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PREAMBLE 

The 21st century offers the opportunity to follow development as a concerted action at 

many levels of biological organization, from molecules, to cells, tissues and organs 

within the individual organism. An evolutionary context for development is increasingly 

provided by a zoo of currently studied species. Methods such as genetic screens, 

sequencing, mapping and genetic engineering, primarily using CRISPR/Cas systems, 

are being performed to uncover the genetic basis of morphological variation during 

natural speciation or domestication. Advances in molecular, genetic and imaging 

technologies allow to understand the cellular basis of development by labelling and 

tracking of individual cell populations. Computational and “omics” approaches along 

with classical techniques give new insights and provide promising directions. The 

future of evolutionary developmental biology is bright. Teleost fishes, especially the 

Danio species, are excellent models to study pigment pattern formation and evolution 

in vertebrates using a power battery of available methods. 

 

SUMMARY 

The genetic basis of morphological variation provides a major topic in evolutionary 

developmental biology. Fish of the genus Danio, containing the model species 

zebrafish, Danio rerio, represent a system to study pigment pattern diversification as 

they display amazingly different patterns ranging from horizontal stripes, to vertical 

bars or spots. Stripe formation in D. rerio is a self-organizing process based on cell-

contact mediated interactions between melanophores, xanthophores and iridophores. 

Little is known about the genetic and cellular basis of pigment pattern formation and 

evolution in other Danio species. Genes known to be involved in stripe formation in D. 

rerio might have functionally diverged to produce a pattern of vertical bars in its sibling 

species, Danio aesculapii. In collaboration with my colleagues, I showed by mutant 

analysis that the same three pigment cell types are required for bar formation. 

Reciprocal hemizygosity tests with genes, which are known to be involved in 

interactions between the pigment cells in D. rerio, identified the potassium channel 

gene kcnj13, but not the gap junction genes, gja4 and gja5b, or the adhesion molecule 

gene igsf11 as diverged between the two species. Further complementation tests with 

eight additional Danio species suggested evolutionary change in pigment patterns 
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through repeated and independent functional divergences in kcnj13, gja5b and igsf11 

across the genus. Focusing on kcnj13, we used in vivo imaging of transgenic 

reporters, transplantation experiments and lineage tracing of pigment cell population 

in chimeras and found that the shapes of all three types of pigment cells are affected 

in the D. rerio mutants, although the gene function is only required in melanophores. 

These differences, similar to the ones in D. rerio mutants, were also partly observed 

between D. rerio and D. aesculapii, might therefore underlie the evolutionary change 

of the divergent patterns. Using molecular, biochemical and bioinformatic analyses we 

confirmed the homo-tetrameric structure of the channel, which explains the dominant 

phenotype of most known mutations. A transcriptome-wide allele-specific expression 

analysis indicated higher expression of the D. rerio allele in hybrids between the two 

species. Together with our findings that the protein from both species are able to 

rescue the stripe phenotype in transgenic rescue lines, this confirmed cis-regulatory 

evolution of kcnj13. Species-specific pigment cell interactions could be important 

factors contributing to the variation in pigment patterns. This work highlights the 

genetic complexity underlying the diversification of pigment patterning and shows that 

the evolutionary history of biodiversity can be reconstructed in Danio fish. 

 

ZUSAMMENFASSUNG 

Die genetische Grundlage der morphologischen Variation ist ein wichtiges Thema in 

der evolutionären Entwicklungsbiologie. Fische der Gattung Danio, zu der auch der 

Modellorganismus Zebrabärbling, Danio rerio (auch: Zebrafisch), gehört, stellen ein 

System zur Untersuchung der Diversifizierung von Pigmentmustern dar, da sie 

erstaunlich unterschiedliche Muster aufweisen, die von horizontalen Streifen bis zu 

vertikalen Balken oder Tupfen reichen. Die Streifenbildung in D. rerio ist ein 

selbstorganisierender Prozess, der auf durch Zellkontakte vermittelten Wechsel-

wirkungen zwischen Melanophoren, Xanthophoren und Iridophoren beruht. Über die 

genetischen und zellulären Grundlagen der Bildung und Entwicklung von 

Pigmentmustern bei anderen Danio-Arten ist wenig bekannt. Gene, von denen 

bekannt ist, dass sie bei D. rerio an der Streifenbildung beteiligt sind, könnten sich 

funktionell divergierthaben, dass sie bei der Geschwisterart Danio aesculapii ein 

Muster aus vertikalen Balken erzeugen. In Zusammenarbeit mit meinen KollegInnen 

zeigte ich mithilfe einer Mutantenanalyse, dass die gleichen drei Pigmentzelltypen für 
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die Balkenbildung erforderlich sind. Reziproke Hemizygositätstests mit Genen, von 

denen bekannt ist, dass sie an den Interaktionen zwischen den Pigmentzellen in D. 

rerio beteiligt sind, zeigten, dass das Kaliumkanal-Gen kcnj13, aber nicht die Gap 

Junction-Genee gja4 und gja5b oder das Adhäsionsmolekül-Gen igsf11 zwischen den 

beiden Arten divergiert ist. Ausgedehntere Komplementierungstests mit acht weiteren 

