers and
probes for agrp2 exon 1 and exon 3 are listed in Supplementary Table SIII.2. We used
40 cycles of amplification on a CFX96 Real-Time PCR Detection System (Bio-Rad) with the
program: polymerase activation at 95°C for 2 min, 40 cycles of denaturation (95°C for
15s) and annealing/extension (60°C for 1min). Ct values were defined as the point at which
fluorescence crossed a threshold adjusted manually to be the point at which fluorescence
rose above the background level. We generated the standard curve by using different
amounts (2.5ng, 5ng, 10ng) of genomic DNA from H. sauvagei (mixture of three
individuals) as DNA template. Copy number variation for each sample was detected based
on the position of the Ct value on the standard curve. We assayed copy number variation
using three technical replicates for each sample and three biological replicates for each
species. Primers and probes are listed in Supplementary Table SIII.2.
Coverage analysis
To screen for coverage difference in whole genome resequencing data we used previously
published WGS datasets as summarized in Supplementary Table SIII.3 (Valente et al.,
2014; McGee et al., 2016; Meier et al., 2017a; Malinsky et al., 2018). We downloaded the
data, and trimmed Illumina adapters from raw fastq reads using picard v2.17.11. Reads
were then aligned to a curated genome (supplementary material) of Pundamilia nyererei
(Brawand et al., 2014) as agrp2 was split onto two scaffolds (exon 1 and 2 on
scaffold_361/JH419567.1; exon 3 on scaffold_3/JH419209.1). The reverse complement of
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scaffold_361 was therefore concatenated with scaffold_3 (replacing scaffold_3 in the
assembly). The original Scaffold_361 was then removed from the assembly. Also,
Scaffold_6781 (length: 1095bp) was removed from the assembly because it caused
alignment problems as the nucleotide sequence was identical to a sequence 3’ of agrp2
exon 3 (but not overlapping with the duplication). The whole ~25kb agrp2 locus was
replaced with a manually Sanger-sequencing-read-curated sequence previously published
(Kratochwil et al., 2018). Using this approach, the assembly gap between the scaffolds
was closed as well. We confirmed that the individual that has been used for Sanger
Sequencing had no duplication of exon 3. Coverage was calculated for each position of the
genome for each sample using samtools depth 1.9 (Li et al., 2009). For this we counted
only reads with a base quality greater than 20 and a mapping quality greater than 30.
Further data analysis was performed in R (R Development Core Team, 2019). Relative
coverage was calculated by dividing the coverage at each position by the mean coverage
of a 110kb window around the agrp2 gene. Non-overlapping sliding windows were
calculated using the SlidingWindow function of the evobiR package (Blackmon & Adams,
2015) with a window and step size of 100bp. The following additional R packages were
used: ggplot2 (Wickham, 2011) and stringR (Wickham & Wickham, 2019). Transposable
element position and identity of the agrp2 locus are summarized in Supplementary Table
SIII.4. We used both, the Tilapia repeat masker (Shirak et al., 2010), and the standard
repeat masker (Smit A, Hubley R, Green P, 2015).
Exon duplicate specific expression
To determine the duplicate specific expression of agrp2 exon 3a and 3b we first used the
Pacbio assemblies of A. calliptera (GCA_900246225.3) and M. zebra (GCA_000238955.5)
that resolved both exons, performed alignments using MAFFT and screened for paralogous
sequence variants. Within the 3'UTR we found two SNPs at position 1048 and 1115 of the
agrp2 transcript (ENSHBUT00000024720) that are alternatively fixed between Exon3a and
Exon3b of both species (Fig. III.3).
To determine, which paralogous sequence is expressed across other cichlid species we
used Sanger sequencing of cDNA (description of extraction see above; primers see
Supplementary Table SIII.2). Second, we used RNA-seq to determine paralog specific
expression by calculating variant ratios on the two variable positions. RNA-seq libraries
were prepared using TruSeq Stranded mRNA Library Prep Kit (Illumina) according to the
manufacturer’s protocol with first strand cDNA synthesis by GoScript Reverse Transcriptase
(Promega). The final libraries were amplified using 15 PCR cycles and quantified and
quality-assessed by Agilent DNA 12000 Kit with 2100 Bioanalyzer (Agilent). Indexed DNA
libraries were normalized then pooled in equal volumes. Libraries were sequenced on an
Illumina HiSeq 2500 (P. nyererei skin) or HiSeq X Ten platform (Ps. demasoni skin, Me.
auratus brain). Reads were mapped to the A. burtoni genome (as agrp2 is well annotated
and the reference genome has only one copy of exon 3a) using STAR (Dobin et al., 2013).
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BAM files were extracted for the agrp2 transcript (ENSHBUT00000024720) and genotyped
using FreeBayes with --pooled-continuous setting. Ratios between reference and
alternative allele were calculated for the two positions using R (R Development Core Team,
2019) and plotted as stacked bar plots.
Molecular evolutionary analyses
Maximum likelihood phylogenies of the agrp2 gene were based on genomic sequences
(outgroups) and Sanger sequencing of agrp2 cDNA (synthesis of cDNA is described above;
primers for amplification and Sanger sequencing are listed in Supplementary Table
SIII.2). Trees were generated using PhyML (Guindon et al., 2010) with HKY85 substitution
model, 100 bootstrap replicates and Length/Rate optimization.
We tested for evidence of the evolution of the agrp2 coding sequence using codonbased models in PAML (Yang, 2007). Different random site models (e.g., M0, M1a, M2a)
were compared using log-likelihood ratio tests (LRT) to test for the presence of sites classes
that differ in dN/dS ratio. Specifically, we first tested for evidence of two site classes (i.e.,
M1a/M0), one assumed to be evolving under purifying selection (dN/dS<1) and a second
class evolving under neutral selection (dN/dS=1). Second, we tested for the presence of
positively selected sites (i.e., M2a/M1a) (Yang, 2014). Then, using clade model C (CmC)
in PAML, we tested the hypothesis that the agrp2 gene is evolving divergently between the
lineage where the duplication of the third exon occurred (e.g. the radiating cichlids from
Lakes Tanganyika, Malawi and Victoria) compared to lineages without this duplication. The
significance of the CmC model was determined conducting a LRT against a null model that
allowed for different site classes, but not for divergence among lineages in the alignment
(M2a_rel) (Weadick & Chang, 2011).
Single breakpoint recombination analysis
Because the functional importance of the third exon of the agrp2 gene, the finding that
this exon duplicated, and that this duplicated copy could occasionally become functional
through the loss of exon 3a, it is possible that exon 3 shows phylogenetic discordance with
the other two exons in the gene. To test this hypothesis, we conducted a single breakpoint
recombination analysis (Kosakovsky Pond et al., 2006) as implemented in HYPHY (Pond &
Frost, 2005; Pond & Muse, 2005). Because we found evidence for a recombination
breakpoint between exons 1 and 2 and exon 3 (see results), we repeated the molecular
evolution analyses described above but independently for an alignment including only
exons 1 + 2 and one including only exon 3 of the agrp2 gene.
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Chapter IV – Dissecting the adaptive value of stripe patterns:
Stripes and body depth coevolve in East African cichlids
Sabine Urban, Jan Gerwin, C. Darrin Hulsey, Axel Meyer and Claudius F. Kratochwil

___________________________________________________________
Abstract
The tropical freshwater fish family Cichlidae is famous for its diversity in coloration and
color patterns which is thought to be an important factor in their rapid speciation.
Horizontal stripe patterns evolved repeatedly in East African cichlids but to date their
adaptive value is debated. Not all phenotypic changes, even when found in adaptive
radiations, are necessarily adaptive as they could be genetically linked. In reptiles, a
correlation between stripe patterns and body depth, the height of the dorsoventral body
axis divided by body length, has been revealed. Body depth is the major axis of body shape
variation among cichlid clades and is thought to affect their susceptibility to predators,
attractiveness to mates, as well as swimming performance. To investigate if horizontal
stripes have an adaptive value we first test if stripe pattern and body depth are correlated
in cichlids. Using a comprehensive dataset of 516 species, we show that there is a
significant correlation between body depth and presence of horizontal stripes. Next, 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 interactions may directly influence horizontal stripe pattern
evolution.

Keywords
pigmentation, elongation index, coloration, Cichlidae, molecular evolution, trait correlation

Introduction
The adaptive radiations of East African cichlid fishes are a prime example for the repeated
evolution of body shapes and color patterns (Stiassny & Meyer, 1999). Across the more
than 1200 East African rift lake species, melanic horizontal stripes have evolved numerous
times (Kocher, 2004; Turner, 2007; Brawand et al., 2014). Over time, different functions
of stripes have been proposed, e.g. camouflage (Longley, 1916; Thayer, 1918; Cott, 1940;
Stevens & Merilaita, 2009), social signaling (Barlow, 2008), and communication of
motivational status (Van Alphen, 1999). The repeated evolution of stripes suggests that
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pressures (Harvey & Pagel, 1991). A comparative study of East African cichlid fishes has
shown that stripe patterns are indeed constrained ecologically and not phylogenetically.
While the evolution of vertically lined patterns (bars) is associated with structurally
complex habitats, such as rocky substrates and vegetation, stripes are associated with
shoaling behavior and/or a piscivorous feeding mode (Seehausen et al., 1999). Yet, the
exact adapive value of horizontal stripes remains a mystery. One possible reason could be
that not all phenotypic changes, even when found in adaptive radiations, are necessarily
functional or adaptive. Since natural selection acts on whole organisms rather than isolated
traits, adaptive evolution may be constrained by the interaction between traits (Ghalambor
et al., 2004). Hence, horizontal stripes could have arisen as a by‐product of other
phenotypic structures due to genetic constraints such as linkage disequilibrium or
pleiotropy (McKinnon & Pierotti, 2010; Saltz et al., 2017). It has been evident that
alternative color patterns often differ in features other than color (e.g. Cain & Sheppard,
1954; Jones et al., 1977; Brodie, 1992; Sinervo & Svensson, 2002; Roulin, 2004; Gray &
McKinnon, 2007). It was shown that stripe patterns are correlated with body depth, the
height of the dorsoventral body axis divided by body length, in reptiles (Allen et al., 2013;
Murali & Kodandaramaiah, 2017). There, the combination of body length and stripes
reduces the probability with which moving prey will be captured by impairing predators'
perception of speed (von Helversen et al., 2013).
In cichlids, body depth is the major axis of body shape divergence between clades (Clabaut
et al., 2007; Muschick et al., 2012; Claverie & Wainwright, 2014; Astudillo-Clavijo et al.,
2015) and has key implications for a fish’s susceptibility to predators (e.g. Chivers et al.,
2008; Price et al., 2015), attractiveness to mates and swimming performance (Rouleau et
al., 2010). Since horizontal stripes are associated with shoaling and a piscivorous feeding
mode a combination of stripes and an elongated body shape could represent an adaptation
to predator-prey interactions, e.g. high swimming performance and impairing predators'
or prey’s perception of speed.
Here, we investigate if horizontal stripes and body depth are correlated traits in
cichlids which would imply correlational selection for optimal character combinations.
Alternatively, the two traits could also be associated through genetic linkage and thus
represent a nonadaptive trait combination.
The horizontal stripe pattern in East African cichlids is ideal to test for such trait
combinations since it has a well-resolved genotype-phenotype connection. It was shown
that the repeated evolution of stripes was facilitated by regulatory evolution of a single
gene, agouti-related peptide 2 (agrp2, Kratochwil et al., 2018). This knowledge of the
genetic basis of stripes, and the availability of large comparative datasets allows us now
to investigate (i) if there is a correlation between body depth and stripe patterns using
comparative analyses, (ii) if the two traits are genetically constrained by linkage
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of selection on those traits.

Methods
(a) Data collection
We comprised a large dataset of 516 species from all major cichlid lineages, including those
that inhabit freshwaters of South America, West Africa, and the Indian subcontinent.
Images were compiled from various online image databases and textbooks (all image
details are listed in the Supporting Information). All images were required to be in lateral
view so that we can measure standard length and body depth reliably. We further analyzed
individuals for presence of stripe pattern in three different ways: binary (yes/no), ordinal
(0/no stripes, 1/spotted,2/partially striped, 3/fully striped), and continuous (percentage of
the midlateral stripe region covered by melanin). For all measurements we used the
software Fiji (Schindelin et al., 2012).
To build a supertree to examine the evolution of stripes in cichlids, we combined trees
from several different studies. Because it facilitated including the most species of cichlids
into a single tree, we first generated a mitochondrial phylogeny of 516 cichlid species using
the ND2 gene as this is the most comprehensive dataset available at this time. Since
Neotropical cichlids are underrepresented we focus comparative analyses on African
cichlids. We then combined this tree with several other published phylogenies of African
cichlids that incorporated information from the nuclear genome. Consensus phylogenies
from these studies (Dunz & Schliewen, 2013; McGee et al., 2016; Meier et al., 2017;
Hulsey et al., 2018a; b; Kratochwil et al., 2018; Malinsky et al., 2018) were combined
using the 'mrp.supertree' function with the 'pratchet' method as implemented in the R
program 'phytools' (Revell, 2012).
(b) Comparative analyses
To determine if there was an association between the presence and horizontal stripes and
body depth, we performed phylogenetic ANOVAs across the African cichlid trees. We
performed phylogenetic ANOVAs with three stripe phenotypes as grouping factors: 1.
Presence of both midlateral and dorsal stripes versus species lacking either of these stripes.
2. Dorsal stripe versus species with no stripe. 3. Midlateral stripe versus species with no
stripe.
To determine if there was macroevolutionary evidence of stabilizing selection on body
depth in association with the presence or absence of stripes, we also fit a series of Brownian
motion (BM) and Ornstein–Uhlenbeck (OU) models to body depth evolution (Beaulieu et
al., 2012). The support for more parameter-rich models over models with fewer
parameters was assessed using AIC scores. We asked first if there was more support for a
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too far from this optimum as compared to a simple model of BM for body depth evolution
in the cichlids examined. This first OU model did not incorporated any differences between
striped and un-striped species. So, we next asked if there was support for an OU process
with different optima associated with the presence and absence of stripes. Support for this
two-optima model over a model with a single optimum would further lend support that
stripes are evolutionarily associated with a difference in body depth. Finally, we asked if
there was support for different cost parameters for nonstriped, 1, and striped, 2, cichlid
lineages.
(c) Experimental mapping crosses
All data on obtaining experimental crosses and quantification of stripes is described in
Kratochwil et al. 2018. Here, we phenotyped F2 individuals from a Lake Malawi cross (Fig.
IV.3A and 3B) between a striped species (Melanochromis cyaneorhabdos) and a
nonstriped species (Pseudotropheus demasoni) and a second cross of Lake Victoria cichlids
(Fig. IV.3C and 3D) again consisting of a striped species (Haplochromis sauvagei) and a
nonstriped species (Pundamilia nyererei). For all fishes we measured elongation index and
3 scores to quantify the number of stripes (binary, ordinal, continuous). We checked for
normal distribution of data using the Shapiro-Wilk test of normality and decided to use a
non-parametric test to calculate trait correlation. We used Kendall's tau-b correlation
coefficient to test if body depth stripes (continuous measurement) are correlated.
Additionally, we compared the striped and nonstriped individuals (based on ordinal
measurements) using a non-parametric Wilcoxon-test (R Development Core Team, 2019).

Results
Of the 516 species in our data set 33% (170 species) possess a midlateral stripe and 23%
(130 species) show a dorsolateral stripe (Fig. IV.1). There are some species that only
have a midlateral but no dorsolateral stripe (n=43), but there is none that only shows a
dorsolateral but no midlateral stripe.
(a) Comparative analysis
Ancestral state reconstruction of horizontal stripes across cichlids revealed that stripes
evolved ~60 times independently and disappeared again 30 times (Fig. IV.1A).
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Fig. IV.1 Convergent evolution of horizontal stripes across cichlid radiations. (A) Phylogenetic tree of
East African cichlids with likelihood reconstructions of ancestral states (yellow-white-black gradient) of the stripe
phenotype that evolved ~60 times independently. Color codes indicate the major radiations of Lakes Tanganyika
(green), Malawi (blue) and Victoria (orange). Species for which a hybrid cross was available are highlighted as
circles. Divergence time estimates are taken from (Brawand et al., 2014). (B) Schematic of stripe and bar
patterns. (C) Map of East Africa highlighting Lakes Victoria, Tanganyika and Malawi that encompass the three
main radiations with >1200 species and the percentage of striped species (~30%). (D-E) Two representative
species of the Lake Victoria adaptive radiation (orange) showing a species with horizontal stripes (D, striped
circle) and a nonstriped species (E, yellow circle). (F-G) Two representative species of the Lake Tanganyika
(green) adaptive radiations showing a species with horizontal stripes (F, striped circle) and a nonstriped species
(G, yellow circle). (H-I) Two representative species of the Lake Malawi adaptive radiation (blue) showing a species
with horizontal stripes (H, striped circle) and a nonstriped species (I, yellow circle).

A phylogenetic ANOVA showed that both the dorsolateral and midlateral stripe individually
are significantly associated with body depth (phylogenetic ANOVA; P = 0.006 in the case
of just the dorsolateral stripe and phylogenetic ANOVA; P = 0.009 with the midlateral
stripe, Table IV.1 and Fig. IV.2).
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Fig. IV.2 Striped fishes show an elongated body shape across cichlid radiations of the East African
Great Lakes. While both Lake Malawi (blue) and Lake Tanganyika (green) cichlids are substantially elongated if
they have stripes, we did not find this pattern in Lake Victoria cichlids (orange). However, we they show a trend
towards an elongated body shape (P = 0.06).

Further, we found evidence that stabilizing selection is supported for body depth in the
different stripe patterns. There, stabilizing selection on body depth acts stronger on striped
species than on nonstriped species. Also, there is support for a different body depth
optimum, or mean value, for the striped species versus the nonstriped species which is
consistent with the phylogenetic ANOVA results.
Table IV1. Phylogenetic ANOVA results

AIC

BM1
OU1
OUM
OUMA

1149.77
897.99
895.11
876.98

Optima
(Mean no.
stripe)
3.28
3.19
3.06
3.06

Optima
(Mean
stripe)
3.28
3.28
3.35
3.31

σ, no stripe

44.04
83.40
85.07
84.66

σ, stripe 1, no stripe 2, stripe

44.04
83.40
85.07
84.66

NA
87.09
91.11
91.90

NA
87.09
91.11
92.24

(b) Genetic linkage
To investigate if these two traits are genetically linked and therefore inherited together,
we analyzed two independent hybrid crosses for a correlation between body depth and
stripes. Our expectation was then to find the same correlation in F2 offspring of those
crosses. However, we found no such correlation between body depth and presence of
stripes in the two crosses from Lake Malawi (Kendall Rank Correlation; R = -0.0024, P
=0.96, Fig. IV.3E) and Lake Victoria (Kendall Rank Correlation; R = 0.022, P =0.73, Fig.
IV.3F). We additionally performed a non-parametric t-test comparing elongation index

- 54 -

- Chapter IV between the striped and nonstriped fishes. Striped offspring are not significantly elongated
in the Lake Malawi cross (Wilcoxon test; P = 0.5406) as well as the Lake Victoria cross
(Wilcoxon test; P = 0.6476). Since the two traits are inherited separately, we conclude
that body depth and horizontal stripes are not linked genetically nor linked through
pleiotropy.

Fig. IV.3 No genetic linkage of horizontal stripes and body depth. (A and B) The two parental species of
the Lake Malawi hybrid cross. (C and D) The two parental species of the Lake Victoria hybrid cross. (E) Elongation
index in striped and nonstriped offspring from the Lake Malawi cross (A and B). F2 offspring are not significantly
elongated if they show stripes suggesting that the two traits segregate. (F) The same comparison for striped and
nonstriped offspring from the Lake Victoria cross (C and D). F2 offspring are not significantly elongated if they
show stripes again suggesting that the two traits segregate.

Discussion
Stripe patterns and body depth coevolve in East African cichlids
Body depth evolution in East African cichlids is significantly correlated with the presence of
stripe patterns (Fig. IV.2). This correlation is subject to stabilizing selection acting on body
depth with striped species being subject to stronger stabilizing selection compared to
nonstriped cichlids (Table IV.1). Importantly, body depth has key implications for fitness
such as susceptibility to predators (e.g. Chivers et al., 2008; Price et al., 2015),
attractiveness to mates and swimming performance (Rouleau et al., 2010), and thus is a
major ecologically relevant trait. Although there are probably other structures that
influence body depth, selective pressures operating on body depth are likely a major
determinant of stripe patterns.
A potential reason for this finding could be that stripe patterns are nonadaptive, provide
no direct advantage to fish, and arise simply due to genetic constraints (i.e. linkage
disequilibrium). It was previously suggested that most traits show polygenic, not
Mendelian, inheritance and that many trait correlations have a polygenic basis, suggesting
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- Chapter IV an important role of genetic linkage (Saltz et al., 2017). However, we did not find evidence
for this since the traits segregate in F2 offspring of two independent hybrid crosses (Fig.
IV.3). In both hybrid crosses a single quantitative trait locus, the “stripe gene” argp2, that
separates striped cichlids from nonstriped cichlids, is shared (Henning et al., 2014;
Kratochwil et al., 2018).This implies that body depth and horizontal stripes do not have a
shared genetic basis and are thus not correlated due to genetic linkage.
Considering the alternative, that natural selection is acting on this trait combination,
suggests that selective pressures on the two traits are the same. As mentioned earlier
body depth is thought to be mainly influenced by susceptibility to predators, attractiveness
to mates and swimming performance. Horizontal stripes, however, are not subject to
sexual selection since mating system has no detectable effect on stripe pattern evolution
(Seehausen et al., 1999). Other studies in cichlids highlighted the importance of nuptial
coloration in mate choice (Seehausen & van Alphen, 1998) which is often based on color
pigments such as carotenoids (red to yellow pigment) which fishes cannot synthesize de
novo. Carotenoids are synthesized by some plants, algae and microorganisms (Lu & Li,
2008) and are incorporated by fishes through their diet and thereby serve as an indirect
signal in intersexual selection. Melanin on the other hand cannot be synthesized de novo
(Braasch et al., 2007). Taken together it seems unlikely that sexual selection is causing
the correlated evolution of stripe patterns and body depth.
Since stripe patterns are associated with shoaling behavior and a piscivorous feeding mode
(Seehausen et al., 1999), and body depth influences the susceptibility to predators, and
swimming performance, this type of correlational selection could potentially facilitate
adaptation to similar environmental conditions.
A potential role of predator-prey interactions
A correlation between body depth and stripe patterns has only been revealed in snakes
(Allen et al., 2013) and lizards before which show a negative association between stripe
occurrence and body length (Murali & Kodandaramaiah, 2017). In these examples, stripes
create a “motion dazzle” effect - a form of defensive color pattern suggested to prevent
successful capture during motion by causing predators to misjudge the direction or speed
of prey movement. The dazzle effect has been hypothesized to play a role in motion
camouflage in a variety of animals such as the zebra (How & Zanker, 2014), snakes
(Jackson et al., 1976; Brodie, 1989, 1992, 1993; Creer, 2005), and lizards (Murali et al.,
2018), and many studies have demonstrated the effect of motion dazzle in humans
(Stevens et al., 2011; Hogan et al., 2016a; b). It would be interesting to test if striped
fishes have a higher survival rate than nonstriped fishes when confronted with a visual
predator.
The presence of horizontal stripes in cichlids could be the result of correlated selection on
body depth, and thereby combine a performance benefit such as in swimming abilities with
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interactions.
Such a type of integration has been suggested to play a role in the rapid evolution of a
number of traits in cichlids and other adaptively diverging groups (Albertson et al., 2005;
Hulsey et al., 2017; Husemann et al., 2017). In conclusion, our study supports the idea
that the correlated evolution of body depth and stripe presence may have been an
important factor in the rapid phenotypic divergence of the East African cichlid radiations.

- 57 -

- 58 -

___________________________________________________________
Chapter V – Genomic analysis reveals exon loss of oca2 in an
amelanistic morph of the Malawi golden cichlid Melanochromis
auratus
Claudius F. Kratochwil*, Sabine Urban*, and Axel Meyer
* These authors contributed equally to this work
Pigment Cell Melanoma Research 2019; 32: 719 – 723

___________________________________________________________
Abstract
The tropical freshwater fish family Cichlidae is famous for its record‐breaking rates of
speciation and diversity in colors and color patterns. Here, we sequenced the genome of
the Lake Malawi cichlid Melanochromis auratus to study the genetic basis of an amelanistic
morph of this species that lacks the typical melanic stripes and markings. Genome
sequencing of the amelanistic and wild‐type morph revealed the loss of the second exon of
the known pigmentation gene oculocutaneous albinism II (oca2), also known as p(ink‐eyed
dilution) gene or melanocyte‐specific transporter gene. Additional genotyping confirms the
complete association with this recessive Mendelian phenotype. The deletion results in a
shorter transcript, lacking an acidic di‐leucine domain that is crucial for trafficking of the
Oca2 protein to melanosomes. The fact that oca2 is involved in a wide range of amelanistic
morphs across vertebrates demonstrates its highly conserved function.
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- Chapter V Significance
Genomic approaches are a powerful tool to uncover the genetic basis of pigmentation
phenotypes. Genome sequencing of the Malawi golden cichlid fish (Melanochromis auratus)
and an amelanistic morph of the species identifies the loss of the second exon of
oculocutaneous albinism II (oca2) in amelanistic individuals, a gene that is considered the
most common cause of albinism in humans. Exon 2 contains a conserved motif previously
suggested to be crucial for Oca2 delivery to melanosomes. Our work confirms the functional
importance of this motif within the extracellular domain of Oca2 and supports the striking
and repeated involvement of oca2 variants in amelanism and albinism across vertebrates.

Main Text
Cichlid fishes are among the most species‐rich and most colorful fishes. With their over
2,500 species, they are a textbook model system for studying speciation and adaptation
(Henning & Meyer, 2014; Kratochwil & Meyer, 2015a; Salzburger, 2018). In recent years,
several conspicuous cichlid coloration phenotypes such as stripe patterns, egg spots, and
the orange blotch phenotype have been genetically dissected, providing novel insights into
color pattern formation and evolution more generally (Salzburger et al., 2007; Roberts et
al., 2009; Santos et al., 2014; Ahi & Sefc, 2017; Kratochwil et al., 2018). Cichlids are also
very popular fish among hobbyists that breed and maintain species and color morphs.
Some of the most noticeable pigmentation abnormalities that can be found in cichlids and
vertebrates in general are amelanistic and albinistic morphs. Amelanism results from
several types of genetic changes that affect melanin, which is synthesized in specialized
cells called melanocytes (in mammals and birds) or melanophores (e.g., in reptiles,
amphibians, and teleost fish; Saenko et al., 2015; Kromberg & Manga, 2018). Albinistic
individuals (although inconsistently defined across different vertebrate lineages) do not
only lack the brown or black melanin‐based color patterns but also other pigments
including, for example, the orange to red pheomelanin that can be also synthesized in
mammalian and avian melanocytes or yellow to red pteridines and carotenoids that are
contained in xanthophores and erythrophores of teleost fishes (Schartl et al., 2016).
The Malawi golden cichlid or golden mbuna (Melanochromis auratus) is a cichlid fish
endemic to Lake Malawi. The basic coloration of wild‐type (WT) M. auratus females and
submissive males (Fig. V.1A) is light yellow to gold, with two melanic horizontal stripes
(midlateral stripe; mls and dorsolateral stripe; dls), flanked by white coloration (Fig.
V.1E). The ventral side usually shows a stronger yellow coloration (Fig. V.1E) with
intensity varying between individuals. Variation in yellow coloration is not linked to the
amelanistic phenotype. Dominant males of M. auratus are brown to black (Fig. V.1B). In
the same location where melanic stripes are located in females, the dark basic coloration
is interrupted by two silvery to bluish horizontal stripes (Fig. V.1G). Both, females and
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- Chapter V dominant males, have a strongly pigmented iris, showing less pigmentation on the ventral
side (Fig. V.1I and 1K).

Fig. V.1 The coloration phenotype of Melanochromis auratus morphs. (A) M. auratus, wild‐type (WT)
female. (B) M. auratus, dominant WT male. (C) Amelanistic (AM) female of M. auratus. (D) Dominant AM male
of M. auratus. (E) Skin of a female WT showing the characteristic stripe pattern. (F) AM individuals show a similar
distribution of yellow and white pigmentation but lack the melanic stripe patterns of WT individuals in the
dorsolateral (dls) and midlateral stripe (mls) region. (G) Dominant males are mostly brown to black, with a fine
dls and a thicker mls with white to blue iridescent color. (H) Dominant amelanistic males lack the dark
pigmentation and are white to flesh‐colored, while largely lacking yellow or orange pigmentation. (I) The eye of
a female WT with the darkly pigmented iris and a yellow ring around the lens. The ventral side of the iris is less
pigmented. The dark‐pigmented retina can be seen through the lens. (J) The eye of an AM female, lacking dark
pigments, but showing yellow and iridescent pigmentation. The non‐pigmented retina is shining through. (K) The
eye of a male WT with similar but darker pigmentation than the WT female. (L) AM male eye with less yellow
pigmentation than AM females.

Amelanistic (AM) individuals of M. auratus, a common cultivated breed, lack all black and
brown pigmentation (Fig. V.1C and 1D), both in the skin (Fig. V.1F and 1H) and in the
iris and retina (Fig. V.1J and 1L). Despite the lack of melanic pigmentation, we still find
hints of the stripe pattern. In females, both dls and mls can be identified as yellow
longitudinal bands flanked by white coloration (Fig. V.1C and 1F). Dominant AM males are
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in the skin and in the iris (Fig. V.1H and 1L).
In an effort to better understand the genomic basis of this amelanism in this species, we
sequenced the genomes of a M. auratus WT and AM individual at 49.4 and 24.9× coverage,
respectively. The inheritance of the trait suggested a Mendelian recessive basis, as AMs
produced only AMs and some of the WT pairs produced clutches of WT individuals with a
few AM individuals (quantification see below). To screen for putatively causal mutations,
we first screened for homozygote, AM‐specific non‐ and missense mutations that could
drive the loss of melanic pigmentation in AMs (Tables S1 and S2; detailed methods
described in Data S1). Because major effect genes controlling melanophore differentiation
and melanin synthesis have been comprehensively described (Braasch et al., 2007) and
have highly conserved functions across vertebrates (Fukamachi et al., 2004; Miller et al.,
2007), we focused on mutations that were located in known coloration genes (Fig. V.2A).
We

found

non‐synonymous

mutations

in

three

pigmentation

genes

including

phosphoribosylaminoimidazole carboxylase (paics), leukocyte receptor tyrosine kinase
(ltk), and the oculocutaneous albinism type 2 gene (oca2). Yet, all variable sites showed
also variation among closely related cichlid species (paics: T in Metriaclima zebra, C in
Astatotilapia calliptera; ltk: C in Metriaclima zebra, T in Astatotilapia calliptera; oca2: T in
Metriaclima zebra, C in Pundamilia nyererei), suggesting that they are commonly variable
within populations and between species and are not causally involved in the amelanism.

Fig. V.2 The genomic basis of amelanism in Melanochromis auratus. (A) Genome‐wide screen for non‐
/missense mutations and exon/gene loss reveals three coloration genes with non‐synonymous mutations (that
are however variable among cichlids) and one coloration gene, oca2, with exon loss. (B) Relative sequencing
coverage of AM (yellow) and WT (black) individuals at the oca2 locus identifies a 5.4‐kB deletion including exon
2 of oca2. (C) PCR validation of the deletion using primers specific for exon 2 sequence (bottom; only amplifying
in oca2WT/WT and oca2WT/AM) and specific for the deletion (bottom; only amplifying in oca2AM/AM and oca2WT/AM). (D)
Amelanism is a recessive Mendelian trait. All individuals homozygous for the deletion of exon 2 oca2AM/AM are
amelanistic, while oca2WT/AM and oca2WT/WT individuals have normal coloration. (E) PCR on cDNA confirms the exon
loss and ligation of oca2 exon 1 and 3 in AM individuals. (F) Alignment of the amino acid sequence translated
from exon 2 shows the loss of a highly conserved acidic di‐leucine motif in that constitutes the likely cause of the
amelanism of M. auratus.
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or exon loss of a coloration gene. To screen for such deletions, we compared the coverage
of all exonic sequences across the genome (Tables S3 and S4; detailed methods described
in Data S1). Only in one known pigmentation gene did we find such a deletion. The gene
oca2 lacked the second exon (relative coverage in WT: 0.9×; AM: 0×). This deletion
covered a total of 5.4 kb including exon 2 and parts of the flanking introns 1 and 2 (Fig.
V.2B). To confirm the association of the deletion with amelanism, we designed primers for
the deleted region (exon 2 specific primers, and primers flanking the deletion; Fig. V.2C).
Genotypes of 41 additional individuals (14 amelanistic individuals) from the same breeding
pool perfectly associated with the phenotype (complete penetrance; Fisher's exact test: p
= 2.8 × 10 ), with all WT individuals being positive, and all AM individuals being negative
−11

for the amplicon encompassed in the 5.4 kb region (Fig. V.2D). Phenotyping distribution
of the offspring of heterozygous individuals is also in accordance with the expected 1:3
ratio of a recessive Mendelian trait (two clutches, 4 AM: 17 WT; χ = 0.4, df = 1, p = 0.53).
2

Next, we tested whether the deletion resulted in a truncated mRNA or alternative splicing
event resulting in a fusion of exon 1 and exon 3. Therefore, we performed PCRs on cDNA
extracted from the eyes of WT and AM individuals using a forward primer in exon 1 and a
reverse primer in exon 6 (detailed methods described in Data S1). AM individuals had a
~100‐bp shorter band corresponding to the 96‐bp deletion of exon 2 (Fig. V.2E).
Heterozygote individuals (that showed the oca

WT/WT

phenotype) had as expected both the

normal band (oca allele) and the band lacking exon 2 (oca allele; Fig. V.2E). The second
WT

AM

exon of oca2 contains a previously described highly conserved acidic di‐leucine motif (Fig.
V.2F; Sitaram et al., 2009, 2012).
In summary, genome resequencing of amelanistic and wild‐type individuals of M. auratus
reveals a deletion of the second exon of oca2 as the likely cause of the amelanism. In the
past, oca2 has been associated with albinism in humans and mice (Brilliant et al., 1991;
Rinchik et al., 1993). In fact, in humans it is the most common cause of albinism and
hypopigmentation (oculocutaneous albinism type 2; Kromberg & Manga, 2018). More
recent findings support a similar and very conserved function across all vertebrates
including reptiles and teleost fishes. For example, CRISPR‐Cas9 mutants of oca2 in the
Mexican tetra, Astyanax mexicanus (Klaassen et al., 2018), spontaneous mutations in the
Medaka, Oryzias latipes (Fukamachi et al., 2004), or a truncation of the oca2 transcript in
the corn snake, Pantherophis guttatus (Saenko et al., 2015), result in similar amelanistic
phenotypes. The precise function and subcellular localization of Oca2 is still debated
(Sitaram et al., 2009). Oca2 is a 12‐transmembrane domain protein that localizes to
melanosomes where it is thought to be involved in the maturation and trafficking of
tyrosinase, one of the key enzymes of melanin synthesis (Sitaram et al., 2009; Kromberg
& Manga, 2018). Furthermore, it has been proposed to regulate tyrosinase activity via
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individuals of M. auratus, translates into parts of the cytoplasmic N‐terminal domain that
is crucial for trafficking of the protein from endosomes toward maturing melanosomes
(Sitaram et al., 2009, 2012). Moreover, the exon contains an acidic di‐leucine motif that is
a crucial signal for melanosome delivery (Fig. V.2F). Therefore, it can safely be assumed
that Oca2 is not able to localize normally to melanosomes, thereby blocking the melanin
synthesis pathway, which in turn results in the observed amelanistic phenotype. This
finding is also supported by the strong conservation of the complex molecular mechanisms
involved in Oca2 trafficking to melanosomes as it has been previously suggested (Sitaram
et al., 2009, 2012).
It is interesting that indications of the typical color patterns of M. auratus can still be found
in amelanistic individuals, including the white delineation of the mls in females, the
reduction in yellow/orange pigmentation in males (Fig. V.1F), and the more widespread
iridescent coloration in males (Fig. V.1H). As these patterns are usually generated and
maintained through interaction between different pigment cells including melanophores,
xanthophores,

and

iridophores

(Patterson &

Parichy,

2013),

this

suggests

that

melanophores might be still present and still, although now lacking melanin, contribute to
shaping of the conserved pigmentation pattern. This hypothesis is also supported by the
maintained expression of oca2 as well as similar observations in the corn snake, P. guttatus
(Saenko et al., 2015).
Because

cichlids

are

increasingly

used

for

studying

developmental

mechanisms

(Bloomquist et al., 2017; Woltering et al., 2018), also using transgenic reporter lines
(Juntti et al., 2013; Kratochwil et al., 2017), non‐melanic mutant lines are also a helpful
resource as they improve signal detection for in vivo imaging and staining methods that
are aggravated by melanic pigmentation. Amelanistic M. auratus might be therefore a
useful system for studying cichlid pigment pattern formation as well as the sexual
dimorphisms of M. auratus (Fig. V.1).
Through genome resequencing, we identified the likely causal genetic basis of amelanism
in M. auratus: the lack of the second exon of oca2, which contains a crucial motif for
trafficking to melanosomes and thereby results in a non‐functional Oca2 protein. This
species of cichlid fish is a suitable model for the study of pigment pattern formation as well
as for developmental research adding an ecologically and evolutionarily well‐established
species to the two classical model teleost species zebrafish and medaka.
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___________________________________________________________
General Discussion
___________________________________________________________
Main contributions
The studies in this thesis use state-of-the-art genomic approaches to shed light on the
genetic basis and evolutionary history of convergent phenotypes. The main focus of this
thesis is to elucidate how convergent phenotypes in both closely and distantly related
species originate, i.e. if the causal allelic variants are the same, and what the relative
importance of standing genetic variation versus de novo mutations is for the evolution of
convergent phenotypes.
In chapter V, we uncover the genetic basis of amelanism in an African cichlid species.
There, our finding that the second exon of oca2 is lost, which contains a motif previously
suggested to be crucial for Oca2 delivery to melanosomes, supports the highly conserved
involvement of oca2 variants in amelanism and albinism across vertebrates.
Similarly, our results reveal that a single gene, agrp2, is the major determinant of
horizontal stripe presence across species flocks of East African cichlids (chapter I). We
discovered a previously unknown function of agrp2 in the skin of cichlids, where it acts as
an antagonist for the melanocortin receptors Mc1r and/or Mc5r and thereby regulates the
appearance of stripes.
While the same gene is underlying the convergent evolution of stripe patterns, we find that
different allelic variants are associated with stripes in different East African radiations
(chapter II) resulting in differential expression of agrp2. Moreover, my colleagues and I
show that these allelic variants originate from standing genetic variation in the Lake
Victoria radiation and from de novo mutations in the Lake Malawi radiation.
These regulatory modifications fueled the repeated gain and loss of horizontal stripes in
East African cichlids (chapter IV). When we examined the agrp2 locus for further
characteristics which facilitate divergence in stripe patterns, we discovered several recent
duplications, insertions and deletions with a tandem duplication of the last exon varying
even within some species (chapter III).
Genetic basis of convergent phenotypes
Recent studies have led to a consensus that convergent phenotypes often reflect
evolutionary changes in the same genes (the concept of “evolutionary hotspots”, Gompel
et al., 2005; Martin & Orgogozo, 2013). However, many studies supporting this concept
heavily relied on a candidate gene approach, resulting in a bias and some difficulty in
interpreting the results due to an overestimation of the prevalence of genetic convergence
(Kopp, 2009; Stapley et al., 2010; Signor et al., 2016). For example, the gene Mc1r has
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leading to many studies looking exclusively at this gene and possibly overseeing other
genes involved in convergent phenotypes.
Moreover, there is evidence that convergence at the genetic level does not necessarily
involve convergence at other mechanistic levels (e.g. the mutation, Manceau et al., 2010;
Linnen et al., 2013; Rosenblum et al., 2014; Kratochwil et al., 2018). Yet, only very few
non-model systems have been studied in such detail that all levels of convergence can be
investigated.
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. To answer this question, it is important to have a clear understanding of the
genetic basis of convergent phenotypes. The studies presented in this thesis use novel,
unbiased analyses that do not require any a priori hypotheses to show that evolutionary
constraints often result in the same genes being associated with convergent phenotypes
in both distantly (chapters II & V) as well as closely (chapters I & II) related taxa. We have
shown that the horizontal stripe pattern with its well-resolved genotype to phenotype
connection is a well-suited model for understanding convergence at the phenotypic
(chapter IV), genetic (chapter I), and allelic level (chapters I & II) within the adaptive
radiations of cichlid fishes.
The comprehensive analysis of the horizontal stripe locus revealed that convergence at the
genetic level is not paralleled by convergence of the allelic variants since different
regulatory mechanisms are associated with stripe patterns in different adaptive radiations
(chapters I & II).
An important role of regulatory changes during evolution has been hypothesized by MaryClaire King and Allan Wilson 45 years ago (King & Wilson, 1975). The debate, if coding or
regulatory mutations are prevalent, continued (e.g. Carroll, 2005; Hoekstra & Coyne,
2007b; Wray, 2007) and was only settled with the advance of new genomic tools. It seems
that for many traits, such as stripe patterns, regulatory evolution is the underlying
molecular mechanism (e.g. Gompel et al., 2005; Steiner et al., 2007; Linnen et al., 2013;
Ordway et al., 2014; Kratochwil et al., 2018) suggesting that tinkering with the regulatory
machinery is important to fuel phenotypic diversification (Kratochwil & Meyer, 2015b; Villar
et al., 2015). For stripe patterns a possible reason why regulatory changes facilitate their
diversification could be that many coloration genes are pleiotropic with the expression of
melanin-based coloration often being linked to other aspects of an individual’s phenotype
(e.g. Mikkola & Rantala, 2010; Roulin & Ducrest, 2011; Almasi et al., 2012; Hanley et al.,
2013; Dreiss et al., 2016; Ibáñez et al., 2016; Rajpurohit et al., 2016; Roulin, 2016; SanJose et al., 2017). In zebrafish, the cichlid “stripe repressor gene” agrp2 has a described
function in the brain where it regulates background adaptation (Zhang et al., 2010).
Therefore, it is very likely that agrp2 also has pleiotropic effects in cichlids, that are not
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effect on a phenotype, can minimize pleiotropic effects (Shapiro et al., 2004; Linnen et al.,
2013).
The studies in this thesis support the notion that regulatory tinkering might have facilitated
the evolution of convergent phenotypes that characterize the East African cichlid
radiations.
The role of standing genetic variation and de novo mutations in speciation
In recent years many studies used whole genome sequencing to search for genomic
underpinnings that facilitate rapid species diversification. Evidence for the importance of
both genome-wide standing genetic variation (Feder et al., 2003; Rieseberg et al., 2003;
Xie et al., 2008; Han et al., 2017; Meier et al., 2017b; Nelson & Cresko, 2018; Svardal et
al., 2019) and de novo mutations (Dobler et al., 2012; Zhen et al., 2012; Stern, 2013) as
an important source of genetic variation for speciation is accumulating. It is expected that
diversification proceeds faster if the underlying source of genetic variation is standing
genetic variation, and the fixation of de novo mutations results in a slower diversification
process (Barrett & Schluter, 2008; Hedrick, 2013; Marques et al., 2019).
To understand if adaptation utilizes pre-existing genetic variation or if it requires new
mutations to arise, it is important to have a clear genotype to phenotype connection to
test for the relative importance of these two alternatives (standing genetic variation vs. de
novo mutation). Such insights are valuable because they provide unique insights into the
process of species diversification (Arendt & Reznick, 2008; Elmer & Meyer, 2011;
Rosenblum et al., 2014). Still, there are only few recent examples with a clear genotype
to phenotype connection such as beak size in Darwin’s finches (Lamichhaney et al., 2016),
wing pattern in Heliconius butterflies (Lewis et al., 2019), and wing length in saltmarsh
beetles (Belleghem et al., 2018), which further support the importance of standing genetic
variation for speciation.
Because of their explosive speciation rates and multiple adaptive radiations of different
sizes and ages cichlids are a great model system for studies on diversification (Salzburger
& Meyer, 2004). In chapter II, we use the horizontal stripe pattern, with its well-resolved
genotype-phenotype connection, and find that both standing genetic variation and de novo
mutations are important sources of phenotypic diversification. We find that ancestral
standing genetic variation is more important in the recent (15.000 - 100.000 years)
divergence of stripe patterns in the adaptive radiation of Lake Victoria cichlids and de novo
mutations in the older (2 - 4 Mya) radiation of Lake Malawi.
This finding is in line with several recent studies across a wide range of study systems
suggesting that rapid speciation often involves ‘old genetic variants’ upon which selection
can act (Belleghem et al., 2017, 2018; Han et al., 2017; Cameron & Whitfield, 2019;
Edelman et al., 2019; Jiggins, 2019; Lewis et al., 2019; Marques et al., 2019), and adds
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suggests that standing genetic variation might be more important at promoting the onset
of adaptive radiations while de novo mutations come into play at later stages of
diversification.
The importance of convergent phenotype functions
Similarly appearing phenotypes do not necessarily fulfill the same function. Especially when
discussing the genetic basis of convergent phenotypes, it is important to realize that
phenotypes appearing similar to the human eye can have different functions and be
produced differently in different species. This calls into question if similarly appearing
phenotypes have the same genetic basis and are truly convergent. Fluorescent patterns
for instance have been demonstrated to aid survival of corals in sun-exposed environments
by being photoprotective (Salih et al., 2000). Yet, it was also shown that fluorescent
patterns are an important trait in mate choice in parrots (Arnold et al., 2002). While the
causal mechanism is unknown it is unlikely that fluorescent patterns serving different
functions have the same genetic basis across these distantly related taxa.
Analogously, not all stripe patterns are the same and have the same function. Although
my colleagues and I have shown that the genetic basis of horizontal stripes is the same
across distantly related species of cichlids, several hypotheses have been proposed for the
adaptive value of stripe patterns. For example, background matching (Longley, 1916;
Thayer, 1918; Cott, 1940; Stevens & Merilaita, 2009), social signaling (Barlow, 2008), and
communication of motivational status (Van Alphen, 1999). In chapter IV, my colleagues
and I report a correlation between body depth and stripes. Such a correlation has so far
only been shown in lizards where stripes serve an optical illusion called motion dazzle.
Taken together, it seems likely that the convergent stripe pattern serves different functions
in different species of cichlids. Yet, the genetic basis is the same with different allelic
variants being associated with the presence of stripes.
It was argued that natural selection is a primary determinant of convergent phenotypes
that have a shared genetic basis (Rosenblum et al., 2014). The dynamics of natural
selection determine whether populations are evolving toward phenotypically similar
adaptive optima. By knowing the function of convergent phenotypes, we can often assume
a shared molecular basis. Studies incorporating both the phenotype function and the
molecular basis of convergent phenotypes thus allow us to make predictions about
conditions that promote evolutionary predictability at the molecular level.
Evolutionary convergence versus contingency
Understanding what aspects of evolution are predictable, and repeatable, is a central goal
of evolutionary biology (Rosenblum et al., 2014). More than 30 years ago it has been
argued that contingency plays a major role in macroevolutionary patterns and that
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- General Discussion evolution is therefore unpredictable (Gould, 1989). The convergent evolution of similar
traits, however, challenges this view. A possible reason for this might be a constraint in
gene networks that control the development of a trait which has led to the same gene
being reused during the evolution of several phenotypes (e.g. Eizirik et al., 2003; Steiner
et al., 2009; Gross & Wilkens, 2013; Kratochwil et al., 2019). The potential sources of
evolutionary constraint leading to convergence at the gene level include pleiotropy of genes
and mutations (e.g. Wittkopp & Beldade, 2009), biases in development (e.g. Kavanagh et
al., 2013), or functional considerations (e.g. Feldman et al., 2012).
In chapters I and II, we uncovered that regulatory evolution of a single gene results in the
repeated evolution of stripe patterns across cichlid adaptive radiations. In chapter IV, we
showed that horizontal stripes are an evolutionary labile trait and were gained and lost
repeatedly within short evolutionary timespans. Our results show that if the expression of
a gene like agrp2 is close to a critical threshold, that determines the presence or absence
of a trait, this trait is likely to be gained and lost rapidly over short evolutionary periods.
The simplicity of such a threshold mechanism suggests that if the evolution of cichlid
adaptive radiations would repeat itself, the phenotypic results might be remarkably similar
with striped and nonstriped cichlids evolving repeatedly. Thus, cichlids challenge the view
that evolution is unpredictable (Gould, 1989).