Danio-Arten deuteten darauf hin, dass sich die Pigmentmuster durch wiederholte und 

unabhängige funktionelle Divergenzen in kcnj13, gja5b und igsf11 innerhalb der 

Gattung evolutionär verändert haben. Wir konzentrierten uns auf kcnj13 und 

verwenden In-vivo-Bildgebung von transgenen Reportern, Transplantations-

experimente und die Verfolgung von Pigmentzellenpopulation in Chimären und 

stellten fest, dass die Formen aller drei Arten von Pigmentzellen in den D. rerio-

Mutanten beeinträchtigt sind, obwohl die Genfunktion nur in Melanophoren 

erforderlich ist. Diese Unterschiede, die denen in D. rerio-Mutanten ähneln, wurden 

teilweise auch zwischen D. rerio und D. aesculapii beobachtet und könnten daher dem 

evolutionären Wandel der divergenten Muster zugrunde liegen. Durch molekulare, 

biochemische und bioinformatische Analysen bestätigten wir die homo-tetramerische 

Struktur des Kanals, die den dominanten Phänotyp der meisten bekannten Mutationen 

erklärt. Eine transkriptomweite allelspezifische Expressionsanalyse zeigte eine 

höhere Expression des D. rerio-Allels in Hybriden zwischen den beiden Arten. 

Zusammen mit unseren Erkenntnissen, dass das Protein beider Arten in der Lage ist, 

den Streifenphänotyp in transgenen Rettungslinien zu retten, bestätigte dies die cis-

regulatorische Evolution von kcnj13. Speziesspezifische Zell-Zell-Interaktionen 

könnten daher wichtige Faktoren sein, die zur Variation der Pigmentmuster beitragen. 

Diese Arbeit verdeutlicht die genetische Komplexität, die der Diversifizierung der 

Pigmentmusterung zugrunde liegt, und zeigt, dass die Evolutionsgeschichte der 

Artenvielfalt im Danio-Genus rekonstruiert werden kann. 
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INTRODUCTION 

The diversity of pigment patterns in teleost fish is a beautiful example of natural 

morphological variation, commonly known as a form of biodiversity. The patterns are 

important targets for natural and sexual selection. They are readily visible and 

therefore provide an excellent opportunity to study the genetic and cellular basis of 

morphological variation. Teleost species of the genus Danio, including the model 

species zebrafish, Danio rerio, form amazingly different pigment patterns. In this 

thesis, I use D. rerio to ask what is the molecular, genetic and cellular basis for pattern 

diversification in the Danio genus. To contextualize my work, I will first introduce 

concepts required in the field of pigment pattern variation in teleosts. Briefly, the 

patterns are composed of different types of pigment cells, which arose through the 

evolutionary innovation of the neural crest in vertebrates. Stripe formation in D. rerio 

depends on differentiation and migration of pigment cells and interactions among 

them. Little is known about these developmental processes in other Danio species, 

but they might have diverged to diversify the patterns across the genus. I describe 

general approaches, e.g. interspecific complementation tests, to identify functionally 

diverged genes and which of these methods have already been applied in the context 

of pigment pattern variation in Danio species. In Chapter One I report the identification 

of diverged genes through complementation tests between ten different Danio 

species. In Chapter Two I describe a novel function in pigment cell behaviour for one 

of these genes in the striped D. rerio and characterize the molecular basis for its 

functional divergence in the barred sister species D. aesculapii. I argue that Danio 

species provide a unique opportunity to reconstruct the evolutionary history of pigment 

pattern variation in vertebrates. 

 

Pigment pattern variation in teleost fish 
 

Teleosts (Teleostei) belong to the Neopterygii subclass of ray-finned fishes 

(Actinopterygii). Actinopterygians are occasionally introduced as the largest and most 

successful group of fishes in terms of number of species; but it is specifically the 

teleosts, which comprise over half of all living vertebrate species, or contribute 23,000 

of 24,000 actinopterygians, i.e. 96 % of all living fish species. Teleosts show an 

amazing variation in a multitude of traits including diverse pigment patterns, which are 

adaptive with many functions such as photoprotection, thermoregulation, and visual 
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communication within and across species1,2. Chromatophores, or pigment cells, 

contain the pigments or crystalline structures. Pigments change the colour of reflected 

light as the result of wavelength-dependent absorption. Structural colouration is due 

to the selective reflectance of incident light caused by the physical nature of a 

structure. The latter unfolds in wide areas of the available colour space, whereas 

pigments are more restricted due to their chemical nature. Physiological cues, which 

can act quickly over short or long distances in the animals, control body colouration 

through reversible changes of the intracellular localization of pigments, the 

configuration of crystalline units, and alterations of cell shapes. Pigment aggregation 

or cellular contraction render affected body regions light, while pigment dispersal or 

cellular expansion darken the area. Alterations in the configurations of crystalline 

structures may change hue and/or brightness. This context-dependent plasticity 

enables rapid switching between conspicuous and inconspicuous appearance for 

communication and camouflage, respectively3,4. The patterns are also used for visual 

crypsis to avoid interactions between prey and predators. Countershading is a 

common camouflage strategy in animals. By contrast, conspicuous patterns are 

displayed by prey to advertise their toxicity (aposematism) or to imitate dangerous 

species (mimicry). The patterns are also used for social signalling, like in kin 

recognition or mate choice. While different functions of patterns are appreciated, little 

is still known about how the perception and cognition systems of interacting individuals 

integrate visual and other ethologically relevant cues such as touch and odours. 