Conclusion
The 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. It was suggested that a combination of forces causes the explosive speciation
rates of cichlids (Kocher, 2004). I have shown that a combination of convergent
phenotypes (chapters I & V), convergence at the gene level (chapter I), functional
convergence of genes (chapters I & II & V), a role of standing genetic variation (chapter
II), and potentially hybridization (chapter II) is driving phenotypic divergence and thus
support the view that a combination of factors determines the evolvability of East African
cichlid fishes.
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Appendix
Supplementary information to Chapter I
Materials and Methods
Experimental crosses and quantification of stripes
Victoria mapping panels were obtained by hybridizing a Pundamilia nyererei male and
Haplochromis sauvagei female (hybrid cross 1, described in (Henning et al., 2017) and a
P. nyererei female and a H. chilotes male (hybrid cross 2, described in . The Lake Malawi
species cross included a Pseudotropheus demasoni female and P. cyaneorhabdos male
(hybrid cross 3). Species pairs were chosen, as they clearly differed in stripe patterns and
gave fertile offspring (Henning et al., 2017). Cichlids were obtained from commercial
breeders and maintained by full-sibling mating in the animal research facility of the
University of Konstanz. To initially form the crosses one male was kept together with five
females of the other species. Upon successful fertilization, male and fertilized female were
isolated. F1s were raised until sexual maturity and breeding groups were then assembled
(6-9 month). Fry of the F1 hybrids (F2 individuals) were isolated and raised under identical
conditions.
Horizontal stripes of hybrid cross 1 and 2 were treated as a binary trait (not striped 0,
striped 1). Photographs were taken under standardized conditions. Briefly, individuals were
anesthetized with MS-222 (Sigma) and subsequently photographed on a copy stand in
lateral view. For hybrid cross 1 and 2, QTL mapping and map construction was conducted
with R/qtl (Broman et al., 2003). Linkage groups were renamed to match the Oreochromis
niloticus genome (Brawand et al., 2014) and therefore differ from previously used names
(Henning et al., 2014). For this, we used the scanone function with a binary model.
Chromosome- specific and genome-wide significance thresholds were determined using
permutation tests (1000 permutations). Thresholds were set at a value of P = 0.05. The
max. LODs on Chr.18 were >33 for Pnye/Hsau and >16 for Pnye/Hchi. For the Lake Malawi
hybrid cross, as Pcya and Pdem are relatively dark and treatment with MS-222 disperses
melanophores, the same type of documentation would have made the scoring of stripe
patterns quite unreliable. Therefore, Malawi specimens were photographed in a purposebuilt chamber (small aquarium of 25cm length × 10cm height × 5cm depth within white
photography tent with black ground) using a Canon 7D with a 100mm objective.
Photographs were taken at 3-4 months of age, at a time when both of the parental species
already exhibit their adult pigmentation patterns. Stripes in the Malawi F2 were quantified
in three different ways. First, as a binary trait with individuals completely lacking stripes
scored as 0, all other individuals as 1 (221 nonstriped; 49 striped individuals). Second, as
an ordinal trait whereby we focused on the clearly defined midlateral stripe and scored
individuals as 0 (non- striped; 49 individuals), 1 (partially striped or interrupted stripe;
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- Appendix 132 individuals) and 2 (full and continuous stripe; 89 individuals). And third, a quantitative
measurement, where we first used Fiji/ImageJ to draw a line from the operculum to the
caudal peduncle and measured the percentage of this line that was melanic (called relative
stripe coverage). We then plotted the log2 of the relative stripe coverage against the
genotypes of the agrp2 locus. It has to be noted that the quantitative measurement (in
contrast to the phenotyping as an ordinal trait) was influenced by the number and size of
bars that were crossed by the line. Also, phenotyping as binary trait was not particularly
appropriate as almost 50% of the individuals had intermediate phenotypes. Consequently,
we used the ordinal phenotyping for all analyses except Fisher’s exact test. Logistic,
ordered logistic and linear models as well as Nagelkerke and CoxSnell pseudo R2s (Study,
2010; Chettier et al., 2015) were calculated in R using the packages “DescTools” and
“MASS”.
Fine-mapping
To narrow down the causal interval for the presence of stripes in the Pnye and Hsau hybrid
cross, we screened for F2 individuals with recombination breakpoints between the ddRAD
markers with the previous highest associations (RAD_84385 and RAD_90805; distance
~600kb (Henning et al., 2014). Four informative recombinants (Fig. SI.1) were found that
were subsequently genotyped for microsatellites located within the interval (MS03, MS05,
MS06, MS07). We concluded that the causal interval must be between MS03 and MS06 but
had two more recombinants (F2_Rec03 and F2_Rec04) within this interval (~80kb) that
allowed further finemapping. Since we found no more informative microsatellites within
the interval, we continued using Sanger sequencing to narrow down the causal region. The
final breakpoints identified flanked a quite small, ~25kb interval that included agrp2 and
MS05. Primers for microsatellite amplifications (P005-P012) and flanking SNPs (P013P018) are listed in Table SI.5.
Population mapping
For population mapping, we used DNA extracted from wild-caught samples of Pnye, Hsau
and Hchi that were collected in Lake Victoria as previously described (Verheyen et al.,
2003; Elmer et al., 2009a; b). Additionally, we also included DNA from one sample for
each species from our stocks as well as the genome sequence of Pnye (Brawand et al.,
2014) SNPs were genotyped using PCR amplification followed by Sanger sequencing and
assembled to the reference that was extracted from the Pnye genome (Brawand et al.,
2014). Gaps of the genome assembly were filled using Sanger sequencing reads from the
Pnye QTL parent of the Pnye/Hsau cross and the resulting 25kB scaffold was used as a
reference. Primers for amplification and sequencing can be found in Table SI.5 (P0019P213). After alignment of the Sanger reads to the reference (using Geneious 10.0.9), we
extracted consensus files and produced variant files using custom scripts to perform
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Fisher’s exact tests. We excluded variants with genotyping information from less than 10
individuals and SNPs that had more than two alleles or SNPs with minor allele frequencies
lower than 15%. Association was calculated using Fisher’s exact test and visualized by
plotting log-transformed P-values. Because the number of sequenced individuals differed
per SNP (10-26 individuals per species per SNP), genotypes were resampled 1000 times
for 10 randomly selected individuals and average P-values were plotted for every SNP to
obtain comparable P-values across the interval. The total number of SNPs were 200 for the
Pnye/Hchi comparison and 393 for the Pnye/Hsau comparison.
Genotyping of Pseudotropheus demasoni and P. cyaneorhabdos
To associate the stripe phenotype with the Lake Malawi agrp2 locus, we tested if we could
use one of the microsatellite markers used for the Pnye/Hsau hybrid cross for genotyping
the parents of the cross. MS05 (Fig. SI.1) was found to be within the interval (first intron
of atp6V0d2) and showed a length polymorphism (Pdem female: 322/330; Pcya male:
250/266) and was therefore used for genotyping the F2 individuals (Primers P007 and
P008, Table SI.5).
RNA extraction
To examine the expression of genes in different tissues, muscle, liver, eyes, brain and skin
tissue were dissected and kept in RNAlater (Invitrogen) at 4°C overnight and then
transferred to - 20°C for long-term storage. Tissues were taken from species obtained from
cichlid importers. RNAlater was removed prior to homogenization. Skin samples and the
appropriate amount of TRIzol (Invitrogen) (1ml TRIzol per 0.1g sample) were homogenized
in 2ml Lysing Matrix A tube (MP Biomedicals) using FastPrep-24 Classic Instrument (MP
Biomedicals). RNA was extracted according to the manufacturer’s recommendations
(Invitrogen) with an additional wash step with 75% Ethanol. Subsequent purification and
on-column DNase treatment was performed with the RNeasy Mini Kit (Qiagen) and RNaseFree DNase Set (Qiagen). For all species comparisons, we extracted RNA from whole trunk
skin biopsies of one side unless otherwise indicated. For comparison between stripes, bars
and interstripe and interbar region we sampled the whole pigmented/non-pigmented
region. Other organs were extracted using RNeasy Mini Kit (Qiagen) and digested DNA on
column by RNase-Free DNase Set (Qiagen) according to the manufacturer’s protocol.
Following extraction and purification, RNA was quantified using Qubit RNA HS Assay Kit
(Invitrogen) with Qubit Fluorometer (Life Technologies).
Quantitative reverse transcription PCR (RT-qPCR) and reverse transcription PCR
(RT-PCR) Gene expression analyses were performed on skin, muscle, intestine, liver, eye
and brain samples. First strand cDNA was synthesized by using 1μg of total RNA with a
GoScript Reverse Transcription System (Promega). qPCRs were performed with 2μl of
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volume as a template, 10pmol of each forward primer and reverse primer, and GoTaq qPCR
Master Mix (Promega) with nuclease- free water to make the final volume of 20μl in a 96well plate. Primers for agrp2, agrp1, asip1, asip2, atp6V0d2 and unk are listed under P214P227 in Table SI.5. We used 40 cycles of amplification on a CFX96 Real-Time PCR
Detection System (Bio-Rad). The amplification program was: initial denaturation at 95°C
for 10 min, 40 cycles of 95°C for 20s, 60°C for 60s. At the end of the cycles, melting curves
of the products were verified for the specificity of PCR products. Only samples with one
peak in the melting curves were processed to analyses. Prior to performing the qPCRs, we
tested different housekeeping genes (β-actin, gapdh, rpl8, b2m and ef1a; primer P228P237, Table SI.5) on samples from Pnye, Hsau, Mzeb and Nbri. We used NormFinder to
choose the best reference gene. β-actin, gapdh and rpl8 showed similar and low stability
values and strong correlations, while b2m and ef1a were high and showed poor
correlations. We assayed gene expression in triplicate for each sample and normalized the
data using the housekeeping gene β-actin (Primer P228 and P229, Table SI.5). Ct values
were defined as the point at which fluorescence crossed a threshold (RCt) adjusted
manually to be the point at which fluorescence rose above the background level. Next, we
compared the relative expression between samples using the 2-∆∆CT method (Nolan et
al., 2006). For the comparative analysis of agrp2 expression we additionally sequenced the
primer binding sites (P020 and P024, Table SI.5), which were almost fully conserved
across all 25 analyzed species. For the 24 species comparisons, we independently extracted
left and right skin of three individuals (in total 6 samples per species). Two species had
base-pair substitution within the primer site of the reverse primer (Ncyl had two, Ncau
one). We confirmed that this SNP has no significant effect on qPCR results by comparing
results from qPCRs using reverse primers for each sequence (P215 and P216, Table SI.5)
as well as a degenerated primer (P217, Table SI.5). Results from both Ncyl (P = 0.999)
and a species with the other variant Jmar (P = 0.406) showed no significant differences.
Furthermore, both species lack stripes. Therefore, even if the real expression levels of
agrp2 are higher in those species, it would strengthen the support of our hypothesis that
a lack of stripes is linked to high agrp2 expression. For pairwise comparisons of gene
expression significance tests were performed using Welch’s two-sample t-test. For group
comparisons we used ANOVA followed by Tukey’s HSD. Phylogenetic comparisons were
performed using phylogenetic ANOVA (see above). All statistical tests were performed in
R. In Fig. I.2D and Fig. SI.4A expression is shown as fold-change relative to the mean of
Hsau skin expressions, in Fig. SI.4B relative to the genotype with the lowest expression
and in Fig. I.3B and Fig. SI.14 relative to mean of whole skin Hsau skin expression.
For RT-PCR, cDNA was synthesized as described above. PCR was performed using
DreamTaq DNA Polymerase (Thermo Fisher Scientific) using the same primers as above
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30sec, 60°C for 30sec, 72°C for 1min 30sec, final extension at 72°C for 7min.
Sequencing of enh.a
The region enh.a (agrp2 enhancer) was sequenced in all 24 species that were used for
analyzing agrp2 expression, in the parents of all three hybrid crosses (6 individuals), in 10
population samples for Hchi, in 25 population samples for Pnye and 21 population samples
for Hsau (see above) and in 3 additional species (see Fig. SI.12). The sequence was
amplified with P103 and P203 (and sequenced with P103, P203 and P068) and P238 and
P239 (and sequenced with P238, P239 and P068; Table SI.5).
Phylogenetic association between agrp2 expression and stripes
To examine the evolutionary association between agrp2 expression and the presence of
stripes, phylogenetic relationships among 24 focal cichlid species that either possess or do
not possess stripes from Lakes Victoria, Malawi and Tanganyika were reconstructed.
Oreochromis niloticus was also included as an outgroup to these species (Brawand et al.,
2014). Evolutionary relationships were estimated in a species tree framework using three
data sets. First, we estimated the species tree with six loci including ND2, mitfa, mitfb,
lws, s7, and rag1. This phylogenetic data matrix of 3474 bp was composed of genetic
information available from GenBank combined with newly generated Sanger sequences
(using P240-P251, Table SI.5) that were used to reconstruct the species tree of these
species in BEAST (Bouckaert et al., 2014). This analysis was run five times for 20 million
generations each and we discarded the first 10 million trees as burn-in. Because mitfa,
mitfb, and lws have the potential to be involved in cichlid color pattern evolution, we also
excluded these three loci and reran all of our phylogenetic analyses similarly five times,
with 20 million generations each, and a burn-in of the first 10 million trees from each run.
Additionally, to obtain an independent phylogenetic hypothesis for testing associations
between agrp2 expression and the presence of stripes, we constructed a phylogenetic
matrix for 21 of the same species using genomic sequences of 30 additional genes (arnt,
azin1a, bcanb, bmp4, cspg5a, ctnnb1, dlx1a, dlx2a, dlx3b, dlx4a, dlx4b, edn2, fzd6, irx1a,
irx2a, irx4a, isl1, myg1, ndrg1b, nrp2b, ntrk1, osr2, pitx1, pitx2, pitx3, shh, smo, sostdc1a,
tuft1a and wnt4b) from published genomes (Brawand et al., 2014; Meier et al., 2017a;
Malinsky et al., 2018) as well as from target enrichment data. Target enrichment data was
produced using customized 120nt baits with ~3x flexible tiling density for each targeted
genomic region from the O. niloticus (NCBI: GCA_000188235.1) genome. DNA was either
extracted from muscle tissue or from fin clips stored in EtOH following the DNeasy blood &
tissue protocol (QIAGEN) or Genaxxon Genomic DNA Purification Mini Spin Column Kit
(Genaxxon Bioscience GmbH), respectively. Before lysis the tissue was incubated in TE
buffer (pH 9) to reduce ethanol contamination. Lysis was followed by addition of RNAse for
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spectrophotometry Qubit (Invitrogen) and DNA was checked for degradation on a 1 %
agarose gel (85V for 40 minutes). For library preparation, we used the Illumina TruSeq
Nano HT Library preparation kit (Illumina Inc.) following the manufacturer’s guidelines. All
samples were run on a Bioanalyser 12000 Chip to assure a high quality of DNA libraries
and

afterwards

amplified

using

PCR.

We

followed

the

MYBaits

manual

v3

(http://www.mycroarray.com/pdf/MYbaits-manual-v3.pdf) and hybridized the probes at
65°C for 22 hours. Finally, all sample were checked on a Bioanalyser HS chip before
sequencing. Probes were sequenced in paired-end mode on a HiSeq 2500 system. To
process the data, we trimmed Illumina adapters from the raw fastq reads using picard
(http://broadinstitute.github.io/picard) and mapped the samples to the Oreochromis
niloticus genome v1 (NCBI: GCA_000188235.1) using bwa mem v0.7.12 (http://biobwa.sourceforge.net) (Li & Durbin, 2009). The consensus sequences of coding regions
were extracted using samtools (Li et al., 2009), aligned using MAFFT version 7 (Katoh &
Standley, 2013) and manually trimmed to the Oreochromis niloticus coding sequence
annotation of Ensembl (Orenil1.0) using Geneious® 10.2.3.
All post burn-in species tree MCMC were checked for convergence initially using the
stabilization of trace plots. We also examined the effective sample size of the likelihoods
of each gene tree analysis remaining post-burn-in using Tracer v1.5 (Bouckaert et al.,
2014) to ensure values were over 200 and the MCMC chains converged to a stationary
distribution. To visualize the general patterns recovered from these analyses, 100
randomly drawn post burn-in trees from the six loci, ND2, mitfa, mitfb, lws, s7, and rag1,
species tree reconstruction (Fig. I.3) was depicted using Densitree (Bouckaert, 2010).
Then, using 100 randomly drawn phylogenies from each of the combined post burn-in
distribution of trees for the three separate species tree reconstructions, we performed
three sets of phylogenetic ANOVAs as implemented in the R package phytools (Revell,
2012) on the relationship between the presence of stripes and the relative expression of
agrp2. As the individuals of Placidochromis johnstoni that we used for gene expression
analysis and of which one representative is shown in Fig. SI.11 have a small thin stripe in
the dorsal, most anterior skin we also reran the analyses to test if a mis-assignment of P.
johnstoni breaks the general association, which was not the case (P = 0.00103).
The gene tree for the agrp2 enhancer (enh.a; see under ‘Sequencing of enh.a’) for
the same 24 Great Lake cichlid species examined for the association of agrp2 expression
and the presence of a stripe as well as Oreochromis niloticus was reconstructed in BEAST.
Analyses of relationships were run five times for 20 million generations each to infer the
locus history and discarded the first 10 million generations from each run as burn-in
samples. We then combined the post burn-in trees to estimate the posterior probabilities
of nodes subtending the 24 Great Lake cichlids for this single locus.
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In situ hybridization was performed as previously described (Meglio et al., 2013). Briefly,
dissected skin and muscle tissue was fixed in 4% PFA in phosphate buffer (PBS 1x)
overnight. Tissues were cryoprotected in 30% sucrose (Sigma) / PBS 1x and embedded in
gelatin 12.5% (Sigma) / 30% sucrose / PBS1x before being frozen at -80°C. Cryostat
sections (20 μm) were cut on a Microm HM500 OM in coronal orientation. Sections of both
species were mounted on the same slide to avoid unspecific differences in staining and
kept at -80°C prior hybridization. For in situ hybridization slides were air-dried for 30min
fixed in 4% PFA in PBS for 10 min. After several washes in PBS, slides were acetylated in
acetylation solution (0.35% acetic anhydride, 0.1M triethanolamine, pH 7.4) before
hybridization at 72°C. Antisense riboprobes (agrp2) labeled with digoxigenin(DIG)-11-dUTP (Roche) was denatured (200ng/ml) in the hybridization buffer (50% deionized
formamide, 1x Salts, 10% dextran sulfate, 1mg/ml tRNA, 1x Denhart’s). The 548bp agrp2
probe was cloned using primers P252 and P253 (Table SI.5). Next, slides were washed in
washing solution (0.2x SSC, 50% Formamide, 0,1% Tween 20) and MABT (pH 7.5) (NaOH
200mM, Maleic acid 100mM, NaCl 150mM, Tween 0.1%). They were then blocked in 2%
blocking reagent (Roche) in MABT for 2 hours and incubated overnight with anti-DIG
antibody conjugated to peroxidase (1/1,000; Roche). After several washes in TBST (pH
7.5), the peroxidase activity was detected using 1/50 Cyanine 3 Plus Amplification Reagent
in 1X Plus Amplification Diluent of TSA Plus Cyanine 3 system (PerkinElmer) for 45 min.
The development was quenched by 2% hydrogen peroxide in TBST (pH 7.5). The slides
were counterstain with 4’,6-Diamidino-2- phenylindole dihydrochloride (DAPI) (1/5000;
Sigma) in PBS before we mounted the slides in Mowiol mounting medium (Sigma).
Photographs were taken with a ZEISS LSM 880 laser scanning microscope with Airyscan
detector (Fig. SI.4G) or a Leica DM6B microscope with a Leica DFC3000G camera (all
other images).
Molecular cloning
To obtain the reporter assay constructs, target elements were cloned into a Tol2 vector
(Kwan et al., 2007) containing GFP and a minimal promoter sequence (minP) as previously
described (Meglio et al., 2013). For PCR amplification primers with restriction enzyme
overhangs for XhoI and EcoRI were used (P254 and P255; Table SI.5). Both vector and
amplicons were cut with both enzymes, purified, ligated and transfected into JM109
competent cells (Promega). Successful cloning was confirmed using restriction digest
analysis and Sanger sequencing. DNA for microinjection was purified using Plasmid Midi
Kit (Quiagen) and eluted using RNAse-free water.
Microinjection and analysis of transgenic animals
Microinjections were performed as previously described (Fisher et al., 2006; Kratochwil et
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concentration 125 ng/μl), 0.5μl Phenol Red (2% in H2O) and 7.5 μl RNAse-free water.
Zebrafish embryos were raised in 15cm petri dishes and analyzed five days after
fertilization. Photographs of all embryos were taken with the same settings under a
stereomicroscope (Leica MZ10 F with Leica DFC3000G camera) and a GFP filter.
Quantifications were performed in Fiji by selecting the whole trunk with the freehand
selection function and measuring the average intensity of the area using the measure
function. We quantified F0 and not stable F1 embryos to control for position effect variation.
All embryos (including negative embryos) were included in this analysis to fully account for
the mosaicism of F0 individuals. Values were plotted in R and statistics were performed
using Kruskal-Wallis rank sum test (P < 0.001) followed by Dunn’s test (enh.a_Pnye::GFP
vs enh.a_Hsau: P < 0.001; enh.a_Pnye vs ctrl_Pnye P < 0.001; ctrl_Pnye vs enh.a_Hsau:
P < 0.001). As an additional statistical test, we log2-transformed the average intensity to
reach normality (Shapiro-Wilk test on log transformed data: all P > 0.05) and used an
ANOVA (P < 0.001) followed by Tukey HSD (enh.a_Pnye::GFP vs enh.a_Hsau: P < 0.001;
enh.a_Pnye vs ctrl_Pnye P < 0.001; ctrl_Pnye vs enh.a_Hsau: P < 0.001). Embryos
injected with enh.a_Pnye vs enh.a_Hsau were raised and outcrossed to wildtypes. A
representable F2 transgene for each of the transgenic lines, tg(enh.a_Pnye::GFP) and
tg(enh.a_Hsau::GFP) as well as a non-transgenic larva was imaged at five days post
fertilization under a Leica DM6B with Leica DFC3000G camera and a GFP filter.
CRISPR-Cas9
gRNAs target sequences in Pnye agrp2 exons 1, 2 and 3 were identified using CHOPCHOP
with the Astatotilapia burtoni genome as reference for off-target sequences (Montague et
al., 2014; Labun et al., 2016). We designed two gRNAs in exon 1 (gRNA #1 and #2), two
gRNAs in exon2 (gRNA #3 and #4) and one gRNA in exon3 (gRNA #5). The PCR primers
for gRNA design are given in table S5. gRNAs were synthesized following Varshney et al.,
2015, using Sp6 and T7 polymerases for different gRNAs depending on their 3’ sequence
(indicated in Table SI.5). Embryos were injected at the 1-4 cell stage with approximately
1-2 μl of a mixture of three gRNAs at a concentration of 20ng/μl each, supplemented with
0.05ng/μl CAS9 protein (NEB M0646T). Two injection mixes were used; one containing
gRNAs #1, #3, #5 and one containing gRNAs #2, #4. Mutants CRISPR_mt_03, _04 were
injected with gRNA mix (#1, #3, #5), CRISPR_mt _01, _02 with gRNA mix (#2, #4).
Photographs were taken at 2 months in the above described photography chamber (Fig.
I.2G and H and Fig. SI.10; CRISPR_mt_04 had stripes but died for unknown reasons
before we took photographs). For genotyping, DNA was extracted from fin clips using salt
extraction. Exons were amplified using Primer P277 to P284 (Table SI.5). To confirm the
individual knockout genotypes PCR Fragments were cleaned up using Zymo DNA Clean &
ConcentratorTM-5 Kit and cloned into pGEM Vector using the standard protocol. PCR
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sequenced using standard sequencing protocols with primer P276 (Table SI.5). Sequences
were aligned in Geneious® 10.2.3 to check for mutations. We found mutations in all
individuals with 98% of the clones having mutations (17/19 for gRNA_01, 15/15 for
gRNA_02, 13/13 for gRNA_03, 31/31 for gRNA_04 and 11/11 for gRNA_05), suggesting
that most of the cells carry in fact mutations many of them inducing frameshifts or early
stop codons (79%, 73%, 92%, 35% and 73% for the respective gRNAs; Table SI.1).
Experiments were approved by the German authorities (Permit of the Regierungspräsidium
Freiburg, G-17/85).

Supplementary Text
Extended phenotype description
Melanic horizontal stripe patterns can be found in several lineages of African cichlids
including the Lake Malawi (Fig. I.1K and L) and Lake Victoria radiations of haplochromine
cichlids (Fig. I.1C and D) as well as several lineages of Tanganyika cichlids (Fig. I.1G and
H). Based on previous phylogenetic reconstructions it is clear that horizontal stripes have
evolved and been lost repeatedly within these cichlid radiations (Seehausen et al., 1999;
Stiassny & Meyer, 1999). In most Rift Lake cichlids, stripe patterns are composed of both
a dorsolateral stripe running from the head region towards the posterior end of the dorsal
fin and a midlateral stripe that starts at the operculum and runs to the base of the caudal
fin (Fig. I.1A, C, D, G, H, K and L). In some species, stripe patterns deviate from this
stereotypic pattern that can also vary between sexes and during ontogeny. Several cichlids
also exhibit context-dependent chromomotor flexibility that allows stripe patterns to
intensify or fade to putatively better match the background or to communicate motivation
in social and sexual contexts (Fernald, 2012; Nilsson Sköld et al., 2013). Stripe patterns
are suggested to have adaptive significance in a range of vertebrates and are implicated
in species recognition and intraspecific communication (Kelley et al., 2013), camouflage
through disruptive coloration (Phillips et al., 2017), and motion camouflage through
manipulating speed perception of moving individuals (Murali & Kodandaramaiah, 2017).
Bar and stripe patterns might be alternative strategies and have been associated to ecology
and behavior. While stripes have been shown to evolve with piscivorous feeding and
shoaling, bars are often found in species that inhabit rocky habitats and vegetation
(Seehausen et al., 1999). Presence or lack of stripe (and bar) patterns might therefore
play a number of adaptive roles throughout ontogeny, between the sexes, as plastic
responses to the environment, and during interspecific interactions, and all of these
putative functions of color patterns may have contributed to the exceptional rates of cichlid
diversification (Meyer et al., 1990; Seehausen et al., 1999; Kocher, 2004).
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Throughout the manuscript we use species abbreviations to improve readability (Pnye
instead of Pundamilia nyererei). Several of the analyzed species have different names
across the literature. Because no commonly accepted taxonomy of cichlids is available, we
relayed on the classification of the ‘Catalog of Fishes of the California Academy’ (Fricke, W.
N. Eschmeyer, R. Fricke, R. van der Laan, Eds., n.d.). In brief, Pundamilia nyererei and
Pundamilia pundamilia are also referred to as Haplochromis nyererei and Haplochromis
pundamilia. Haplochromis sauvagei is also referred to as Paralabidochromis sauvagei,
Ctenochromis sauvagei or H. spec. ‘rockkribensis’ (Seegers, 2008). Haplochromis chilotes
is also referred to as Paralabidochromis chilotes. Pseudotropheus cyaneorhabdos is
sometimes referred to as Melanochromis cyaneorhabdos, Haplochromis latifasciatus as
Astatotilapia latifasciatus, Maylandia zebra as Pseudotropheus zebra and Lamprologus
multifasciatus as Neolamprologus multifasciatus. Strictly, Haplochromis latifasciatus is not
a cichlid from Lake Victoria, but from Lake Kyoga that is connected to the Lake Victoria
basin and the species can be considered as part of the Lake Victoria ‘superflock’ (Verheyen
et al., 2003).
Additional analyses of Lake Victoria QTLs and populations samples
As reported in the main text, we mapped stripes in a second cross involving the same
nonstriped species, Pnye and a second striped species, Haplochromis chilotes (Henning et
al., 2017). Stripes mapped to the same position providing further evidence that horizontal
stripes map to this interval. As in the first cross (Henning et al., 2017), stripes were
recessive and the F2 distribution did not differ from 3:1 Mendelian proportions (χ2 =
0.5291, d.f. = 1, P = 0.467).
To exclude ‘causal’ differences in the coding sequence of the parental individuals
we re- sequenced all gene-coding regions (agrp2, atp6V0d2, unk) within the interval (Fig.
SI.2) and revealed only a single non-synonymous substitution in agrp2 and no new
start/stop codons. The non-synonymous mutation was neither fixed in populations of Hchi,
that always exhibit stripes, nor was it associated with striped versus nonstriped phenotypes
in several closely related Lake Victoria species (Fig. SI.2).

In

an effort to identify the causal interval affecting both agrp2 expression and stripe
phenotype, we sequenced the agrp2 locus in population samples of the three species from
our hybrid crosses (all n≥10). This allowed us to screen for alternatively fixed variants that
are fully associated with the stripe phenotype. Pairwise comparisons of two striped species
(Hsau or Hchi) with the nonstriped Pnye showed that the agrp2 locus exhibits speciesspecific and alternatively fixed mutations (Fig. SI.7). In the Pnye – Hsau comparison,
alternatively fixed variants spanned an interval of ~11kb (Fig. SI.7). All alternatively fixed
variants of the Pnye – Hchi comparison were contained in an 1.1kb interval that overlapped
with the 11kB interval of the Pnye – Hsau comparison (Fig. SI.7). This interval was located
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candidate region for regulatory elements controlling agrp2 expression.
Additional test for comparative gene expression analysis#
For the comparative gene expression analysis our aim was to sample (obtainable) species
that were phylogenetically disparate as possible across the radiations of Lake Tanganyika,
Malawi and Victoria and to focus on species with the stereotypic stripe pattern (continuous
dorsolateral and midlateral stripe) and individuals lacking these stereotypic patterns (in
the best case without any pattern remotely similar to horizontal stripes). Individuals of
Placidochromis johnstoni and of which one representative is shown in Fig. SI.11 have a
small thin stripe in the dorsal, most anterior skin. After detailed examination of the
specimens we obtained, it was in our opinion reasonable to classify P. johnstoni as
nonstriped (in particular as we were not able to obtain another more clearly nonstriped
Non-Mbuna Malawi cichlid). The observation that other individuals/populations of P.
johnstoni indeed show more pronounced stripe patterns is very interesting and has been
also reported by Ad Konings (Konings, 2007). In fact, it might suggest that stripes (and
the underlying genomic basis) are polymorphic within P. johnstoni (i.e. standing genetic
variation and/or introgression of stripe alleles). To confirm that a potential mis-assignment
of P. johnstoni would not break the general association, we classified P. johnstoni as striped
species and reran the analysis with all our phylogenetic reconstructions. The analyses
revealed a robustly significant association of stripe patterns and agrp2 expression across
the sampled species (phylogenetic ANOVA, P = 0.00103).
We also repeated the analysis for either a subset of these loci that excluded genes
putatively under selection (mitfa, mitfb, lws) as well as when used a larger gene set of 30
genes that we extracted from genomic sequences and target enrichment data for a subset
of 21 species and obtained similarly significant results (mean P < 0.001 and P = 0.0012).
Down-regulation of agrp2 is therefore reproducibly associated with the stripe phenotype in
East African cichlids.
Extended analysis Malawi hybrid cross
As stated in the main text we genotyped 270 F2 hybrid individuals for the agrp2 locus.
Stripes were phenotyped in a number of ways: as a binary trait (striped / nonstriped), an
ordinal trait (striped / partially striped / nonstriped; Fig. I.4A) and a continuous trait
(percentage of stripe region covered by pigmentation; Fig. SI.15). Analyses of the stripe
phenotype as either an ordinal or continuous trait revealed a pattern consistent with
recessive epistasis, whereby the variance in stripe patterns was significantly lower in
homozygous individuals for the Pcya allele (C/C; Fig. I.4A and Fig. SI.15) when compared
to heterozygotes (C/D, Levene’s test; P < 0.001) or individuals homozygous for the Pdem
allele (D/D, Levene’s test; P < 0.001; Fig. I.4A and Fig. SI.15). Hence, our data is
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Malawi. However, phenotypic expression of alleles of one or more independent modifier
loci can influence the extent of horizontal stripes in the Malawi cichlids, but appear to be
masked in individuals that are homozygous for the agrp2 allele of the striped species, Pcya
(C/C). Linear and logistic models (Table SI.2 to SI.4) as well as additional information
about genotype and allele frequencies as well as odds ratios and penetrance greatly
support the notion that agrp2 is a major effect locus within this cross from Lake Malawi
(Fig. SI.15). Odds of C/C and D/D individuals of developing full stripes are reversed and
almost absolute (2:67 and 59:1 respectively). Percentage of individuals with full stripes
are 97.1% (C/C), 14.8% (C/D) and 1.7% (D/D) (Fig. SI.15).
Genetic and environmental interactions with the agrp2 pathway
Interestingly, the dorsolateral stripe was not restored in any of the four CRISPR-Cas9
mutants. This ‘only midlateral stripe phenotype’ was never observed in F2 individuals of
the Pnye × Hsau cross. The phenotype also does not correlate with the agrp2 expression
patterns (Fig. I.2D). This suggests that a combination of recessive alleles that generally
suppress pigmentation in the dorsal skin of Pnye likely inhibits the dorsolateral stripe. It
also fits the observation that pigmentation (e.g. in bars) of Pnye is greatly reduced dorsally
(Figs. I.1N and II.2G). Furthermore, the phenotype matches the stripe pattern of some
naturally occurring Lake Victoria cichlids that have a midlateral stripe but lack a
dorsolateral

stripe

(e.g.

Haplochromis

paropius

or

Harpagochromis

sp.

‘orange

rockhunter’). Taken together, our results strongly suggest that although species such as
Pnye exhibit no stripes, all mechanisms for stripe pattern formation are in place and stripes
can be simply re-revealed in nonstriped cichlids by removal or reduction of agrp2
expression.
Our results also reveal that additional regulatory mechanisms of the agrp2 locus
await discovery as regulatory variation in Lake Malawi and Tanganyika cichlids is likely to
be caused by different variants within or variation outside of the enh.a locus (Fig. I.3C).
The lack of the dorsolateral stripe in the CRISPR-Cas9 mutants (Fig. I.2H) coupled with
the non-Mendelian basis of stripes in the Malawi cross (Fig. I.4A) provide evidence that
also epistatic interactions with other loci besides agrp2 remain to be uncovered for a more
complete understanding of the genetic mechanisms and the evolutionary process of stripe
color pattern diversification in cichlid fishes. It is possible that already known genes and
mechanisms from research in other vertebrates contribute to the phenotype (Mallarino et
al., 2016; Eom & Parichy, 2017). The description of further loci might therefore contribute
to a deeper understanding of how and if molecular and cellular building blocks of
convergently evolved stripe patterns are shared across larger phylogenetic scales. Also,
our study has focused so far only on adult expression patterns and it remains to be
investigated what the precise role of ontogenetic processes are in stripe pattern
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(Fig. I.1 and Seehausen et al., 1999) are largely unaffected by regulatory changes or
genetic modifications of agrp2 (Figs. I.2 and II.4) and how they are in turn genetically
shaped, will provide insights into the evolution and modularity of color patterns. Our results
suggest that both patterns are largely independent and are shaped by superimposition of
two independent mechanisms, as described for other color patterns in zebrafish (Ceinos et
al., 2015). Moreover, stripes are often plastic and can be softened and enhanced through
hormonal and/or neural control. Therefore, future efforts that address how neural and
endocrine pathways interact with agrp2 will expand our knowledge of socially and
environmentally induced phenotypic plasticity in coloration (Fernald, 2012).
Cis-regulatory changes at the agrp2 locus
Expression levels of agrp2 in cichlids likely act as an evolutionarily switch controlling the
presence and absence of stripe patterns. In Lake Victoria, expression level differences
seem to be caused by several mutations in a 1.1 kb intronic regulatory region (enh.a.;
Figs. SI.12 and SI.13) that push the expression of agrp2 levels above or below a
threshold that can ultimately determine stripe presence. Such a molecular on/off switch
may have permitted the frequent loss, as well as re- evolution, of stripes. A single locus
could therefore account for a substantial amount of the astonishing diversity in color
patterns in cichlids, patterns that are thought to play an important role in both natural
selection and sexual selection (Kocher, 2004; Roberts et al., 2009; Kelley et al., 2013;
Murali & Kodandaramaiah, 2017; Phillips et al., 2017). More generally, genomic hotspots
such as the agrp2 locus might more commonly explain other patterns of the explosive and
repeated evolution of cichlid fishes (Meyer, 1993; Stiassny & Meyer, 1999; Kocher, 2004).
Although the presence of stripes appears to be controlled by the same gene (agrp2), the
exact underlying genetic variants must differ among the evolutionarily radiations of Lakes
Victoria, Malawi and Tanganyika (Figs. SI.12 and SI.13). Different cis-regulatory
mutations that convergently influence agrp2 expression variation are apparently
generating the same phenotypes (i.e. presence of stripes) but might also be able to drive
stripe pattern variation (e.g. through local variation in agrp2 expression). Our result bears
resemblance to the genetic basis of color variation found in Heliconius butterflies, where
diversification in coloration has been shown to be driven by modular regulatory complexity
around a few loci of major effect (Belleghem et al., 2017).
Gene Nomenclature
Because gene/protein nomenclature is inconsistent within cichlid research, we adapted the
nomenclature of zebrafish when writing about cichlid genes/proteins, and mouse
nomenclature when we write about mammalian genes/ proteins (Wood, 1998).
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Fig. SI.1 Fine-mapping of Pnye / Hsau F2 recombinants. (A and B) Enlarged QTL peaks on chromosome
18, of the two crosses between Pnye / Hsau (A) and Pnye / Hchi (B). (C) To finemap the causal interval we first
used first microsatellite markers to reduce the interval, next we sequenced SNPs to further reduce the causal
interval. (D) Genotyping information for parents, three F1s and the four recombinants (F2_Rec01-04).
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Fig. SI.2 Protein sequences of QTL genes. (A to D) To screen for coding mutations within the interval we
sequenced agrp2, atp6V0d2 and Exon 66- 71 of unk in the Pnye × Hsau parents to screen for changes resulting
in protein sequence differences. We found no non-synonymous mutations in atp6V0d2 (A) unk and atp6V0d2
(B). In contrast, agrp2 revealed an amino-acid substitution at position 63 of 116 (Histidine in Pnye, Tyrosine in
Hsau) (C) that was however not fixed in Hchi and showed no association with the stripe phenotype across species
(D).