Patterns are evolutionarily highly significant, although even their complete loss is not 

necessarily lethal but can be due to regressive adaptation. Cavefish populations differ 

in the expression of pigmentation, visual sensory systems and sleep behaviour 

dependent on dark or light habitats5,6. Such evolutionary targets can (co-)evolve 

rapidly. They vary extensively within a single genus or resemble distant genera with 

similar ecological niches. As “deep genetic homology” and “selection’s capacity for 

iterating nearly identical adaptations from scratch” are often difficult to differentiate7, it 

often remains unclear to which extent similar patterns evolved in parallel or 

convergently within or across genera. In summary, patterns have many different 

functions, are trade-offs between opposing evolutionary drivers, and are important for 

survival and speciation. 
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So far, only a small fraction of teleost species is used to study the variation in 

pigment patterning. They were often selected for a variety of reasons8, mostly 

favouring species that show remarkable features of development or behaviour, and 

are genetically tractable or optically transparent. Some of them are situated in a 

phylogeny of closely related species, or subspecies, which vary tremendously in 

pigmentation and pigment patterning. Teleosts in which these traits are studied are 

cichlids9-11, goldfish12, cavefish5,6, anemonefish13,14, guppies15, swordtail16,17, fighting 

fish18,19, medaka20 and D. rerio21-24. D. rerio, is an established model organism for 

biomedical research and provides the opportunity to study the genetic and cellular 

basis of pigment pattern formation. They have been domesticated for over a century 

and mating pairs reliably produce large quantities of fertilized eggs for stock 

maintenance and experiments under laboratory conditions25,26. A number of ENU 

mutagenesis (forward) screens27-31, spontaneous mutations appearing in stocks32,33, 

and targeted mutations of specific genes (reverse screens) led to the identification of 

many genes involved in pigmentation and pigment pattern formation in larval and adult 

fish. Optical transparency for fluorescence imaging is given in embryos and viable 

mutants of larval and adult fish lacking pigment cells. More than 20 Danio species with 

distinct pigment patterns diversified within the Danioninae subfamily across Southeast 

Asia, from India over Pakistan, Nepal and Bangladesh to Myanmar. Horizontal stripes 

develop in D. rerio and D. quagga (formerly the striped D. aff. kyathit), vertical bars 

are formed in D. aesculapii, D. choprae and D. erythromicron, and spots are displayed 

in (the spotted) D. kyathit, D. tinwini and D. margaritatus. Mixed patterns of stripes, 

spots or bars are present in D. nigrofasciatus and D. dangila. In D. albolineatus 

pigment cells intermingle in the trunk, although a horizontal xanthophore stripe is 

visible towards the posterior end of the tail. The distribution of species with similar 

patterns does not align with the phylogenetic relationship among the species, i.e., 

species that develop a similar pattern are not necessarily most closely related. In fact, 

similar patterns must have evolved repeatedly and independently in the genus. These 

observations suggest a complex genetic basis underlying the pattern diversification 

between the species. The two sister species D. rerio and D. aesculapii seem to overlap 

in their biodistribution, but are separated from other relatives by the Arakan Mountains 

of Myanmar. The exact phylogenetic position of D. kyathit, a member of the D. rerio 

species group, has not yet been completely resolved, possibly due to gene flow before 

speciation and introgression afterwards34,35. A few species can be maintained in the 



8 
 

laboratory similar to D. rerio or propagated using in vitro fertilization. Although hybrids 

between species are virtually sterile, they can be produced in the laboratory and used 

for genetic tests. Whether the genes, which are known to regulate stripe formation in 

D. rerio, are also involved in pattern formation and variation in other Danio species is 

only recently being explored36-39. 

Orthologs of pigmentation and patterning genes identified in mice40 and D. 

rerio41,42 frequently appear as candidate genes in studies investigating pattern 

variation in distantly related teleosts species43. Cichlids are especially suitable to study 

the repeated association of loci with pigment pattern variation as they form a large 

family of more than 2,000 species with diverse pigment patterns due to several events 

of adaptive radiation during the last 5-7 million years in East Africa9. Accumulating 

evidence from studies investigating pattern variation across natural or domesticated 

populations of teleost species argues for the existence of evolutionary hotspot 

genes44-46, which have been postulated for diverse morphological traits in different 

organisms. Rapid evolutionary changes are associated with duplications of genes or 

entire genomes, that produces new genes (ohnologs)47 with novel functions. The 

explosive increase of speciation and morphological diversification in the teleosts 

followed a whole-genome duplication (WGD) after the split between Teleostei and 

Holostei48, represented by gar49 and bowfin50. In addition to the WGD at the base of 

teleost evolution, more recent genome duplications have occurred in salmonids, 

common carp and goldfish. Inactivating mutations or loss of redundant copies are most 

likely to occur after WGDs, although many duplicated genes are retained after 

rediploidization. In teleosts, pigmentation genes have been preferentially retained 

suggesting that the duplicated genes share only low functional redundancy41. 

Pigmentation genes therefore appear to be biased towards reuse throughout 

evolution, perhaps because they present an opportunity for mutations with small 

pleiotropic effects. Sub- and neofunctionalization of paralogs might have led to the 

diversification of pigment cell types and pigment patterns. Broad phylogenetic 

sampling in combination with genetic screens in model organisms has successfully 

driven the study of pattern variation in teleost fish and functionally diverged loci have 

been identified. Given the findings from D. rerio research, genetic and genomic studies 

across teleosts will continue to provide new insights into the genetic basis of pattern 

variation. How genetic evolution is translated into the evolutionary change of 
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development and behaviour of pigment cell types during pattern formation in the many 

species studied is then the crucial question. 