- 113 -

- Appendix -

Fig. SI.3 Phylogeny of the agouti family based on Braasch & Postlethwait, 2011, and Schiöth et al.,
2011. (A and B) Illustration of the proposed phylogeny of agrp2 (Synonym: asip2b) and other asip and agrp
genes after Braasch & Postlethwait, 2011 (A) and Schiöth et al., 2011 that proposed a second phylogeny that is
equally likely Schiöth et al., 2011 (B). The agouti signaling protein family encompass the Agouti-related
peptide/protein (Agrp) and Agouti- signaling peptide (Asip) in mammals and asip1, asip2, agrp1 and agrp2 in
teleosts (ray-finned fishes). Asip in mammals (short Agouti) and asip1 in teleosts has been causally associated
with color pattern variation in mice (Manceau et al., 2011) and teleosts (Ceinos et al., 2015). Agrp (in vertebrates)
and Agrp1 (in teleosts) are neuropeptides and involved in metabolic homeostasis. On the other hand, evolutionary
relationships for asip2 and agrp2 are controversial, and it is unclear if agrp2 is more closely related to Agrp/agrp1
or Asip/asip1 (Braasch & Postlethwait, 2011). In teleosts (zebrafish), agrp2 is mainly expressed in the pineal
gland where it binds Melanocortin receptor 1 (Mc1r) and regulates background matching by controlling αmelanocyte stimulating hormone (α-Msh) release indicating it has a function in regulating skin pigmentation in
other teleosts (Zhang et al., 2010). It therefore shares regulatory properties with agrp1 (brain specific expression
(Shainer et al., 2017)) but has functional similarities with asip1 (as Mc1r antagonist). R1, R2: Vertebrate genome
duplication 1 and 2; TSGD: Teleost-specific genome duplication.
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Fig. SI.3 Expression of agrp2, its paralogs and neighboring genes of the fine-mapped interval. (A)
Relative agrp2 expression in the brain. (B) Agrp2 shows differential expression in F2 individuals with homozygous
agrp2Pnye individuals (N/N) > heterozygotes (N/S) > homozygous agrpHsau individuals (S/S). Other genes in the
interval or paralogs did not show this pattern. (C to G) In situ hybridization reveals agrp2 expression in lower
dermis (sc) of Pnye (arrows; C, D, G) but not Hsau (asterisks; E and F). Higher resolution confocal imaging
reveals the relatively ubiquitous expression pattern within the sc (G). Bars indicate mean + sd; * P < 0.05; ** P
< 0.01; *** P < 0.001. ep, epidermis; ss, Stratum spongiosum; sc, Stratum compactum; hy, hypodermis; mu,
muscle. Scale bar: 25μm.
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Fig. SI.4 RT-PCR of agrp2, ß-actin, atp6V0d2, agrp1, asip1 and asip2. (A) RT-PCR for agrp2 and ß-actin
in Pundamilia nyererei (Pnye) and Haplochromis sauvagei (Hsau) showing strong expression of agrp2 in brain
tissue of both species and skin tissue of Pnye but not Hsau. No detectable bands can be seen with cDNA from
liver, eye, muscle and intestines. (B) RT-PCR in F2 hybrids of Pnye and Hsau. Only agrp2 shows clear
amplification, but only in heterozygotes or in individuals homozygous for Pnye allele of agrp2 and not in individuals
homozygous for the Hsau allele of agrp2.

Fig. SI.5 Differential expression along the anterior-posterior axis in bars and interbars (i.e. regions
between melanic bars) of Pnye. To check for anterior-posterior variation in agrp2 expression we performed
qPCR on the first two bar (dark orange) and interbar regions (regions between bars; light orange). No significant
differences could be found (ANOVA, P = 0.792). Bars indicate mean + sd.
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Fig. SI.6 Association-mapping uncovers an intronic 1.1kb interval (enh.a) with alternatively fixed
alleles. (A to B) Association-mapping contrasting Pnye and Hsau population samples (A) and Pnye and Hchi
population samples (B). The dotted lines indicate the maximum association, obtained if a variant is alternatively
fixed in both species. The comparisons reveal a 1.1kb interval (enh.a; green box) with variants that are perfectly
associated with the stripe phenotype in both comparisons.

Fig. SI.7 The intronic target interval enh.a shows species-specific cis-regulatory activity. (A) Enh.a
sequences from Pnye and Hsau and a control sequence downstream of agrp2 (ctrl_Pnye) were cloned into Tol2minP-eGFP constructs and injected into zebrafish oocytes. GFP expression in transiently expressing F0 embryos
differed significantly at five days post fertilization with enh.a_Pnye::eGFP > enh.a_Hsau::eGFP >
ctrl_Pnye::eGFP. Horizontal lines show group means. *** P < 0.001 (B to E) Larvae of stable transgenic F1
individuals showed GFP expression along the trunk, both in enh.a_Pnye::eGFP (B, C; strong fluorescence),
enh.a_Hsau::eGFP (D, weak fluorescence) compared to a non-transgenic control (E). Scale bar: 75μm.
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Fig. SI.8 Graphical summary of the genetic basis of stripe maintenance and suppression and CRISPRCas9 knockout.
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Fig. SI.9 CRISPR-Cas9 mutants genotypes and phenotypes. (A to D) Sanger sequencing data for the four
obtained mutants showing deletions or insertions in Exon 1 (A and B), Exon 2 (C) and Exon 3 (D) of agrp2, many
of which result in frameshifts. Asterisks (*) indicate clones with mutations, red asterisks clones with frame shift
mutations or early stop codons. (E and F) Phenotypes of two additional mutants, CRISPR_mt_01 (E) and
CRISPR_mt_02 (F).
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Fig. SI.10 Photographs of species analyzed for gene expression differences of agrp2. Photographs of
all species from Lakes Victoria, Malawi and Tanganyika used for the comparative qPCR experiment. Lines indicate
horizontal stripes.
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Fig. SI.11 Enh.a sequence across 29 East African cichlids. Summary of all variants in the enh.a sequence
that differ in the parents of any of the three hybrid crosses Pnye × Hsau, Pnye × Hchi or Pdem × Pcya. Most of
the variants are Lake Victoria specific, mostly for the allele of striped Lake Victoria species. None of the variants
shows perfect association across all lakes, not even across haplochromines of Lake Victoria and Malawi strongly
suggesting different regulatory mechanisms. Abbreviations: Horh, Harpagochromis sp. orange rock hunter; Hpar,
Haplochromis paropius; Hvon, Haplochromis vonlinnei; Pdem, Pseudotropheus demasoni; Onil, Oreochromis
niloticus (all other abbreviations are listed in Fig. SI.11).
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Fig. SI.12 Summary of shared and non-shared variants in enh.a of Lake Victoria and Malawi cichlids.
Summary of the variants that differ between the parents of the hybrid crosses (blue: Lake Malawi; yellow: Lake
Victoria) and that are associated to the stripe phenotype across the sequenced species of Lake Malawi (purple)
and Victoria (orange). None of the variants are shared across all analyzed haplochromine species from Lake
Malawi and Lake Victoria (red zero).

Fig. SI.13 Skin expression in Pcya and Pdem. Similarly, as shown for other Malawi species, agrp2 is
differentially expressed between Pdem (Pseudotropheus demasoni) and Pcya (Pseudotropheus cyaneorhabdos).
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Fig. SI.14 Association between agrp2 locus genotype and stripe phenotype as quantitative
measurement. (A) To obtain a quantitative measurement we measured the percentage of the midlateral stripe
that is covered by pigmentation. (Please note that this measurement is affected by the vertical bar pattern that
crosses the stripes, why we mainly treated stripes as ordinal trait) Using this quantitative measure, we obtained
significant differences between all genotypes (Kruskal- Wallis rank sum test, P < 0.001; Dunn’s test: C/C - D/D:
P < 0.001; C/C - C/D: P < 0.001; C/D - D/D: P < 0.05). Variances of untransformed and log2-transformed values
differed between groups (Levene’s test, P < 0.001), with variances being significantly different between C/C and
D/D (Levene’s test; P < 0.001), C/C and C/D (Levene’s test; P < 0.001) but not C/D and D/D (Levene’s test; P
> 0.5). (B to F) Summary statistics for the analysis of stripes as ordinal trait – this panel is the same as Fig.
I.4A (B) including genotype frequencies (C), allele frequencies (F) and odds ratios (D and E). Odds ratio for C/C–
D/D in E cannot be calculated (NA) because no individuals without stripes exists for C/C (therefore division by
zero). Abbreviations: C/C, Homozygous for Pcya agrp2 allele, D/D, homozygous for Pdem agrp2 allele; C/D,
heterozygous.
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Table SI.1 Efficiency of gRNAs. Abbreviations: Seq. Clones: Total clones sequenced, WT: Wildtype, Ins:
Insertion, Del: Deletion, FS/SC: Frameshift or stop codon induced.

Table SI.2 Association tests for agrp2 Locus in Lake Malawi hybrid cross.
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Table SI.4 R2 calculations for Malawi hybrid cross
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ID

LOCUS

INTERNAL NAME

SEQUENCE

SUBPROJECT

P001

FWD/REV
nd2_fwd

&

DH_98_GLN

CTACCTGAAGAGATCAAAAC

Phylogeny_ND2

P002

nd2_rev

DH_97_ASN

CGCGTTTAGCTGTTAACTAA

Phylogeny_ND2

P003

nd2_fwd

JG_005

TAGCCCCTCTTCATGCTTGA

Phylogeny_ND2

P004

nd2_rev

JG_007

CTGAAAGGGCAGCTAGGGTT

Phylogeny_ND2

P005

MS03_fwd

LSm03_Hex_F1

CTTTGCCACAGACACAGCAT

Finemapping_Microsats

P006

MS03_rev

LSm03_Hex_R1

CTGGGAGTCACAGGAATGGT

Finemapping_Microsats

P007

MS05_fwd

CK235

GGGTAAGCCTTTTGTATC

Finemapping_Microsats

P008

MS05_rev

CK236

CTCCACTGCTTGTTAGTT

Finemapping_Microsats

P009

MS06_fwd

CK237

ATTCTGTTTGAGTCGCTG

Finemapping_Microsats

P010

MS06_rev

CK238

TTTAATTATGAAGCCGCCTG

Finemapping_Microsats

P011

MS07_fwd

LSm07_Hex_F1

GATGTCTCACAGCCATGCAT

Finemapping_Microsats

P012

MS07_rev

LSm07_Hex_R1

TCGCCGCTGTTTATTGGTTT

Finemapping_Microsats

P013

SNPs_5_fwd01

CK261

TATACACGAGACACAGACCA

Finemapping_SNPs

P014

SNPs_5_rev01

CK260

GGGAATTGCTGGATTATGT

Finemapping_SNPs

P015

SNPs_5_seq

CK303

AAATCCTCCACTTACCAC

Finemapping_SNPs

P016

SNPs_3_fwd01

CK374

CTCTGGATTGTGTTTCCCT

Finemapping_SNPs

P017

SNPs_3_rev01

CK320

AGGTCCAAACTACACGTT

Finemapping_SNPs

P018

SNPs_3_seq

CK319

ATTTGCAACAATTACCAGGC

Finemapping_SNPs

P031

Stripe_interval

CK295_Agrp2_E1_F1b

GCCAGCAGATGTACACAAA

Sequencing_Interval

P032

Stripe_interval

CK296_Agrp2_E3_F3

CTTTTCCACTTCTTCCACT

Sequencing_Interval

P033

Stripe_interval

CK297_Agrp2_E3_R3

CACGTCACCCATCTTTTT

Sequencing_Interval

P034

Stripe_interval

CK298_Agrp2_E3_F4

TTGTTGTGATTTGGCGCT

Sequencing_Interval

P035

Stripe_interval

CK299_Agrp2_E3_R4

CTTTCCGTGCTCTTTTGT

Sequencing_Interval

P036

Stripe_interval

CK300_Agrp2_E3_R3b

CTGTGTACCGCATTTACT

Sequencing_Interval

P037

Stripe_interval

CK301_Agrp2_E0_F1

CAGAGAAGCACAAAAGCA

Sequencing_Interval

P038

Stripe_interval

CK302_Agrp2_E0_R1

GCCCACCTCAAAAGAATA

Sequencing_Interval

P039

Stripe_interval

CK303_SI01_F

AAATCCTCCACTTACCAC

Sequencing_Interval

P040

Stripe_interval

CK304_SI01_R

TCACATTCTCCCTTTTCC

Sequencing_Interval

P041

Stripe_interval

CK305_SI03_F

ACACCAACACAGCATCAC

Sequencing_Interval

P042

Stripe_interval

CK306_SI03_R

AATGGAAAGCAAGCAGCAA

Sequencing_Interval

P043

Stripe_interval

CK307_SI04_F

GGAGCCAAGCGAAGAATA

Sequencing_Interval

P044

Stripe_interval

CK308_SI04_R

AAAGGTGACTGGAAAGGA

Sequencing_Interval

P045

Stripe_interval

CK309_SI05_F

AAGTAGGGGTGATGTGAG

Sequencing_Interval

P046

Stripe_interval

CK310_SI05_R

CCCGAGCCAAAAAAAGAA

Sequencing_Interval

P047

Stripe_interval

CK311_SI06_F

TTTTGAGGCGGTAGAGTT

Sequencing_Interval

P048

Stripe_interval

CK312_SI06_R

TTTGGTGTCCAGTGCATT

Sequencing_Interval

P049

Stripe_interval

CK313_SIseq01

CTCAGGGCAAGTTTGAAATC

Sequencing_Interval

P050

Stripe_interval

CK314_SIseq02

CTAAAGGAGGAGAAATCTGTGA

Sequencing_Interval

P051

Stripe_interval

CK315_SIseq03

TCACAAGCATTCACAAGC

Sequencing_Interval

P052

Stripe_interval

CK316_SIseq04

AGGGAATTCTACAAGGAACAG

Sequencing_Interval

P053

Stripe_interval

CK317_SIseq05

GAGCCATCTAGCATATTAG

Sequencing_Interval

P054

Stripe_interval

CK318_SIseq06

GCCATGACCTAAAGTGTTT

Sequencing_Interval

P055

Stripe_interval

CK319_SIseq07

ATTTGCAACAATTACCAGGC

Sequencing_Interval

P056

Stripe_interval

CK320_SIseq08

AGGTCCAAACTACACGTT

Sequencing_Interval

P057

Stripe_interval

CK321_SIseq09

CCCAAAATCAACCTGTCAAAGA

Sequencing_Interval

P058

Stripe_interval

CK322_SIseq10

GCCTCTCCATGTTTCACA

Sequencing_Interval

P059

Stripe_interval

CK323_SIseq11

AGGTGTGTACCAGGATGT

Sequencing_Interval

P060

Stripe_interval

CK324_SIseq12

TTAAAACGGTGCCTTACG

Sequencing_Interval

P061

Stripe_interval

CK325_SIseq13

AATGGATGGGAACAATGTG

Sequencing_Interval

P062

Stripe_interval

CK326_SIseq14

ACTTTAGTTGTCGTCTGC

Sequencing_Interval

P063

Stripe_interval

CK327_SIseq15

TGTGGAAGAGAGACAGAGATT

Sequencing_Interval

P064

Stripe_interval

CK328_SIseq16

TATATGTTCAGGCGTTGTG

Sequencing_Interval

P065

Stripe_interval

CK329_SIseq17

CCATCAGCAAAGCAACAGT

Sequencing_Interval

P066

Stripe_interval

CK330_SIseq18

CACAGAGAAGTGGGAGCA

Sequencing_Interval

P067

Stripe_interval

CK331_SI07_F

TACACCAACACAGCATCAC

Sequencing_Interval

P068

Stripe_interval

CK332_SI07_R

CTAACAAACCGAAAAAGGCA

Sequencing_Interval

P069

Stripe_interval

CK333_SI08_R

ACAAAAGAGCACGGAAAGA

Sequencing_Interval

P070

Stripe_interval

CK334_SI08_R

AGCACGGGTGAAAAAAGTAA

Sequencing_Interval

P071

Stripe_interval

CK335_SI09_R

TTCTCCTTGCATTTCTCC

Sequencing_Interval
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Stripe_interval

CK336_SI09_R

CTCTGACTCGTGTGTATT

Sequencing_Interval

P073

Stripe_interval

CK337_SIseq19

GTCTAAGTCTGGCATCTGT

Sequencing_Interval

P074

Stripe_interval

CK338_SIseq20

GGAGTAGACAAGCTGAAA

Sequencing_Interval

P075

Stripe_interval

CK339_SIseq21

GGGGCGCCAAAATAATAAA

Sequencing_Interval

P076

Stripe_interval

CK340_SIseq22

AAGGAAAAGGGTTAGCGT

Sequencing_Interval

P077

Stripe_interval

CK341_SIseq23

CTCAGTGTGTGGATATCTT

Sequencing_Interval

P078

Stripe_interval

CK342_SIseq24

GCAGAGAAGGTAGCCAAC

Sequencing_Interval

P079

Stripe_interval

CK343_SIseq25

ATCGGCCCTTAGATTATGA

Sequencing_Interval

P080

Stripe_interval

CK344_SIseq26

AGTCTAGTAGGAGGAAAGA

Sequencing_Interval

P081

Stripe_interval

CK345_SIseq27

TTTCAGTGACACGCCCTT

Sequencing_Interval

P082

Stripe_interval

CK346_SIseq28

CTTGAGACTGTGTTTTAGCA

Sequencing_Interval

P083

Stripe_interval

CK347_SIseq29

GGCAATTGTGGAAAGTGTATC

Sequencing_Interval

P084

Stripe_interval

CK348_SIseq30

TTGTATGTGAGGAGCAGG

Sequencing_Interval

P085

Stripe_interval

CK349_SIseq31

ATGGAGTTTCACAGGGTT

Sequencing_Interval

P086

Stripe_interval

CK350_SIseq32

GTACTATGAGGTCTTTAGG

Sequencing_Interval

P087

Stripe_interval

CK351_SIseq33

TGACCTGTATTTGTATAGCG

Sequencing_Interval

P088

Stripe_interval

CK352_SIseq34

ATCCAAAACCTAGTGAGG

Sequencing_Interval

P089

Stripe_interval

CK353_SIseq35

TGGGCCATACCAATTTTG

Sequencing_Interval

P090

Stripe_interval

CK354_SIseq36

CGTCAGGAGAAATACTTAG

Sequencing_Interval

P091

Stripe_interval

CK355_SIseq37

TAAAAAGTCCGCTTCACTG

Sequencing_Interval

P092

Stripe_interval

CK356_SIseq38

TCCACTGCTTGTTAGTTTGC

Sequencing_Interval

P093

Stripe_interval

CK357_SIseq39

TTTGCCATGTCCTCTGCT

Sequencing_Interval

P094

Stripe_interval

CK358_SIseq40

AACTATGAAGCGGGCACA

Sequencing_Interval

P095

Stripe_interval

CK359_SIseq41

ATGAAGTAATGGGTGTGAGC

Sequencing_Interval

P096

Stripe_interval

CK360_SIseq42

CTGTGTGCTTTTATGCGTG

Sequencing_Interval

P097

Stripe_interval

CK361_SIseq43

GGGCAGCCTAACAAGAAAA

Sequencing_Interval

P098

Stripe_interval

CK362_SIseq44

GATCGCTTACGCCTCAAA

Sequencing_Interval

P099

Stripe_interval

CK363_SIseq45

TGCTGTGTGGGTTTTTTTGT

Sequencing_Interval

P100

Stripe_interval

CK364_SIseq46

CTCCCTTACCTCAGTCTC

Sequencing_Interval

P101

Stripe_interval

CK365_SIseq47

GGAGAATGAGAAAGGCGA

Sequencing_Interval

P102

Stripe_interval

CK366_SIseq48

GTGTTGTGTGTGTATATCC

Sequencing_Interval

P103

Stripe_interval

CK367_SIseq49

TCTAATTTGTTTCTGCTGCC

Sequencing_Interval

P104

Stripe_interval

CK368_SIseq50

TTTAAGACTTGCTGAGGAC

Sequencing_Interval

P105

Stripe_interval

CK369_SIseq51

GAGAAAGGTGTATATGTGTG

Sequencing_Interval

P106

Stripe_interval

CK370_SIseq52

GGATGTAGAATGAGATGAGGA

Sequencing_Interval

P107

Stripe_interval

CK371_SIseq53

CAAAAACAAAACCCCCCA

Sequencing_Interval

P108

Stripe_interval

CK372_SIseq54

CTCCATGCTCATTACTAC

Sequencing_Interval

P109

Stripe_interval

CK373_SIseq55

GCACAGAAGCAAAAACTAGA

Sequencing_Interval

P110

Stripe_interval

CK374_SIseq56

CTCTGGATTGTGTTTCCCT

Sequencing_Interval

P111

Stripe_interval

CK375_SIseq57

GCACAGTCCATACAAAGAA

Sequencing_Interval

P112

Stripe_interval

CK376_SIseq58

GGTGATGTGAAAGGAGTAG

Sequencing_Interval

P113

Stripe_interval

CK377_SIseq59

CCTCACCCATTGCCTACT

Sequencing_Interval

P114

Stripe_interval

CK378_SIseq60

GAAAGAAAAGACGATGGAGA

Sequencing_Interval

P115

Stripe_interval

CK379_SIseq61

GCAACTACCTCTGAATACT

Sequencing_Interval

P116

Stripe_interval

CK380_SIseq62

CTTACTCTGGGTGGCATT

Sequencing_Interval

P117

Stripe_interval

CK381_SIseq63

CGGCAGCCTATGTCTATT

Sequencing_Interval

P118

Stripe_interval

CK382_SIseq64

TAGGCACATGGCGGAAAA

Sequencing_Interval

P119

Stripe_interval

CK383_SIseq65

AATAAGTAGAGCAGGGCA

Sequencing_Interval

P120

Stripe_interval

CK384_SIseq66

TCCTCGATTATTCAGTCCTT

Sequencing_Interval

P121

Stripe_interval

CK385_SIseq67

AGCTCCTCCTGATACAAAT

Sequencing_Interval

P122

Stripe_interval

CK386_SIseq68

GCAGCATCTTAAAGGACA

Sequencing_Interval

P123

Stripe_interval

CK387_SIseq69

GCCAGCAGATGTACACAA

Sequencing_Interval

P124

Stripe_interval

CK388_SIseq70

GATTCTTTGTATGGACTGTG

Sequencing_Interval

P125

Stripe_interval

CK389_SIseq71

CACGCAAACACATCACAA

Sequencing_Interval

P126

Stripe_interval

CK390_SIseq72

TTTGAATATCTTGCTGCTGG

Sequencing_Interval

P127

Stripe_interval

CK391_SIseq73

CGAGGAGATGCACAGAGA

Sequencing_Interval

P128

Stripe_interval

CK392_SIseq74

TTGTGGTTTGGTTTATGTGG

Sequencing_Interval

P129

Stripe_interval

CK393_SIseq75

TAGAGAAAGTGGGTGAATGTG

Sequencing_Interval

P130

Stripe_interval

CK394_SIseq76

TTACTTTTTTCACCCGTGCT

Sequencing_Interval

P131

Stripe_interval

CK395_SIseq77

GAACGTTAGTCAGAGAGG

Sequencing_Interval

P132

Stripe_interval

CK405_SIseq78

TTCCCTGCGGATCTTTTCAC

Sequencing_Interval

P133

Stripe_interval

CK406_SIseq79

TCCACAAGGATCAAATTTCCC

Sequencing_Interval
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Stripe_interval