 

Neural crest as the source of pigment cell type diversity 
 

Vertebrates develop a specific transient embryonic population of migratory cells, the 

neural crest (NC) cells. They are multipotent and not germ layer-restricted, giving rise 

to a variety of cell types during embryogenesis including all pigment cells with the 

exception of the retinal pigment epithelium. An ancestral form of the NC exists in 

chordates51, but it evolved, as an often called “fourth germ layer”, specifically in the 

vertebrate lineage52. Embryonic NC cells, specified in part by the Sox10 transcription 

factor, develop from the ectoderm, at the boundary between neural tube and 

epidermis. NC cells form different cranial, trunk, vagal and sacral lineages along the 

anterior-posterior axis of the developing embryo. Then they delaminate from the neural 

tube, thereby exiting the neural epithelium to become mesenchymal, a gradual 

process called epithelial-to-mesenchymal transition (EMT). Depending on the axial 

position of their origin, they give rise to distinct cell types. In the trunk lineage in D. 

rerio, three subpopulations consist of premigratory cells located in the dorsal region 

as well as a chain of leader and follower cells53, whose migratory identity is 

autonomously controlled by Notch signalling54. Migratory NC cells travel along the 

medial pathway between the somites and the neural tube/notochord and give rise to 

diverse cell types, including pigment cells, neurons of the sensory and sympathetic 

ganglia and Schwann cells (glia), the latter two cell types forming the dorsal root 

ganglia (DRG, or spinal ganglion) at the peripheral nervous system (PNS). NC cells 

located in the dorsal most region of the neural tube enter the lateral pathway between 

the ectoderm and the somites, and differentiate only into pigment cells. Premigratory 

NC cells already express genes associated with differentiated derivates, specifically 

the transcription factors Pax3/7 (pax3/pax7) for the xanthophore lineage55,56. Some 

transcription factors specifying NC cells remain active and are involved in the 

subsequent specification of NC derivates, e.g. Sox10 drives mitfa (nacre) expression 

for fate specification of melanoblasts29,57. Expression of mitfa is repressed by Foxd358 

and Tfec59 in the common precursors of melanoblasts and iridoblasts, that specifies 

the iridophore lineage in concert with Alx4a60. Iridophores are maintained by the 

function of the mitochondrial protein Mpv17 (mpv17/transparent/roy-orbison)61. NC 



10 
 

derivatives are committed to their final fate before reaching their ultimate location, 

involving receptor-ligand interactions such as Csf1a-Csfr1a (csfr1a/pfeffer) in 

xanthoblasts62,  Kitlga (kitlga/sparse-like)-Kita (kita/sparse)63-65 and WntL-WntR66 in 

melanoblasts, and Alkal2a/2b-Ltk (ltk/shady)67,68 and Edn3b-Ednrb1a 

(ednrba/rose)69,70 in iridoblasts. The larval pigment cells form a simple pattern, with 

black melanophores forming rudimentary stripes occasionally associated with 

iridophores, whereas yellow/orange xanthophores are mostly scattered over the body. 

NC-derived stem cells (NCSCs), originally called melanophore stem cells (MSCs), are 

set aside during embryonic development. Some of them require ErbB and Kit 

signalling and are used as postembryonic progenitors65, with their niche established 

at the DRGs (specified by Crestin and Tfap2b expression71), and function as tissue-

resident multipotent stem cells throughout life72,73, giving rise to derivatives including 

all three pigment cell types, neurons and glia of the DRG and the PNS. 

The early larval pattern is largely replaced during metamorphosis to generate 

the adult form. The horizontal stripes, formed by black melanophores, yellow/orange 

xanthophores and blue/silvery iridophores, develop in parallel to the growth of the fish. 

Most adult melanoblasts and iridoblasts develop from the same NCSCs and migrate 

along the nerves into the hypodermis, their larval counterparts do not contribute to the 

adult pattern. By contrast, most adult xanthophores are directly derived from the larval 

xanthophores, which persist during metamorphosis supported by Csf1 signalling. Few 

xanthophores of the adult pattern derive from the same NCSCs as the melanophores 

and iridophores73. At the onset of metamorphosis, after three weeks of development, 

larval xanthophores dedifferentiate and proliferate to cover the trunk. They 

subsequently redifferentiate into two populations with differences in shape and hue. 

Yellow xanthophores are compact in the interstripe, while stellate xanthophores (often 

referred to as cryptic or undifferentiated xanthoblasts) remain very light or 

unpigmented in the stripe74. Their differentiation is dependent on thyroid hormone 

(TH), as hypothyroid fish only develop unpigmented xanthophores75,76. Mitfa is 

required for the differentiation of postembryonic melanophores29, of which two 

differentiable populations contribute to the adult stripes. Most melanophores are Kit 

signalling-dependent63-65 and Kit-independent melanophores seem to be indirectly 

maintained by Endothelin and Csf1a signalling32,63,69,77,78. Similar to xanthophores, 

terminal maturation of melanophores is dependent on TH signalling, as hypothyroid 
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fish develop excess melanophores75. Once in the hypodermis, iridoblasts, clonally 

related with the same stem cells as the melanophores, give rise to two distinct 

populations of iridophores79,80, similar to xanthophores, with a stellate-shaped, loose 

population in the stripes (blue iridophores) and a reflective, dense-shaped population 

in the interstripes (surface (S) or dense iridophores). These subtypes differentiate, 

proliferate and undergo patterned aggregation in situ within stripes or interstripes 

spanning the entire dorsoventral axis. L-iridophores, a third type of iridophores, 

localize underneath the melanophores. Loss of Alkal2a/b-Ltk signalling67,68 and 

Mpv1761 affect both S- and L-iridophores. Although hypodermal and peritoneal S-

iridophores have distinct requirements for the two ligands Edn3a and Edn3b, 

respectively, they both depend on the Ednrb1a receptor38,69. Mutants that exclusively 

lack blue or L-iridophore types have not been identified yet. Iridophore differentiation 

is seemingly independent of TH but their numbers change as an indirect response to 

altered numbers of melanophores and xanthophores in hypothyroid fish75. TH actions 

in the hypodermis are regulated by galanin hormone produced in the pituitary gland33. 

Galanin signalling is a negative regulator of TH signalling, loss of either signalling 

component results in hyperthyroid (in tshr/opallus or galanin receptor 1a/nepomuk 

mutants) or hypothyroid fish, respectively, with defects in melanophore and 

xanthophore differentiation. The Galanin/TH axis is therefore non-cell-autonomously 

required for the differentiation of melanophores and xanthophores, and indirectly 

important for pigment cell interactions involving iridophores during stripe patterning. 

Unknown non-pigment cells in the tissue environment require the function of 

aquaporin3a (mau) for larval xanthophore development, although specific influences 

of water homeostasis on xanthophores is unclear81. Another genetic requirement in 

non-pigment cells is demonstrated by basonuclin-2 (bnc2/bonaparte), coding for a zinc 

finger protein82,83. Transplantation experiments indicate a functional requirement for 

bsn2 in the dermis, where it regulates the differentiation pathways of melanophores, 

xanthophores, and possibly iridophores. 

The three pigment cell types are also present in the anal, caudal and dorsal 

fins. They are derived from the same NCSCs as the pigment cells migrating into the 

hypodermis. The homologs of these pigment cell types are present in skin and fins 

across the Danio genus. In D. rerio, D. aesculapii and D. albolineatus, Kit, Csf1 and 

Edn/Ltk signalling pathways are required for melanophore, xanthophore and 



12 
 

iridophore development, respectively, although to different degrees among pigment 

cell type populations84. Another pigment cell type, widespread in the Danio genus, is 

the white leucophore located at the tips of anal and dorsal fins. This cell type arises 

though trans-differentiation, indirectly from other adult NC-derived cells, in the anal 

and dorsal fins of D. rerio. In these fins, melanophores can transition directly into 

melano-leucophores, and xanthophores or their progenitors can transdifferentiate into 

xantho-leucophores85. These trans-differentiated populations depend on Kit and Csf1 

signalling, respectively, thereby remaining faithful to their origin. Melano-leucophores 

are present in dorsal fins across species, except in D. erythromicron, and xantho-

leucophores mostly develop in anal fins, except in D. albolineatus and D. 

erythromicron. Melano-leucophores only form in the anal fins in D. nigrofasciatus and 

D. choprae, xantho-leucophores only develop in the dorsal fins in the spotted D. kyathit 

and D. tinwini. Red erythrophores in the fins are also common among Danio species86, 

likely lost in D. rerio, D. nigrofasciatus and D. tinwini. In D. albolineatus, fin 

erythrophores and xanthophores arise from a common progenitor, probably derived 

from NCSCs, and remain plastic after differentiation. The presence, absence or 

modification of the many different pigment cell types in the Danio genus provide an 

outstanding venue to study NC cell type diversification. A wider view into the teleost 

phylogeny shows the presence of eight different pigment cell types4,87-89, including 

electric-blue cyanophores, dichromatic erythro-iridophores, cyano-erythrophores and 

highly fluorescent pigment cells. How the cell types generate different pigments is an 

exciting question, especially suitable to address with Danio species, but will not be 

discussed in this manuscript. 

 

Development of the stripe pattern in D. rerio 
 

D. rerio is an excellent model to investigate pigment pattern formation in teleosts, and 

in vertebrates in general. Mutant analyses, transplantations, and lineage tracing have 

revealed distinct genetic requirements for individual pigment cell types and their local 

and distant interactions with tissue environments during growth. Careful imaging 

series throughout metamorphosis have shown the behaviours and shapes of the 

pigment cells that generates colour and contrast. However, there is little understanding 

of how the different pigment cells interact to form the stripes. 
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At the onset of metamorphosis, the NCSCs at the DRGs produce melanoblasts 

and iridoblasts, which migrate along peripheral neurons that innervate the skin via the 

dorsal, horizontal and ventral myosepta. At the horizontal myoseptum (HM), iridoblasts 

differentiate into iridophores to form the first interstripe as a coherent, dense sheet 

along the anterior-posterior body axis79,80. Xanthophores derived from their larval 

progenitors already populate the hypodermis and respond via Csf1 signalling62,77 to 

the arrival of iridophores with changes in shape and density to form compact cells on 

top of the iridophores in the developing interstripe74,83,90. As indicated by 

transplantation and mutant analyses, the acquisition of the compact form, is 

dependent on positive short-range interactions between iridophores and 

xanthophores, and requires heteromeric gap junctions composed of Gja4 and Gja5b 

(also known as Connexin 39.4 (luchs) and Connexin 41.8 (leopard), respectively) in 

xanthophores, which argues for direct homotypic and heterotypic cell-to-cell 

communication30,91-94. Xanthophores remain faint and stellate on top of melanophores 

in the developing stripe region, where iridophores with loose morphology also 

develop79,83,90. 