CK407_SIseq80

GGAGTTCCAAACCAGATGAA

Sequencing_Interval

P135

Stripe_interval

CK408_SIseq81

TGAGGATTTAGGGTGACC

Sequencing_Interval

P136

Stripe_interval

CK409_SIseq82

TGGACGGATAAAACTGGGTT

Sequencing_Interval

P137

Stripe_interval

CK410_SIseq83

CCGGACAAGACACTGAACTTA

Sequencing_Interval

P138

Stripe_interval

CK411_SIseq84

GAGGAATGAAAGCTGGGA

Sequencing_Interval

P139

Stripe_interval

CK412_SIseq85

GATACAAAAGGCTTACCC

Sequencing_Interval

P140

Stripe_interval

CK413_SIseq86

TCCCAGCTTTCATTCCTC

Sequencing_Interval

P141

Stripe_interval

CK414_SIseq87

CCCCATCAGGGTCTTTATT

Sequencing_Interval

P142

Stripe_interval

CK415_SIseq88

CCGCTTGTTTGTGACTTT

Sequencing_Interval

P143

Stripe_interval

CK416_SIseq89

CAGCAGAACTACATACCCA

Sequencing_Interval

P144

Stripe_interval

CK417_SIseq90

GGGTATGTAGTTCTGCTG

Sequencing_Interval

P145

Stripe_interval

CK418_SIseq91

TCCCTCCTCACAATGCAC

Sequencing_Interval

P146

Stripe_interval

CK419_SIseq92

ACCCAAACAGACAAACCA

Sequencing_Interval

P147

Stripe_interval

CK420_SIseq93

AAAATGACTCCAAGGTTCC

Sequencing_Interval

P148

Stripe_interval

CK421_SIseq94

GTTTAGGCTTTGTCAGTTCT

Sequencing_Interval

P149

Stripe_interval

CK422_SIseq95

CTGATTTCTCCCAGGTGTG

Sequencing_Interval

P150

Stripe_interval

CK445_SLseq96

GGAACCTTGGAGTCATTT

Sequencing_Interval

P151

Stripe_interval

CK446_SLseq97

GGCCAGACCACTTAAGAT

Sequencing_Interval

P152

Stripe_interval

CK447_SLseq98

AAAGCAGGAGTGAGGGAA

Sequencing_Interval

P153

Stripe_interval

CK448_SLseq99

AACAAGCCAAAGAAAACCCA

Sequencing_Interval

P154

Stripe_interval

CK449_SLseq100

CTACCTTCTCTGCCATTT

Sequencing_Interval

P155

Stripe_interval

CK450_SLseq101

AAGCGTGTTGGTATGTGA

Sequencing_Interval

P156

Stripe_interval

CK451_SLseq102

ACACTGAGAAATTACGGGA

Sequencing_Interval

P157

Stripe_interval

CK452_SLseq103

CCACTTACCACAAACTAAC

Sequencing_Interval

P158

Stripe_interval

CK453_SLseq104

TCCTCATCTCATTCTACATCC

Sequencing_Interval

P159

Stripe_interval

CK454_SLseq105

TCCTCATCTCATTCTACATCC

Sequencing_Interval

P160

Stripe_interval

CK455_SLseq106

TGTGTGAATGTGTGTGTG

Sequencing_Interval

P161

Stripe_interval

CK456_SLseq107

GAGGAGGAAGTGTCTGTGT

Sequencing_Interval

P162

Stripe_interval

CK457_SLseq108

GATGTCAGCCTAATGTGT

Sequencing_Interval

P163

Stripe_interval

CK458_SLseq109

TGGTTTGTCTGTTTGGGT

Sequencing_Interval

P164

Stripe_interval

CK459_SLseq110

TTAATCTCTGGCTCTTGTC

Sequencing_Interval

P165

Stripe_interval

CK460_SLseq111

CCAATAATAATCCGCAGACA

Sequencing_Interval

P166

Stripe_interval

CK462_SLseq112

CTCCACCCTCTCTTGAAT

Sequencing_Interval

P167

Stripe_interval

CK463_SLseq113

ATAGATTGCTTCCAACACC

Sequencing_Interval

P168

Stripe_interval

CK461_SLseq114

AAGGGAAGGAATGTGAAG

Sequencing_Interval

P169

Stripe_interval

CK464_SLseq115

TGTTATGTGCTGTAGGGT

Sequencing_Interval

P170

Stripe_interval

CK465_SLseq116

TATCTCATGCTCCCGTTT

Sequencing_Interval

P171

Stripe_interval

CK466_SLseq117

CTTCACATTCCTTCCCTT

Sequencing_Interval

P172

Stripe_interval

CK467_SLseq118

CTTTTTACCTACGCCTCC

Sequencing_Interval

P173

Stripe_interval

CK468_SLseq119

TTTTGAGAACTGGACCGA

Sequencing_Interval

P174

Stripe_interval

CK469_SLseq120

AAAGAAACGGGAGCATGA

Sequencing_Interval

P175

Stripe_interval

CK470_SLseq121

GCCAGGTGTAGAGAAAAT

Sequencing_Interval

P176

Stripe_interval

CK471_SLseq122

CCCAATGAGCTGAAGCAA

Sequencing_Interval

P177

Stripe_interval

CK472_SLseq123

ACGGATCTCAGGCTAAAA

Sequencing_Interval

P178

Stripe_interval

CK473_SLseq124

GCAGGTAGGATCAGTGAGA

Sequencing_Interval

P179

Stripe_interval

CK474_SLseq125

TGCCCTGCTCTACTTATT

Sequencing_Interval

P180

Stripe_interval

CK475_SLseq126

TGTTTTTCAGTCGTTCCATC

Sequencing_Interval

P181

Stripe_interval

CK476_SLseq127

AAACTTTAGCTGTCAGACC

Sequencing_Interval

P182

Stripe_interval

CK477_SLseq128

CGCAGTGCCTTTGTTTTC

Sequencing_Interval

P183

Stripe_interval

CK478_SLseq129

GCAGCGTTTTTGCATGTT

Sequencing_Interval

P184

Stripe_interval

CK479_SLseq130

ACAACTACATACCCATCTTCC

Sequencing_Interval

P185

Stripe_interval

CK480_SLseq131

TTTGCTTTCGCTCACCTC

Sequencing_Interval

P186

Stripe_interval

CK481_SLseq132

GTGCCACAAAGGACGTAA

Sequencing_Interval

P187

Stripe_interval

CK482_SLseq133

ACAGAGGCCTAAAACATGAA

Sequencing_Interval

P188

Stripe_interval

CK483_SLseq134

TGGAGGTACTCTGGCTTT

Sequencing_Interval

P189

Stripe_interval

CK484_SLseq135

GCTGTTAAATCCTCCTAATGTG

Sequencing_Interval

P190

Stripe_interval

CK485_SLseq136

GAAAGCCAGAGTACCTCCA

Sequencing_Interval

P191

Stripe_interval

CK486_SLseq137

ACTTCTCTGGCTCTATGTT

Sequencing_Interval

P192

Stripe_interval

CK487_SLseq138

ACAGCTACATGATCGACAA

Sequencing_Interval

P193

Stripe_interval

CK488_SLseq139

ACCAAAAAGACACCACAG

Sequencing_Interval

P194

Stripe_interval

CK489_SLseq140

GGCCCTGAAGAACAAAGA

Sequencing_Interval

P195

Stripe_interval

CK490_SLseq141

GAGGAATGAAAGCTGGGA

Sequencing_Interval
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Stripe_interval

CK491_SLseq142

ACATCTTTGTTCTTCAGGG

Sequencing_Interval

P197

Stripe_interval

CK492_SLseq143

CAGTGAAGCGGACTTTTT

Sequencing_Interval

P198

Stripe_interval

CK493_SLseq144

TTACTTTTTTCACCCGTGCT

Sequencing_Interval

P199

Stripe_interval

CK494_SLseq145

ACGTCAGGAGAAATACTTAG

Sequencing_Interval

P200

Stripe_interval

CK495_SLseq146

TTTTCCTTCCTCTTTGACAG

Sequencing_Interval

P201

Stripe_interval

CK496_SLseq147

TCAGGAGGTAGAGCAGGT

Sequencing_Interval

P202

Stripe_interval

CK497_SLseq148

TTGCTTTTGCCTTCCTGT

Sequencing_Interval

P203

Stripe_interval

CK498_SLseq149

ACAGTGACTTAACCAGCA

Sequencing_Interval

P204

Stripe_interval

CK499_SLseq150

CACTCGCAAACCTGTCAA

Sequencing_Interval

P205

Stripe_interval

CK500_SLseq151

TGGACCACACATTTCCTG

Sequencing_Interval

P206

Stripe_interval

CK501_SLseq152

AGCTGAGCCTCCAAAAGA

Sequencing_Interval

P207

Stripe_interval

CK502_SLseq153

GTCTGGCCCACTTTAGAT

Sequencing_Interval

P208

Stripe_interval

CK503_SLseq154

TCCTTTCCAGTCACCTTT

Sequencing_Interval

P209

Stripe_interval

CK504_SLseq155

GGCCAGACCACTTAAGAT

Sequencing_Interval

P210

Stripe_interval

CK505_SLseq156

CGCTAACTTTCTGCTTCT

Sequencing_Interval

P211

Stripe_interval

CK506_SLseq157

CTGTCTCCCAATCTAAACT

Sequencing_Interval

P212

Stripe_interval

CK507_SLseq158

AATCTAAACTGGAAGCTGG

Sequencing_Interval

P213

Stripe_interval

CK508_SLseq159

GTGTCCCATCCCATGATT

Sequencing_Interval

P214

Stripe_interval

CK509_SLseq160

GTGTTTTCACATCAGCCTA

Sequencing_Interval

P215

Stripe_interval

CK510_SLseq161

CAAAACAAAACACCTCAGTG

Sequencing_Interval

P216

Stripe_interval

CK511_SLseq162

CACACACACATTCACACAC

Sequencing_Interval

P217

Stripe_interval

CK512_SLseq163

GAGTTAGGCCACTGAATA

Sequencing_Interval

P218

Stripe_interval

CK513_SLseq164

ATCCAGCAATTCCCATCC

Sequencing_Interval

P219

Stripe_interval

CK514_SLseq165

ACAACTTTGGACTTCAGG

Sequencing_Interval

P220

Stripe_interval

CK515_SLseq166

CGCAGGTTGATACACTTT

Sequencing_Interval

P221

Stripe_interval

CK516_SLseq167

GTATCTAAACGACCCAGT

Sequencing_Interval

P222

Stripe_interval

CK517_SLseq168

AAACTGTAGAAAGAGGACAC

Sequencing_Interval

P223

Stripe_interval

CK518_SLseq169

AACTATTTGACCCCCCGA

Sequencing_Interval

P224

Stripe_interval

CK519_SLseq170

GGCAATTGTGGAAAGTGT

Sequencing_Interval

P225

Stripe_interval

CK520_SLseq171

AGTGGAAGAAGTGGAAAAG

Sequencing_Interval

P226

agrp2_Fwd

agrp2_Fwd

GCGAAGAATAGGCGGCTGTTTG

qPCR

P227

agrp2_Rev

agrp2_Rev

CGACGCGCCGGAGTTACGAG

qPCR

P228

agrp2_Ncyl_Rev

agrp2_Ncyl_Rev

CGACGTGCCGGAGTTATGAG

qPCR

P229

agrp2_Rev_deg

agrp2_Rev_de

CGACGYGCCGGAGTTAYGAG

qPCR

P230

agrp1_Fwd

agrp1_Fwd

CCTGCCCTCCTCCCTGTGG

qPCR

P231

agrp1_Rev

agrp1_Rev

GCATGGCCCGACCCTGTAG

qPCR

P232

asip1_Fwd

asip1_Fwd

GAAGAGCAAGAAACCAAAGAAACA

qPCR

P233

asip1_Rev

asip1_Rev

ACTGGCAGAAAGCACAATAATCAC

qPCR

P234

asip2_Fwd

asip2_Fwd

GTTTGCCAGGAGAGGACATTAT

qPCR

P235

asip2_Rev

asip2_Rev

GGATTTGGCCTCACTTTAGCAG

qPCR

P236

atp6v0d2_Fwd

atp6v0d2_Fwd

GACTCTTGAGGACCGATTCT

qPCR

P237

atp6v0d2_Rev

atp6v0d2_Rev

CCTGCTCCTTAAGTTTGATGTA

qPCR

P238

unk_Fwd

unk_Fwd

TACACCTGGCAGATGAAACCTACA

qPCR

P239

unk_Rev

unk_Rev

GGGGAGAATCGGGAGAAGAGAACA

qPCR

P240

β-actin_Fwd

β-actin_Fwd

TGACATGGAGAAGATCTGGC

qPCR

P241

β-actin_Rev

β-actin_Rev

TGGCAGGAGTGTTGAAGGT

qPCR

P242

gapdh_Fwd

gapdh_Fwd

CACACAAGCCCAACCCATAGTCAT

qPCR

P243

gapdh_Rev

gapdh_Rev

AAACACACTGCTGCTGCCTACATA

qPCR

P244

rpl8_Fwd

rpl8_Fwd

CCACACCGGACAGTTCATCTAC

qPCR

P245

rpl8_Rev

rpl8_Rev

GGTCACCGGGCTTCTCCTCA

qPCR

P246

ef1a_Fwd

ef1a_Fwd

CAGTCCCCGTAGGTCGTGTGG

qPCR

P247

ef1a_Rev

ef1a_Rev

CGGGTAGGGCTTCGCTCAGT

qPCR

P248

b2m_Fwd

b2m_Fwd

AGGCGAAATACTCTCCACCAA

qPCR

P249

b2m_Rev

b2m_Rev

AATTTCTGCCCCATCCTTCA

qPCR

P250

Stripe_interval

CK555_Agrp2Enh_Fwd

CCCAAAACAAAACACCTC

Sequencing_Interval

P251

Stripe_interval

CK556_Agrp2Enh_Rev

GGGAATGGAAATAAAAGCAG

Sequencing_Interval

P252

lws_fwd

CK_570

ATTGCTGCTCTTTGGTCCCTGACA

Phylogeny_other

P253

lws_rev

CK_571

AGCCAGAGGGTGGAAGGCAT

Phylogeny_other

P254

mitfa_fwd

CK_572

CCTGGCATGAAGCARGTACTGGAC

Phylogeny_other

P255

mitfa_rev

CK_573

TTGCYAGAGCACGAACTTCRGC

Phylogeny_other

P256

mitfb_fwd

mitf.uni.ex4.FOR

ATGGAYGAYGTIATYGAYGACAT

Phylogeny_other

P257

mitfb_rev

mitf.ex5b.rev

CCACAGGRTCCIGRYTTGTCCA

Phylogeny_other
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rag1_fwd

RAG1.Mart.F.L1

AGCTGCAGYCARTAYCAYAARATGTA

Phylogeny_other

P259

rag1_rev

RAG1.Mart.R6

GTGTAGAGCCARTGRTGYTT

Phylogeny_other

P260

rag1_fwd

JG_001

CAGACGATGAGGAGGAGGAG

Phylogeny_other

P261

rag1_rev

RAG1.Mart.R6

GTGTAGAGCCARTGRTGYTT

Phylogeny_other

P262

s7_fwd

CK_576

CGTGCCATTTTACTCTGGACTKGC

Phylogeny_other

P263

s7_rev

CK_577

AACTCGTCYGGCTTCTCGCC

Phylogeny_other

P264

Agrp2

agrp2_ISH_Fwd

GAAAGCTGCTCCCCTCACC

In_Situ_Probe

P265

Agrp2

agrp2_ISH_Rev

CTCCAGCAGCAAGATATTCAAAAG

In_Situ_Probe

P266

Stripe_interval

Agrp2Enh_Fwd_XhoI

GATCGctcgagCCCAAAACAAAACACCT

Reporter_assay

P267

Stripe_interval

Agrp2Enh_Rev_EcoRI

GATCGgaattcGGGAATGGAAATAAAAG
C

Reporter_assay

P268

Crispr_general

jw700gRNAgeneral

AAAAGCACCGACTCGGTGCCACTT
CAG

Crispr

P269

Crispr_Agrp2

gRNA

Hnye

Agrp2-

ATTTAGGTGACACTATAGAAGCACAAC
TTTCAAGTTGATAACGGACTAGCCTTA

Crispr

P270

Crispr_Agrp3

gRNA
Hnye
1_Exon1_Sp6

Agrp2-

TAATACGACTCACTATAGGACACCAAG
AAGTGTTTGCGTTTTAGAGCTAGAAAT
TTTTAACTTGCTATTTCTAGCTCTAAAA

Crispr

P271

Crispr_Agrp4

gRNA
Hnye
2_Exon1_T7

Agrp2-

Crispr

P272

Crispr_Agrp5

gRNA
Hnye
3_Exon2_T7

Agrp2-

TAATACGACTCACTATAGGAGCCAAGC
AAGGATGTGGTTTTAGAGCTAGAAATA
AGC
C
ATTTAGGTGACACTATAGAATAGGCGG
GAAGAATAGGGTTTTAGAGCTAGAAAT
GC

P273

Crispr_Agrp6

gRNA
Hnye
4_Exon2_Sp6

Agrp2-

TAATACGACTCACTATAGGTCGCAGCA
CTGTTTGCAGTTTTAGAGCTAGAAATA
AGC

Crispr

P277

Stripe_interval

CK189_Agrp2_E1_F1
5_Exon3_T7

CCCACCTCCTCTTTCACA
CAGCAGGTGAGTTTTAGAGCTAGAAAT
GC

Amplifying_Agrp2

P278

Stripe_interval

CK190_Agrp2_E1_R1

CCTCCCCCCATAACGATT
AGC

Amplifying_Agrp2

P279

Stripe_interval

CK195_Agrp2_E2_F2

TGCTCTCGCTGTTGGTTA

Amplifying_Agrp2

P280

Stripe_interval

CK196_Agrp2_E2_R2

ATGTGTTCACTGCTGTCT

Amplifying_Agrp2

P283

Stripe_interval

CK198_Agrp2_E3_R1

TTTCCATACTTTTCGTCGCT

Amplifying_Agrp2

P284

Stripe_interval

CK199_Agrp2_E3_F2

CGTGTTTCAGTGAGTGAG

Amplifying_Agrp2

P274

pGEM

CK071_Sequencing_PCR1

CGGGCCTCTTCGCTATT

Sequencing_Crispr

P275

pGEM

CK072_Sequencing_PCR2

TTAGCTCACTCATTAGG

Sequencing_Crispr

P276

pGEM

CK073_Sequencing_UP-40

GTTTTCCCAGTCACGAC

Sequencing_Crispr
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Table SII.1 Samples used in this study

Species

Sample ID

Abactochromis labrosus

raw reads

Source

Type

Lake

Stripes

Coverage

884717

this study

Target enrichment

Malawi

0

56.53
10.00

Alticorpus geoffreyi

ERR299206

58559953

Malinsky et al., 2018

Genome

Malawi

0

Alticorpus macrocleithrum

ERR271651

53346339

Malinsky et al., 2018

Genome

Malawi

0

9.07

Alticorpus peterdaviesi

ERR715509

140661585

Malinsky et al., 2018

Genome

Malawi

0

24.36

2465437

this study

Target enrichment Tanganyika

0

163.27

761915

this study

Target enrichment

Malawi

0

60.21

202204038

Malinsky et al., 2018

Genome

Malawi

0

34.68

2231308

this study

Target enrichment

Victoria

1

177.60

Genome

Malawi

1

45.15

Altolamprologus calvus
Aristochromis christyi
Aristochromis christyi

ERR1749532

Astatoreochromis alluaudi
Astatotilapia bloyeti

ERR1822251

263689443

Malinsky et al., 2018

Astatotilapia burtoni

1331496

this study

Target enrichment Tanganyika

1

97.84

Astatotilapia calliptera

2837277

this study

Target enrichment

Malawi

0

190.66

Astatotilapia calliptera

ERR715540

176133092

Malinsky et al., 2018

Genome

Malawi

0

30.33

Astatotilapia sp. 'rujewa'

ERR715501

151076487

Malinsky et al., 2018

Genome

Malawi

0

26.11

Astatotilapia stappersii

SRS3641288

139408467

Genome

Congolese

1

23.96

Astatotilapia stappersii

SRS3641317

130750083

Genome

Congolese

1

22.40

this study

Target enrichment

Congolese

1

126.97
13.82

Astatotilapia stappersii

1940153

Astatotilapia stappersii

SRR5099812

81770745

Meier et al., 2017

Genome

Congolese

1

Astatotilapia tweddlei

ERR1743779

242274640

Malinsky et al., 2018

Genome

Malawi

0

41.27

1748491

this study

Target enrichment

Malawi

0

124.83

Aulanocara jacobfreibergi
Aulonocara sp. 'blue chilumba'

ERR715500

142931810

Malinsky et al., 2018

Genome

Malawi

0

24.72

Aulonocara sp. ´gold´

ERR715499

143977408

Malinsky et al., 2018

Genome

Malawi

0

25.15

Aulonocara sp. ´minutus´

ERR715507

128352738

Malinsky et al., 2018

Genome

Malawi

0

22.16

Aulonocara sp. ´yellow´

ERR715506

130822780

Malinsky et al., 2018

Genome

Malawi

0

22.54

Aulonocara steveni

ERR271676

52957152

Malinsky et al., 2018

Genome

Malawi

0

8.96

Aulonocara stuartgranti

ERR715528

120051447

Malinsky et al., 2018

Genome

Malawi

0

20.60

556220

this study

Target enrichment

Malawi

0

47.57

Buccochromis nototaenia

ERR1749420

225340100

Malinsky et al., 2018

Genome

Malawi

0

38.58

Buccochromis rhoadesii

ERR266492

60924380

Malinsky et al., 2018

Genome

Malawi

0

10.40

Champsochromis caeruleus

ERR715494

143272556

Malinsky et al., 2018

Genome

Malawi

0

24.84

2069090

this study

Target enrichment

Malawi

1

157.15

186444176

Malinsky et al., 2018

Genome

Malawi

1

31.94

1920619

this study

Target enrichment

Malawi

1

104.41
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Fig. SII.1 FST plot all Lake Malawi species and Lake Tanganyika. Association of stripes with genomic regions. Black dots represent
midpoints of every associated region (FST value) and black lines are smoothened local regressions between striped and nonstriped species
from the whole Lake Malawi dataset (top) and Lake Tanganyika (bottom). This is plotted together with topology weights for topologies in
which striped species are most closely related (blue bars Lake Malawi, green bars Lake Tanganyika). An example topology is provided to
the right for both radiations.
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Highly associated SNPs in Lake V ictoria cichlids (LV 1)
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B
Highly associated SNPs in Lake V ictoria cichlids (LV 2)

443460
443429
443424
443381
443378
443301
443253
443247
443161
443126

443111

443107

443074

443064

443057

442548

442426

442404

442399

442286

442253

442245

stripes in Lake Victoria cichlids. Blue indicates the allele that is associated with stripes in Lake Malawi cichlids.
(A) Candidate region LV 1 (scaffold3: 441,862-442,548). (B) Candidate region LV 2 (scaffold3:443,057443,467). (C) Candidate region LM (scaffold3:438,598-438,687).

Figure S3: Highly associated SNPs in Lakes V ictoria and Malawi. Grey represents the „non-stiped“ allele of the P. nyererei reference. Orange indicates the allele that is associated with stipes in Lake V ictoria. Blue indicates the allele that is associated
nonstriped allele of the P. nyererei reference genome. Orange indicates the allele that is associated with
with stipes in Lake Malawi. ( A) Candidate region LV 1 (scaffold3:441,862 - 442,548 ). (B) Candidate region LV 2 (scaffold3:443,057 - 443,467). (C) Candidate region LM (scaffold3:438,598 - 438,687).
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Fig SII.2 Highly associated SNPs in Lakes Victoria and Malawi. Grey represents the “ancestral”

Lake Malawi
non-striped

Lake Malawi
striped

Lake Victoria
non-striped

Lake Victoria
striped

C Highly associated SNPs in Lake Malawi cichlids (LM)

Lake Malawi
non-striped

Lake Malawi
striped

Lake Victoria
non-striped

Lake Victoria
striped

A
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Supplementary information to Chapter III
Supplementary Figures SIII.1–SIII.7 are attached to this document and can be found at
Genome Biology and Evolution online (http://www.gbe.oxfordjournals.org/). Additional
supplementary data (modified Pundamilia nyererei reference, locus alignment, cDNA
alignments, BAM files) is available on Dryad (doi.org/10.5061/dryad.bnzs7h467).

Fig. SIII.1 5’ RACE results. (A) Positions of used primers in Exon 3. (B) The two isoforms and primer used to
confirm the two isoforms. F1 is specific for isoform 1, F2 is specific for isoform 2. F3 amplifies both isoforms. (C)
5’ RACE amplification. Arrowheads indicate the expected size. (D) Realtime PCRs amplifying both isoforms. Agrp2
is strongly expressed in the brain and shows differential expression between the skin of P. nyererei (arrow) and
H. sauvagei (asterisk) as previously reported. (E to F) Realtime PCRs for isoform 1 (E) and isoform 2 (F) show a
similar pattern suggesting similar regulation of the expression of the transcript.
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Fig. SIII.2 3‘ RACE results. (A) Positions of primers used for the 3’ RACE amplification. (B to C) 3’ RACE
amplifications with arrows indicating expected size. (B) Using forwards primers aF1 and aF2 (C) as well as aF2
and aF3. (D) 3’UTR sequence of P. nyererei and H. sauvagei.
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Fig. SIII.3 PCR-based detection of the agrp2 exon duplication using primers DF1 and DR1. (A) Primer
position and amplicons “PCR 1”, “PCR 1b” and “PCR 2”. Red boxes indicate the duplication. (B and C) PCR assay
across 43 cichlid species. Bands (in most cases at ~1.6 kb) suggest one or more tandem duplication. Red “X”
indicates missing template, black arrowheads are bands shown in Fig. SIII.2. Asterisks in (C) indicate samples
already tested in (B).
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Fig. SIII.4 PCR-based detection of the agrp2 exon duplication using primers DF2 and DR2. Red “X”
indicates missing templates. Samples are the same as in Appendix Fig. SIII.3B. Bands (in most cases ~1.1kb)
suggest one or more tandem duplications.

Fig. SIII.5 Long-range-PCR-based detection of the agp2 exon duplication using primers DF3 and DR3.
Larger bands (in most cases at ~6kb) suggest a tandem duplication, bands > likely indicate more duplications
(e.g. in J. ornatus), bands around ~4kb indicate no duplication. Multiple bands likely represent individuals that
are heterozygous for the duplication. Black arrowheads indicate bands shown in Fig. III.2.
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Fig. SIII.6 Cladogram of cichlids made from the agrp2 locus and the likely origins of deletions and
insertions. Question marks indicate equally likely scenarios.

Fig. SIII.7 PCR-based confirmation of deletion 7 and 8 across Lake Victoria cichlids. (A) PCR design. (B
to C) PCR for deletion 7 (B) and 8 (C). In both cases only the individual of H. chilotes and H. sauvagei show the
deletion, suggesting that there is no consistent link to stripe patterns.

- 141 -

Table SIII.1 Positions of deletions, the coding sequence (CDS) of agrp2 and a regulatory element (EnhA) of agrp2.

Annotation
Agrp2 CDS Exon 1
Agrp2 CDS Exon 2
Agrp2 CDS Exon 3/3a
Agrp2 CDS Exon 3b
EnhA regulatory element
#1a
#1b
#2
#3
#4a
#4b
#5
#6
#7
#8
#9 (Duplication)
#10

O. niloticus (Length)
N. brichardi (Length) O. niloticus (Position; + Strand)
A. calliptera (Length) N. brichardi (Position; - Strand)
A. calliptera (Position; - Strand)
A. burtoni (Length)
A. burtoni (Position; - Strand)
M. zebra (Length)
M. zebra (Position; - Strand)
H. sauvagei (Length)
H. sauvagei (Position; + Strand)
P. nyererei (Position; + Strand) P. nyererei (Length)
108
108
NC_031982.1:9,188,415-9,188,523
108
JH422283.1:8,541,097-8,541,205
10818:24,361,349-24,361,457
JH425581.1:114,494-114,602
108
LG18:19,338,740-19,338,848
108
1,562-1,670
108
scaffold_3:438,849-438,957
73
74
NC_031982.1:9,192,661-9,192,734
74
JH422283.1:8,536,830-8,536,904
7418:24,354,767-24,354,841
74
JH425581.1:109,643-109,717
74
LG18:19,333,863-19,333,937
6,105-6,179
74
scaffold_3:443,411-443,485
167
167
NC_031982.1:9,197,626-9,197,793
167
JH422283.1:8,531,773-8,531,940
16718:24,349,628-24,349,795
JH425581.1:104,838-105,005
167
LG18:19,328,845-19,329,012
167
9,553-9,720
167
scaffold_3:448,241-448,408
167
-18:24,347,885-24,348,052
167
LG18:19,327,184-19,327,351
1534
927
NC_031982.1:9,191,126-9,192,660
1090
JH422283.1:8,536,904-8,537,831
108918:24,354,842-24,355,932
JH425581.1:109,718-110,807
1088
LG18:19,333,938-19,335,026
1077
5,027-6,104
1090
scaffold_3:442,320-443,410
260
DEL
NC_031982.1:9,187,537-9,187,797
DEL
JH422283.1:8,541,543^8,541,544
54018:24,362,055^24,362,056
JH425581.1:114,953-115,493
294
LG18:19,339,443-19,339,737
546
665-1211
294
scaffold_3:437,952-438,246
776
DEL
NC_031982.1:9,187,275-9,188,051
499
JH422283.1:8,541,543^8,541,544
54518:24,361,807-24,362,306
JH425581.1:115,199-115,744
791
LG18:19,339,198-19,339,989
545
414-959
797
scaffold_3:437,701-438,498
308
305
NC_031982.1:9,188,540-9,188,848
298
JH422283.1:8,540,775-8,541,080
29818:24,361,034-24,361,332
JH425581.1:114,179-114,477
293
LG18:19,338,430-19,338,723
DEL
1,686^1,687
DEL
scaffold_3:438,973^438,974
98
728
NC_031982.1:9,189,521-9,189,619
856
JH422283.1:8,539,411-8,540,139
76618:24,359,542-24,360,398
JH425581.1:112,685-113,451
811
LG18:19,336,938-19,337,749
850
2,322-3,172
850
scaffold_3:439,609-440,459
DEL
41
NC_031982.1:9,190,083^9,190,084
1686
JH422283.1:8,538,912-8,538,953
DEL18:24,357,010-24,358,696
DEL
JH425581.1:111,875^111,876
LG18:19,336,107^19,336,108
DEL
3,952^3,953
DEL
scaffold_3:441,239^441,240
DEL
41
NC_031982.1:9,191,191^9,191,192
2078
JH422283.1:8,538,912-8,538,953
36818:24,357,010-24,359,088
JH425581.1:111,875-112,243
377
LG18:19,336,107-19,336,484
338
3,616-3,954
338
scaffold_3:440,903-441,241
647
DEL
NC_031982.1:9,191,379-9,192,026
143
JH422283.1:8,537,757^8,537,758
14318:24,355,714-24,355,857
JH425581.1:110,589-110,732
143
LG18:19,334,808-19,334,951
143
5,102-5,245
143
scaffold_3:442,395-442,538
1533
DEL
NC_031982.1:9,191,126-9,192,659
DEL
JH422283.1:8,537,566^8,537,567
DEL18:24,355,522-24,355,523
DEL
JH425581.1:110,397^110,398
LG18:19,334,616^19,334,617
DEL
5,436^5,437
DEL
scaffold_3:442,729^442,730
472
464
NC_031982.1:9,193,013-9,193,485
450
JH422283.1:8,536,086-8,536,550
44618:24,354,040-24,354,490
452
JH425581.1:108,916^109,362
LG18:19,333,134-19,333,586
DEL
6,458^6,459
450
scaffold_3:443,761-444,211
non-alignable
3387
966
JH422283.1:8,531,118-8,534,505
36418:24,351,588-24,352,554
JH425581.1:107,047-107,411
955
LG18:19,330,693-19,331,648
DEL
7,922^7,923
936
scaffold_3:445,677-446,613
non-alignable
55
1800
JH422283.1:8,532,068-8,532,123
191418:24,348,181-24,349,981
JH425581.1:105,133-107,047
1717
LG18:19,327,480-19,329,197
DEL
9,423^9,424
DEL
scaffold_3:448,112^448,113
167
485
NC_031982.1:9,197,626-9,197,793
DEL
JH422283.1:8,530,616-8,531,101
DEL18:24,347,216^24,347,217
DEL
JH425581.1:104,169^104,170
LG18:19,326,516^19,326,517
DEL
10,349^10,350
DEL
scaffold_3:449,075^449,076

Table S1: Position of deletions, the coding sequence (CDS) of agrp2 and a regulatory element (EnhA) of agrp2.
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Table SIII.2 Primers used in this study.
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- Appendix Table SIII.3 Summary of species and evidence for exon 3 duplications. Shown are different approaches
(based on RNA-seq coverage or PCRs) as well as presence and absence of the indels #7 and #8 that are
variable within the Lake Victoria radiation.

horizontal stripe exon 3 copies

coverage

transcribed exon

indels

species

genus

lake

phenotype

1

>2

rel. coverage

source

identity

based on

#7

#8

Oreochromis niloticus

Oreochromini

Rivers

no stripes

1/1

-

?

-

Exon 3a

gDNA

ins

ins

Oreochromis variabilis

Oreochromini

Rivers

no stripes

1/1

-

?

-

?

-

?

?

Oreochromis squamipinnis

Oreochromini

Malawi

no stripes

?

?

1.31 Malinsky et al. 2017

?

-

?

?

Altolamprologus calvus

Lamprologini Tanganyika

no stripes

1/1

-

?

-

Exon 3a

cDNA

?

?

Julidochromis dickfeldi

Lamprologini Tanganyika

stripes

-

1/1

?

-

Exon 3a

cDNA

?

?

Julidochromis marlieri

Lamprologini Tanganyika

stripes

3/3

-

?

-

Exon 3a

cDNA

?

?

Julidochromis ornatus

Lamprologini Tanganyika

stripes

-

3/3

?

-

?

-

?

?

Julidochromis regani

Lamprologini Tanganyika

stripes

3/3

-

?

-

Exon 3a

cDNA

?

?

Lamprologus meleagris

Lamprologini Tanganyika

no stripes

1/1

-

?

-

?

-

?

?

Lamprologus multifasciatus

Lamprologini Tanganyika

no stripes

3/3

-

?

-

Exon 3a

cDNA

?

?

Lamprologus similis

Lamprologini Tanganyika

no stripes

-

1/1

?

-

Exon 3a

cDNA

?

?

Lepidiolamprologus kendalli

Lamprologini Tanganyika

partially striped

-

1/1

?

-

Exon 3a

cDNA

?

?

Neolamprologus brichardi

Lamprologini Tanganyika

no stripes

3/3

-

?

-

Exon 3a

cDNA

ins

ins

Neolamprologus büscheri

Lamprologini Tanganyika

stripes

2/2

-

?

-

?

-

?

?

Neolamprologus caudopunctatus

Lamprologini Tanganyika

no stripes

-

3/3

?

-

Exon 3a

cDNA

?

?

Neolamprologus cylindricus

Lamprologini Tanganyika

no stripes

-

3/3

?

-

Exon 3a

cDNA

?

?

Neolamprologus fasciatus

Lamprologini Tanganyika

no stripes

-

1/1

?

-

?

-

?

?

Neolamprologus longicaudatus

Lamprologini Tanganyika

no stripes

-

1/1

?

-

Exon 3a

cDNA

?

?

Lamprologini Tanganyika

no stripes

-

1/1

?

-

Exon 3a

cDNA

?

?

Neolamprologus pulcher

Lamprologini Tanganyika

no stripes

1/1

-

?

-

Exon 3a

cDNA

?

?

Tanganicodus irsacae

Lamprologini Tanganyika

no stripes

1/1

-

?

-

Exon 3a

cDNA

?

?

Telmatochromis bifrenatus

Lamprologini Tanganyika

stripes

-

1/1

?

-

?

-

?

?

Telmatochromis vittatus

Lamprologini Tanganyika

stripes

-

2/2

?

-

?

-

?

?

Variabilichromis moori

Lamprologini Tanganyika

no stripes

1/1

-

?

-

Exon 3a

cDNA

?

?

Ophthalmotilapia ventralis

Ectodini Tanganyika

no stripes

-

1/1

?

-

Exon 3a

cDNA

?

?

Eretmodus marksmithi

Eretmodini Tanganyika

no stripes

1/1

-

?

-

Exon 3a

cDNA

?

?

Tropheini Tanganyika

no stripes

1/1

-

?

-

Exon 3a

cDNA

?

?

?

-

?

ins

ins
?

Neolamprologus prochilus

Pseudosimochromis babaulti

Astatotilapia burtoni Haplochromini

Rivers

partially striped

-

1/1

Alticorpus geoffreyi Haplochromini

Malawi

no stripes

?

?

1.98 Malinsky et al. 2017

?

?

Alticorpus macrocleithrum Haplochromini

Malawi

no stripes

?

?

1.78 Malinsky et al. 2017

?

?

?

Alticorpus peterdaviesi Haplochromini

Malawi

no stripes

?

?

1.71 Malinsky et al. 2017

?

?

?

Aristochromis christyi Haplochromini

Malawi

oblique stripe

?

?

1.02 Malinsky et al. 2017

?

?

?

Astatotilapia bloyeti Haplochromini

Malawi

partially striped

?

?

0.92 Malinsky et al. 2017

?

?

?

Astatotilapia calliptera Haplochromini

Malawi

no stripes

-

1/1

1.13 Malinsky et al. 2017

?

ins

ins

Astatotilapia sp. 'rujewa' Haplochromini

Malawi

unknown

?

?

1.05 Malinsky et al. 2017

?

?

?

Astatotilapia tweddlei Haplochromini

Malawi

partially striped

?

?

2.15 Malinsky et al. 2017

?

?

?

Aulonocara jacobfreibergi Haplochromini

Malawi

no stripes

-

3/3

Aulonocara sp. 'blue chilumba' Haplochromini

Malawi

no stripes

?

Aulonocara sp. ´gold´ Haplochromini

Malawi

no stripes

Aulonocara sp. ´minutus´ Haplochromini

Malawi

Haplochromini

?

-

Exon 3a

cDNA

?

?

?

1.81 Malinsky et al. 2017

?

-

?

?

?

?

2.01 Malinsky et al. 2017

?

-

?

?

no stripes

?

?

1.99 Malinsky et al. 2017

?

-

?

?

Malawi

no stripes

?

?

2.13 Malinsky et al. 2017

?

-

?

?

Aulonocara steveni Haplochromini

Malawi

no stripes

?

?

1.88 Malinsky et al. 2017

?

-

?

?

Aulonocara stuartgranti Haplochromini

Malawi

no stripes

?

?

1.88 Malinsky et al. 2017

?

-

?

?

Buccochromis nototaenia Haplochromini

Malawi

oblique stripe

?

?

1.07 Malinsky et al. 2017

?

-

?

?

Buccochromis rhoadesii Haplochromini

Malawi

oblique stripe

?

?

1.81 Malinsky et al. 2017

?

-

?

?

Champsochromis caeruleus Haplochromini

Malawi

no stripes

?

?

1.27 Malinsky et al. 2017

?

-

?

?

Cheilochromis euchilus Haplochromini

Malawi

stripes

3/3

-

1.15 Malinsky et al. 2017

Exon 3a

cDNA

?

?

Chilotilapia rhoadesii Haplochromini

Malawi

stripes

-

-

0.99 Malinsky et al. 2017

?

-

?

?

Aulonocara sp. ´yellow´

Copadichromis borleyi

Haplochromini

Malawi

no stripes

?

?

1.3 Malinsky et al. 2017

?

-

?

?

Copadichromis mloto

Haplochromini

Malawi

no stripes

?

?

1.71 Malinsky et al. 2017

?

-

?

?

Copadichromis quadrimaculatus Haplochromini

Malawi

no stripes

?

?

1.75 Malinsky et al. 2017

?

-

?

?

Copadichromis trimaculatus Haplochromini

Malawi

no stripes

?

?

2.12 Malinsky et al. 2017

?

-

?

?

Copadichromis virginalis Haplochromini

Malawi

stripes

?

?

1.94 Malinsky et al. 2017

?

-

?

?

Ctenochromis pectoralis Haplochromini

Malawi

no stripes

?

?

2.72 Malinsky et al. 2017

?

-

?

?

Ctenopharynx intermedius

Haplochromini

Malawi

no stripes

?

?

1 Malinsky et al. 2017

?

-

?

?

Ctenopharynx nitidus

Haplochromini

Malawi

no stripes

?

?

0.9 Malinsky et al. 2017

?

-

?

?

Cyathochromis obliquidens

Haplochromini

Malawi

stripes

?

?

1.87 Malinsky et al. 2017

?

-

?

?

Cynotilapia afra

Haplochromini

Malawi

no stripes

?

?

1.94 Malinsky et al. 2017

?

-

?

?

Cynotilapia axelrodi

Haplochromini

Malawi

no stripes

?

?

1.84 Malinsky et al. 2017

?

-

?

?

Cyrtocara moorii Haplochromini

Malawi

no stripes

?

?

2.31 Malinsky et al. 2017

?

-

?

?

Dimidiochromis compressiceps Haplochromini

Malawi

stripes

-

3/3

2.06 Malinsky et al. 2017

Exon 3a

cDNA

?

?

Dimidiochromis kiwinge Haplochromini

Malawi

stripes

?

?

2.02 Malinsky et al. 2017

?

-

?

?

- 144 -

- Appendix -

Dimidiochromis strigatus Haplochromini

Malawi

stripes

?

?

2.18 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

no stripes

?

?

1.72 Malinsky et al. 2017

?

-

?

?

Diplotaxodon limnothrissa Haplochromini

Malawi

no stripes

?

?

1.62 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

no stripes

?

?

2.04 Malinsky et al. 2017

?

-

?

?

Diplotaxodon sp. ´similis´ Haplochromini

Malawi

stripes

?

?

2.02 Malinsky et al. 2017

?

-

?

?