Once melanoblasts enter the skin, presumably guided by neuronal migration 

and partially by Kit signalling95, they localize to presumptive stripe regions dorsally and 

ventrally to the developing first interstripe and differentiate as they acquire melanin 

pigment. It is unclear how the two distinct melanophore populations, Kit-dependent or 

independent, specifically participate in the aspects of stripe formation. Melanophores 

have to limit their response to the global rise of proliferative insulin signalling derived 

from the brain during metamorphosis96. They fill vacant space in the stripes by size 

expansion rather than proliferation and move little. Their confluence is dependent on 

the function of the adhesion molecules Igsf11 (igsf11/seurat)97 and Jam3b 

(jam3b/pissarro)98, which induce spotted patterns in mutants. A similar phenotype is 

observed in gja4 and gja5b mutants. An allele of gja5b exerting a strong dominant 

negative-effect on gja4 in combination with mutants lacking xanthophores or 

iridophores led to the assumption that gap junctions or their individual connexin 

components are required for homotypic interactions between melanophores. Dense 

iridophores strictly separate from melanophores locally, although melanophore 

aggregation is supported by the presence of dense iridophores, but not xanthophores, 

as indicated by mutants lacking Csf1 signalling and therefore also xanthophores. 
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Mutants deficient in Endothelin and Ltk signalling, and therefore lacking iridophores, 

develop fewer melanophores83,90. Thus, dense iridophores maintain positive long-

range interactions with melanophores. Tight junction protein 1a, a scaffolding protein, 

is required in dense iridophores to prevent their spread as coherent sheets into the 

stripe region, which is strictly separated from the interstripe even in tjpa1a 

(schachbrett) mutants99.  

During the consolidation of the stripe-interstripe boundary, larval melanophores 

die in the developing interstripe and late-arriving cells are excluded from this region by 

cell death or migration towards the prospective stripe79,100. Survival and migration of 

melanophores is promoted by unpigmented xanthophores (xanthoblasts), which form 

rare and temporary contacts with melanophores through cellular projections, termed 

airinemes101. These contacts enable DeltaC (deltac/beamter)-Notch1a (notch1a)102 

signalling from xanthoblasts to melanophores and are relayed via macrophages, which 

control specificity and duration of these interactions103. Stripes expand when Delta-

Notch signalling is overactive. When the airineme-mediated survival signalling from 

xanthophores to melanophores are long gone, melanophores establish permanent 

protrusions towards interstripe xanthophores at the consolidated stripe-interstripe 

boundary in adult fish102. These protrusions are rare in xanthophore mutants deficient 

for Csf1 signalling with low melanophore numbers. The function of these interactions 

has not been investigated. Mutations in the inwardly rectifying potassium channel 

Kcnj13 (obelix/jaguar), expressed and required in melanophores, cause fewer and 

wider stripes, which are frequently interrupted and melanophores and pigmented 

xanthophores mix104,105. In vitro experiments with pigment cells isolated from the fins 

suggest that melanophore membranes depolarize upon contact with pigmented 

xanthophores, and this causes melanophores to migrate away from xanthophores106. 

A dominant missense mutation in the potassium/chloride cotransporter gene kcc4a 

(slc12a7a/schleier) causes fewer and interrupted stripes in homozygous fish; 

homozygous fish for a nonsense mutation are phenotypically normal, possibly due to 

a functional redundancy with its paralogue kcc4b107. Whether kcc4a/b and kcnj13 have 

overlapping functions in stripe formation remains to be investigated. Stripe expansion 

and defects in melanophore-xanthophore interactions are observed in mutants 

carrying dominant alleles of the membrane scaffold protein Tspan3c (tspan3c/dali)108. 

It is unknown whether Delta-Notch signalling components, Kcnj13, Kcc4a/b and 
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Tspan3c interact genetically or physically with each other to affect the same outcome. 

While Gja4/Gja5b gap junctions are involved in homotypic interactions between 

melanophores and xanthophores, respectively, they are likely not directly involved in 

the short-range repulsive interactions between melanophores and xanthophores. 

Mutants in the spermidine synthase gene (srm/idefix) develop defects in stripe width 

and display some spots. The gene codes for an enzyme in the biosynthesis pathway 

of polyamines (spermidine and spermine); transplantation experiments suggest that 

srm function is not required in pigment cells but influences their behaviour indirectly109. 

Gja4 and Gja5b contain a putative polyamine-binding motif and rectification Kcnj13 is 

regulated by binding polyamine to the pore domain of the channel110. A joint regulation 

of Gja4, Gja5b and Kcnj13 might be therefore mediated by the polyamine 

spermidine109,110. Taken together, integral membrane proteins are autonomously 

required in the pigment cells for their interactions, which controls the robust formation 

of the boundary between the dark and light stripes, the layer-specific, location-

dependent acquisition of pigment cell shapes, induces stripe reiteration and maintains 

the stripe pattern throughout life. 