Eclectochromis ornatus Haplochromini

Malawi

no stripes

?

?

1.59 Malinsky et al. 2017

?

-

?

?

Fossorochromis rostratus Haplochromini

Malawi

partially striped

?

?

1.93 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

no stripes

?

?

1.09 Malinsky et al. 2017

?

-

?

?

Gephyrochromis lawsi Haplochromini

Malawi

no stripes

?

?

1.95 Malinsky et al. 2017

?

-

?

?

Hemitaeniochromis spilopterus Haplochromini

Malawi

stripes

?

?

3.4 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

no stripes

?

?

1.17 Malinsky et al. 2017

?

-

?

?

Iodotropheus sprengerae Haplochromini

Malawi

no stripes

?

?

1.16 Malinsky et al. 2017

?

-

?

?

Labeotropheus fuelleborni Haplochromini

Malawi

no stripes

?

?

1.9 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

no stripes

?

?

1.98 Malinsky et al. 2017

?

-

?

?

Labidochromis caeruleus Haplochromini

Malawi

no stripes

-

3/3

-

Exon 3a

cDNA

?

?

Lethrinops albus Haplochromini

Malawi

stripes

?

?

2.1 Malinsky et al. 2017

?

-

?

?

Lethrinops auritus Haplochromini

Malawi

no stripes

?

?

2.01 Malinsky et al. 2017

?

-

?

?

Lethrinops gossei Haplochromini

Malawi

no stripes

?

?

1.43 Malinsky et al. 2017

?

-

?

?

Lethrinops lethrinus Haplochromini

Malawi

no stripes

?

?

1.75 Malinsky et al. 2017

?

-

?

?

Lethrinops longimanus Haplochromini

Malawi

no stripes

?

?

1.67 Malinsky et al. 2017

?

-

?

?

Lethrinops longipinnis Haplochromini

Malawi

no stripes

?

?

2.03 Malinsky et al. 2017

?

-

?

?

Lethrinops sp. 'oliveri' Haplochromini

Malawi

unknown

?

?

2.16 Malinsky et al. 2017

?

-

?

?

Diplotaxodon apogon

Diplotaxodon macrops

Genyochromis mento

Hemitilapia oxyrhyncha

Labeotropheus trewavasae

?

Maylandia emmiltos

Haplochromini

Malawi

no stripes

?

?

1.71 Malinsky et al. 2017

?

-

?

?

Maylandia fainzilberi

Haplochromini

Malawi

no stripes

?

?

1.85 Malinsky et al. 2017

?

-

?

?

Maylandia livingstonii Haplochromini

Malawi

stripes

?

?

2.08 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

no stripes

-

4/4

1.42 Malinsky et al. 2017

Exon 3a

cDNA

ins

ins

Melanochromis auratus Haplochromini

Maylandia zebra

Malawi

stripes

2/2

-

1.05 Malinsky et al. 2017

Exon 3b

RNA-seq, cDNA

?

?

Haplochromini

Malawi

oblique stripe

?

?

1.23 Malinsky et al. 2017

?

-

?

?

Mylochromis ericotaenia Haplochromini

Malawi

oblique stripe

?

?

1.83 Malinsky et al. 2017

?

-

?

?

Mylochromis lateristriga Haplochromini

Malawi

oblique stripe

?

?

1.67 Malinsky et al. 2017

?

-

?

?

Nimbochromis linni Haplochromini

Malawi

no stripes

?

?

2.57 Malinsky et al. 2017

?

-

?

?

Nimbochromis livingstoni Haplochromini

Malawi

no stripes

?

?

2.4 Malinsky et al. 2017

?

-

?

?

Nimbochromis polystigma Haplochromini

Malawi

no stripes

?

?

2.45 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

unknown

?

?

1.67 Malinsky et al. 2017

?

-

?

?

Otopharynx lithobates Haplochromini

Malawi

no stripes

?

?

1.93 Malinsky et al. 2017

?

-

?

?

Otopharynx speciosus Haplochromini

Malawi

no stripes

?

?

1.75 Malinsky et al. 2017

?

-

?

?

Otopharynx tetrastigma Haplochromini

Malawi

no stripes

?

?

1.05 Malinsky et al. 2017

?

-

?

?

Pallidochromis tokolosh Haplochromini

Malawi

no stripes

?

?

1.46 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

partially striped

?

?

2.21 Malinsky et al. 2017

?

-

?

?

Placidochromis electra Haplochromini

Malawi

no stripes

?

?

1.8 Malinsky et al. 2017

?

-

?

?

Placidochromis johnstoni Haplochromini

Malawi

no stripes

-

3/3

2.1 Malinsky et al. 2017

?

-

?

?

Placidochromis longimanus Haplochromini

Malawi

no stripes

?

?

2.04 Malinsky et al. 2017

?

-

?

?

Placidochromis milomo Haplochromini

Malawi

no stripes

?

?

0.98 Malinsky et al. 2017

?

-

?

?

Placidochromis subocularis Haplochromini

Malawi

partially striped

?

?

1.44 Malinsky et al. 2017

?

-

?

?

Placidochromis vulgaris Haplochromini

Malawi

stripes

?

?

2.13 Malinsky et al. 2017

?

-

?

?

Protomelas similis Haplochromini

Malawi

stripes

?

?

1.74 Malinsky et al. 2017

?

-

?

?

Mylochromis anaphyrmus

Otopharynx brooksi nkhata

Petrotilapia genalutea

Pseudotropheus cyaneorhabdos

Haplochromini

Malawi

stripes

-

3/3

?

-

Exon 3a

cDNA

?

?

Pseudotropheus demasoni

Haplochromini

Malawi

no stripes

-

1/1

?

-

Exon 3a

RNA-seq, cDNA

?

?

Pseudotropheus elongatus

Haplochromini

Malawi

no stripes

?

?

1.77 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

stripes

?

?

2.02 Malinsky et al. 2017

?

-

?

?

Rhamphochromis longiceps

Haplochromini

Malawi

stripes

?

?

2.19 Malinsky et al. 2017

?

-

?

?

Rhamphochromis woodi

Haplochromini

Malawi

stripes

?

?

2.72 Malinsky et al. 2017

?

-

?

?

Sciaenochromis benthicola Haplochromini

Malawi

no stripes

?

?

1.75 Malinsky et al. 2017

?

-

?

?

Serranochromis robustus Haplochromini

Malawi

stripes

?

?

3.45 Malinsky et al. 2017

?

-

?

?

Stigmatochromis guttatus Haplochromini

Malawi

no stripes

?

?

1.11 Malinsky et al. 2017

?

-

?

?

Stigmatochromis modestus Haplochromini

Malawi

variable

?

?

1.55 Malinsky et al. 2017

?

-

?

?

Haplochromini

Malawi

stripes

?

?

2.77 Malinsky et al. 2017

?

-

?

?

Taeniolethrinops furcicauda Haplochromini

Malawi

oblique stripe

?

?

1.95 Malinsky et al. 2017

?

-

?

?

Taeniolethrinops praeorbitalis Haplochromini

Malawi

no stripes

?

?

1.92 Malinsky et al. 2017

?

-

?

?

Tramitichromis brevis Haplochromini

Malawi

oblique stripe

?

?

1.94 Malinsky et al. 2017

?

-

?

?

Trematocranus placodon Haplochromini

Malawi

no stripes

?

?

1.01 Malinsky et al. 2017

?

-

?

?

Tropheops tropheops Haplochromini

Malawi

no stripes

?

?

1.78 Malinsky et al. 2017

?

-

?

?

Tyrannochromis macrostoma Haplochromini

Malawi

stripes

?

?

1.88 Malinsky et al. 2017

?

-

?

?

Tyrannochromis nigriventer Haplochromini

Malawi

stripes

?

?

2.28 Malinsky et al. 2017

?

-

?

?

Haplochromis chilotes Haplochromini

Victoria

stripes

3/3

-

?

-

?

-

del

del
?

Rhamphochromis esox

Taeniochromis holotaenia

Haplochromis flavus Haplochromini

Victoria

no stripes

?

?

1.05

McGee et al. 2016

?

-

?

Haplochromis gracilior Haplochromini

Victoria

no stripes

?

?

1.68

Meier et al. 2017

?

-

?

?

Haplochromis latifasciatus Haplochromini

Victoria

no stripes

-

3/3

1.79

Valente et al. 2014

Exon 3a

cDNA

ins

ins

Haplochromis melanopterus Haplochromini

Victoria

no stripes

-

2/2

?

-

Exon 3a

cDNA

ins

ins

Haplochromis paucidens Haplochromini

Victoria

no stripes

?

?

1.37

McGee et al. 2016

?

-

?

?

Haplochromini

Victoria

stripes

3/3

-

?

-

Exon 3a

cDNA

del

del

Haplochromis serranus Haplochromini

ins

Haplochromis sauvagei

Victoria

stripes

-

3/3

?

-

Exon 3a

cDNA

ins

Haplochromini

Victoria

stripes

?

?

1.88

McGee et al. 2016

?

-

?

?

Haplochromis thereuterion Haplochromini

Victoria

stripes

-

3/3

?

-

Exon 3a

cDNA

ins

ins

Haplochromis vittatus Haplochromini

Haplochromis sp. 'checkmate'

Victoria

stripes

?

?

1.51

McGee et al. 2016

?

-

?

?

Pundamilia nyererei

Haplochromini

Victoria

no stripes

2/3

1/3

1.65 | 1.01

Meier et al. 2016

Exon 3a

RNA-seq, cDNA

ins

ins

Pundamilia pundamilia

Haplochromini

Victoria

no stripes

1/3

2/3

1.86 | 0.99

Meier et al. 2016

Exon 3a

cDNA

ins

ins

Thoracochromis pharyngalis Haplochromini

Victoria

no stripes

?

?

2.46

Meier et al. 2017

?

-

?

?

- 145 -

18
20
5657
2163
362
887
355
2022
1943
2037
611
890
1059
284
870
822
1315
343
624
556
246
236
5594
5361
7608
3411
3189
2447
492
27
413
419
552
345
746
657
812
3545
6087
464
829
1144
558
836
269
370
801
501
460
432
19
16
58
17
446
416
672
297
639
648
435
280
275
6456
288
547
440
831
771
1072
401
270
292
1261
329
338
844
802
408
403
630
834
244
272
244
14

15.1
9.8
5.9
3.7
17.2
12.3
18.6
3.3
8.2
6.9
10.2
10.2
6.2
19.8
25.2
27.2
22.3
24.9
17.7
21.5
18.7
10.3
4.4
24.8
6
5.6
3.4
5.4
0
0
13.6
21.2
10.3
10.2
7.1
12.8
7.9
7
5.9
15.9
4.7
5
19.5
18.7
25.2
27.2
19
20.2
22.5
20.8
8.1
0
0
26.8
18.5
21
13.3
26.3
16.1
10.4
5.4
10.9
7.3
4.7
6.1
6.7
11.4
4.8
3
11.5
12.1
18
15.4
2.9
10.3
2.2
12.9
14.6
3.6
6
14
18.4
18.9
34.5
23.3
26.9

2.7
0
5.8
0.3
0
0
0
9.1
3.7
7
0
5.2
0
9.9
2.9
0.4
3.5
11.7
2.8
0.6
4.3
2.1
0.8
0.5
0
0.5
5.7
0
0
0
0
1.7
0
2.9
3.7
0.8
1.8
5.1
3.6
1.6
0
0
7.6
12.9
6.5
2.3
6.5
0.8
21.6
4.5
0
0
0
0
6.1
18.4
16
10.6
0.8
0.9
0
1.8
2.4
3.2
14.3
0
0
0
1
2.7
0
0
0
1.7
0
2.2
8.3
7.4
0.5
13.4
1.8
4.8
15.9
0
0
0

0
0
0.9
1.7
0
0
0
0.3
1.4
1.3
9.2
0.7
2.7
0
1.2
1.1
0.9
5.6
11.5
2.4
3.2
24.1
0.7
0.6
0
0.2
0
1.2
0
0
0
7.8
0
1.4
5.2
1.7
0
0.6
2.8
7.4
0
3.6
0
8.4
15.8
5.3
3.9
1.6
4.3
1.9
0
0
0
0
0
2.1
0
0
0.8
0.9
0
15.6
0
2.3
0
0
13.7
0
0
9.5
0
0
0
0.6
7.9
0
0
0
0
0
0
0
4.3
0
0
5

RepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
RepeatMasker
CichlidRepeatMasker
RepeatMasker

scaffold_3:438472-438508
scaffold_3:438796-438828
scaffold_3:439636-440475
scaffold_3:439656-439954
scaffold_3:439937-440000
scaffold_3:439999-440136
scaffold_3:440115-440184
scaffold_3:440159-440466
scaffold_3:440926-441221
scaffold_3:440932-441241
scaffold_3:441123-441241
scaffold_3:442405-442552
scaffold_3:442405-442552
scaffold_3:443930-444020
scaffold_3:444905-445330
scaffold_3:444921-445180
scaffold_3:444976-445319
scaffold_3:445337-445728
scaffold_3:445498-445823
scaffold_3:445554-445720
scaffold_3:445658-445751
scaffold_3:445683-445823
scaffold_3:445934-446681
scaffold_3:445934-447264
scaffold_3:446102-447093
scaffold_3:446981-447428
scaffold_3:447258-447674
scaffold_3:447348-447686
scaffold_3:447637-447697
scaffold_3:447675-447700
scaffold_3:447704-447769
scaffold_3:447856-447983
scaffold_3:449640-449717
scaffold_3:449642-449711
scaffold_3:449702-449835
scaffold_3:449711-449829
scaffold_3:449722-449835
scaffold_3:449846-450394
scaffold_3:449846-450717
scaffold_3:450308-450429
scaffold_3:450447-450552
scaffold_3:450552-450717
scaffold_3:450762-450879
scaffold_3:450762-451082
scaffold_3:450773-450956
scaffold_3:451087-451218
scaffold_3:451090-451270
scaffold_3:451119-451239
scaffold_3:451124-451355
scaffold_3:451248-451355
scaffold_3:451779-451804
scaffold_3:451828-451844
scaffold_3:452356-452407
scaffold_3:453633-453681
scaffold_3:455299-455390
scaffold_3:455383-455572
scaffold_3:455415-455572
scaffold_3:457195-457312
scaffold_3:457461-457579
scaffold_3:457473-457579
scaffold_3:457607-457662
scaffold_3:457661-457769
scaffold_3:457890-457930
scaffold_3:457895-458802
scaffold_3:457911-457959
scaffold_3:457943-458017
scaffold_3:457992-458093
scaffold_3:458070-458174
scaffold_3:458163-458261
scaffold_3:458225-458445
scaffold_3:458446-458503
scaffold_3:458495-458544
scaffold_3:458524-458575
scaffold_3:458562-458733
scaffold_3:458690-458752
scaffold_3:458762-458806
scaffold_3:458873-459027
scaffold_3:459030-459180
scaffold_3:459472-459539
scaffold_3:459476-459542
scaffold_3:459541-459647
scaffold_3:459654-459832
scaffold_3:461182-461275
scaffold_3:461871-461980
scaffold_3:461921-461980
scaffold_3:462507-462569

+
+
C
C
C
C
+
C
C
C
C
+
+
C
C
+
+
C
+
C
+
+
+
+
+
C
+
+
C
+
C
+
C
C
C
C
C
C
C
C
+
C
+
+
+
+
+
+
+
+
+
+
+
+
C
C
C
C
+
C
C
C
+
+
+
C
C
C
C
C
+
C
C
C
C
+
+
+
C
C
+
+
C
C
C
+

(GTG)n
(TTGTTT)n
DNA33d_AFC
F3085379F201HAF7_688165
RN497_frq688_Mariner/Tc1_TZF28C_related_gnl|ti|2139412188
RN81_frq847_gi|29420993|dbj|AB100550.1|
F229833F133HAF7_426349
M763154M152HAF7_1333
RN73_frq898_gi|29421022|dbj|AB100579.1|
SINE_AFC
RN72_frq812_gi|29421025|dbj|AB100582.1|
SINE_AFC
RN73_frq898_gi|29421022|dbj|AB100579.1|
Mariner-N11_EL
L2-6_AFC
RN46_frq1453_gi|129307148|gb|EF438175.1|
RN170_frq2375_gi|6649870|gb|AF016499.1|AF016499
DNA30_AFC
DNA29_AFC
RN449_frq101_hAT-N53_5638-5778_gnl|ti|2140363442
F1307881F171HAF7_527208
M1762787M185HAF7_131275
RN342_frq1129_CR1-1_2785-3701_gnl|ti|2140164618
Maui
RN171_frq4546_gi|6649869|gb|AF016498.1|AF016498
RN170_frq2375_gi|6649870|gb|AF016499.1|AF016499
L2-6_AFC
RN171_frq4546_gi|6649869|gb|AF016498.1|AF016498
RN13_frq1296_gi|115334918|gb|DQ904494.1|
(AATTG)n
RN175_frq2671_gi|5478227|gb|AF074485.1|AF074485
DNA5_AFC
DNA-4_AFC
RN384_frq349_DNA-2-16_1-84_gnl|ti|2173509383
RN70_frq845_gi|29421032|dbj|AB100589.1|
SINE_AFC
RN81_frq847_gi|29420993|dbj|AB100550.1|
RN384_frq349_DNA-2-16_1-84_gnl|ti|2173509383
DNA-4_AFC
RN385_frq494_SINE_AFC_1-130_gnl|ti|2139378986
M4064051M217HAF7_209843
RN384_frq349_DNA-2-16_1-84_gnl|ti|2173509383
RN469_frq121_Mariner/Tc1_1-342_gnl|ti|2139386163
Tc1-6_AFC
RN471_frq133_Mariner/Tc1_1-1008_gnl|ti|2139464306
RN483_frq132_Mariner/Tc1_385-1211_gnl|ti|2141265318
Tc1-13_AFC
RN473_frq256_Mariner/Tc1_11-909_gnl|ti|2141288087
RN485_frq136_Mariner/Tc1_485-1142_gnl|ti|2139460218
Tc1-6_AFC
(T)n
(A)n
(ATCT)n
(TAG)n
Tc1-6_AFC
RN477_frq183_Mariner/Tc1_77-944_gnl|ti|2141277805
Tc1-6_AFC
Mariner-3_EL
F3293479F203HAF7_319348
F1681407F182HAF7_257021
F2585091F196HAF6_695488
F1169603F167HAF7_16361
RN607_frq15357_Misc_Short_repeats_generated_by_MIRA
DNA44_AFC
M1373773M176HAF7_130583
RN607_frq15357_Misc_Short_repeats_generated_by_MIRA
M1614293M182HAF7_350417
RN607_frq15357_Misc_Short_repeats_generated_by_MIRA
F2223543F191HAF7_275172
RN460_frq555_REX1-1_2-547&Mariner_gnl|ti|2139459883
RN572_frq733_Unknown20_SMAR12planaria_DNA/Mariner_related_MIRA
RN607_frq15357_Misc_Short_repeats_generated_by_MIRA
F98723F130HAF7_271348
RN596_frq109_Unknown43_MIRA
F638931F146HAF7_212965
M6370538M337HAF7_253011
Tc1-1_AFC
Tc1-1_AFC
DNA37a_AFC
RN386_frq328_DNA-3-5_1-1074_gnl|ti|2140408976
Tc1-1_AFC
Tc1-1_AFC
piggyBac-N6_DR
Maui
F743269F150HAF6_216082
(TTTATTC)n

Simple_repeat
Simple_repeat
DNA/CMC-EnSpm
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
SINE/MIR
Unknown
SINE/MIR
Unknown
DNA/TcMar-ISRm11
LINE/L2
Unknown
Unknown
DNA
DNA
Unknown
Unknown
Unknown
Unknown
LINE/L2
Unknown
Unknown
LINE/L2
Unknown
Unknown
Simple_repeat
Unknown
DNA/hAT-Charlie
DNA/CMC-EnSpm?
Unknown
Unknown
SINE/MIR
Unknown
Unknown
DNA/CMC-EnSpm?
Unknown
Unknown
Unknown
Unknown
DNA/TcMar-Tc1
Unknown
Unknown
DNA/TcMar-Tc1
Unknown
Unknown
DNA/TcMar-Tc1
Simple_repeat
Simple_repeat
Simple_repeat
Simple_repeat
DNA/TcMar-Tc1
Unknown
DNA/TcMar-Tc1
DNA/TcMar-Tc1
Unknown
Unknown
Unknown
Unknown
Unknown
DNA/hAT-Ac
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
DNA/TcMar-Tc1
DNA/TcMar-Tc1
DNA/PIF-Harbinger
Unknown
DNA/TcMar-Tc1
DNA/TcMar-Tc1
DNA/PiggyBac
LINE/L2
Unknown
Simple_repeat

36
32
839
298
63
137
69
307
295
309
118
147
147
90
425
259
343
391
325
166
93
140
747
1330
991
447
416
338
60
25
65
127
77
69
133
118
113
548
871
121
105
165
117
320
183
131
180
120
231
107
25
16
51
48
91
189
157
117
118
106
55
108
40
907
48
74
101
104
98
220
57
49
51
171
62
44
154
150
67
66
106
178
93
109
59
62

Table S4: Repeats and deletions within the agrp2 locus of Pundamilia nyererei (scaffold3:437297-462903) using http://www.repeatmasker.org (RM) and http://cowry.agri.huji.ac.il/cgi-bin/TilapiaRM.cgi (Cichlid_RM)
length
class/family
repeat
+
position
type
ins.
del.
div.
score

Table SIII.4 Repeats and deletions within agrp2 locus of Pundamilia nyererei (scaffold3:437,297-462,903) using http://www.repeatmasker.org (RM) and
http://cowry.agri.huji.ac.il/cgi-bin/TilapiaRM.cgi (Cichlid_RM)
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- Appendix Supplementary information to Chapter V
Due to very large file sizes all supporting information (Supporting Tables SV.1 - SV.5)
can be found on the attached USB flash drive, online in the Supporting Information section
at

the

end

of

the

article.
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