In summary, the dark-blue stripes and golden-light interstripes develop in the 

hypodermis111,112, the innermost skin layer between epidermis and the underlying 

myotome. The stripes consist of one-cell thick sheets of melanophores at the 

innermost level, stellate xanthophores on top and loose iridophores in between, while 

interstripes contain dense iridophores covered by compact xanthophores but no 

melanophores. Precise superposition of the pigment cells within the dark and light 

stripes creates the blue and golden colours, respectively. The HM provides cues for 

the horizontal orientation of the stripes, as its absence in meox1 (choker) mutants 

leads to meandering stripes of normal width and composition90. Mutants lacking 

individual adult pigment cell types fail to form stripes, indicating that all three cell types 

are required for their assembly into stripes of horizontal orientation. These 

observations led to the working hypothesis that stripe patterning is a Turing-like 

process of self-organization113 of the pigment cells, which receive positional cues for 

their horizontal orientation from the HM as anatomical prepattern. Melanophore 

shapes remain robust in their organization in the stripes. The organization of 

xanthophore and iridophore shapes is dependent on their location within a stripe or 

interstripe, which indicates cell-cell communication in the hypodermis. Mutants 
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allowing xanthophores or iridophores to develop in the absence of the other two cell 

types show that these cells have the tendency to spread over the entire body, whereas 

melanophores remain rather localized. Transplantation experiments reveal that the 

different pigment cells are derived from stem cells segmentally positioned along the 

anterior-posterior body axis. Xanthophores and iridophores compete with their 

relatives from clones in neighbouring segments, thus effectively restricting migration 

along the anterior-posterior axis. Accordingly, heterotypic interactions between 

pigment cell types are required for cell shape changes, direction of migration, and 

assembly into the striped pattern, homotypic interactions regulate number, direction of 

migration and individual spacing of the cells in the trunk114. 

Stripes do not form in the dorsal fin, whereas anal and caudal fins are striped. 

Stripe formation in these fins is fundamentally different compared to stripe patterning 

in the trunk. Melanophores and xanthophores are required and sufficient for stripe 

formation in these fins, as stripes still form in the absence of iridophores in mutants 

deficient in Endothelin and Ltk signalling83,90. Mutant analysis and transplantation 

experiments indicate that interactions between melanophores and xanthophores 

require gja5a, rather than gja430. This suggests that gja5b is almost exclusively 

required and sufficient for interactions between these cells through homomeric Gja5b-

based gap junctions or hemichannels. Similar to stripe patterning in the trunk, these 

interactions might also depend upon the setting of distinct membrane potentials and 

regulation via spermidine, as stripes in anal and caudal fins lack completely in 

kcnj13104,106, tspan36108 and srm mutants109. Homotypic interactions between 

melanophores require autonomous and cooperative functions of the adhesion 

molecule genes igsf1197 and jam3b98, as double-heterozygotes develop defective 

body and fin patterns. Anatomical prepatterns providing cues for the orientation of the 

stripes in anal and caudal fins have not been identified and non-cell-autonomous 

factors regulating interactions between melanophores and xanthophores in the striped 

fins are unknown. Whether stripe formation is actively supressed in the dorsal fin or 

whether positive signals are lacking remains an open question. Our understanding of 

the genetic and cellular bases of stripe formation in trunk and fins in D. rerio is far from 

complete, yet the next questions have emerged how the identified genes and 

mechanisms are involved in pattern variation across closely related Danio species.  
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Identification of genetic evolution and its molecular basis 
 

Powerful methods that exist to identify functionally diverged genes have been used in 

a small number of studies on pigment pattern variation in mice and teleosts. Statistical 

methods as well as analyses of genetic crosses between species and segregating 

populations within interspecific hybrids can identify genomic regions that are linked to 

quantitative traits, termed quantitative trait loci (QTLs) in an unbiased manner. 

Association mapping (scanning) involving a set of genetic markers, such as single-

nucleotide polymorphisms (SNPs), or in the form of genome-wide association studies 

(GWAS) can provide further resolution to identify candidate regions or even individual 

genes. A major limitation is that QTL analysis is impossible if hybrids are sterile, which 

is the case for many species. Strong evidence of causal genetic evolution can be 

obtained by genomic allele exchanges via homologous recombination (HR), 

transgenic assays, and reciprocal hemizygosity tests (RHTs)115. Unmapped or 

complex genomes, the lack of precise gene editing methods and low efficiency for HR 

have impeded the generation of mutants and allele exchanges. The reciprocal 

hemizygosity test requires only the generation of reciprocal F1 hybrids between 

species, which carry null alleles from either parental species in the same genetic 

background. Although different strategies for transgenesis and mutagenesis have 

existed for the last two decades, the advent of precise and straightforward gene editing 

using the CRISPR/Cas9 system in 2012116 provided a broad accessibility of methods 

to derive causality of QTLs also in non-model species. 

I want to cite three studies carried out in Drosophila, mouse and cichlids to show 

current depth of insights into the evolutionary process. A QTL study from 2016 used 

the CRISPR/Cas9 system for the generation of null mutants for RHT and genomic 

allele exchange by HR to identify a causal mutation in an ion channel gene contributing 

to song divergence between two closely related Drosophila species117. An evolutionary 

recent integration of an intronic retroelement was identified as causal mutation in one 

of the two species tested. Another QTL analysis from 2019 on differently pigmented 

and closely related deer mice populations in the Sand Hills of Nebraska identified 

Agouti as a known adaptive locus of major effect118. Differences in colour were 

observed in transgenic mice with single-copy insertions of species-specific Agouti 

alleles into a presumably neutral locus using the PhiC31 integrase system in a strain 

with no endogenous Agouti expression. QTL mapping in combination with association 
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scans in 2018 led to the identification of regulatory changes in agouti-related peptide 

2 (agrp2) as being linked to the convergent evolution of stripes in cichlids in all three 

African Great Lakes43. The negative effect of an enhancer on agrp2 expression was 

linked to suppression of stripe formation in Lake Victoria cichlids. Although agrp2 

seems not to be directly involved in pigment cell interactions in D. rerio, it regulates an 

ancient dorso-ventral countershading mechanism in fish119,120. Stripe development in 

CRISPR/Cas9-induced F0 agrp2 mutants in a barred species from the same lake 

confirmed the causality of the QTL. Expressing stripe or bar alleles of homologous 

intronic elements identified by association scans yielded strong reporter expression 

only with the bar allele in transgenic larval D. rerio. This result suggests that the cis-

regulatory “bar” element causes suppression of agrp2 expression in the skin, which 

underlies the development of bars. Similar to the practical limitations in mice, higher 

HR efficiency will facilitate genomic allele exchanges in cichlids.  

Models and hypotheses about stripe formation in trunk and fins in D. rerio can 

be tested in other Danio species to understand the genetic basis underlying pattern 

variation across the genus. Evolutionary change of pigment patterns might arise 

through divergence in gene function involved in pigment cell differentiation, migration 

and interactions, although non-cell-autonomous factors in the tissue environment or 

global signals regulating pattern formation might have functionally diverged as well to 

mediate pattern variation. Hybridization between different Danio species has been 

observed in aquaria for about 100 years121. Most crosses between Danio species 

produce infertile hybrids, in part owing to aneuploidies122, which prohibit further hybrid 

crosses and QTL analysis to identify candidate genes. One-way interspecific 

complementation tests, in contrast to RHTs, however, can be used to screen for such 

candidates mediating pattern evolution. A handful of genes known to regulate stripe 

formation in D. rerio have been successfully tested in hybrids between D. rerio mutants 

and other Danio species36. Although genomic allele exchanges (in an evolutionary 

context) or reciprocal hemizygosity tests have not yet been performed, the Danio 

genus including D. rerio, with all the benefits of a model species, has now fully 

emerged as a model system for evolutionary developmental biology in vertebrates. 
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Evolution of pigment patterning in Danio species 
 

Pigment cell types homologous to melanophores, xanthophores and iridophores in D. 

rerio are present in the skin and fin patterns in all Danio species. The genes, which 

are involved in stripe formation in D. rerio, have therefore been tested in other species 

for their role in producing divergent patterns. In D. aesculapii, the direct sister species 

to D. rerio, Kit, Csf1 and Ltk signalling pathways are required for melanophore, 

xanthophore and iridophore development, respectively84. A Kit signalling-independent 

melanophore population also develops in this species. Rudimentary bars form in the 

absence of Kit and Ltk signalling given a sufficient number of melanophores, which 

develop variably in quantity and then spread loosely across the dorsoventral axis in 

the respective mutants. Bars fail to develop upon loss of xanthophores in mutants 

deficient for Csf1 signalling. This suggests that melanophores and xanthophores are 

essential for bar patterning, whereas the absence of iridophores still allows for bar 

patterning to occur. Whether the genes required for pigment cell interactions in D. rerio 

are also required for bar patterning in D. aesculapii is unknown.   

Closest related to D. rerio and D. aesculapii are D. kyathit and D. quagga35, 

which also develop divergent pigment patterns, with stripes similar to D. rerio in D. 

kyathit and spots similar to D. tinwini in D. quagga. Iridophores of stripes and spots 

appear earlier in D. kyathit than D. quagga during development. Only one QTL study 

from 2021 used quantitative approaches84 to investigate pigment pattern variation in 

Danio species39. Two separate hybrid crosses between the striped D. quagga and the 

spotted D. kyathit yielded non-overlapping QTLs, with regions containing candidate 

genes known to be required for stripe formation in D. rerio, such as tjp1a, required in 

dense iridophores to inhibit an invasion of interstripes into stripe regions, and gja4, 

required for homotypic interactions between melanophores and xanthophores, 

respectively. Apparent epistatic interactions between loci and segregating variation 

within species suggest a polygenic and still-evolving genetic basis of stripe and spot 

development in these species. The QTLs remained candidates as they were not 

further investigated using functional assays, possibly due to difficulties with obtaining 

mutants in these species. 

Two other sister species are D. nigrofasciatus, which develops a prominent 

stripe with ventral spots, and the broadly spotted D. tinwini. They are part of the D. 
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rerio species group within the phylogeny35. One-way interspecific complementation 

experiments identified edn3 as candidate for mediating pattern evolution between D. 

rerio and D. nigrofasciatus38. Hemizygous hybrids carrying only the functional allele 

from D. nigrofasciatus developed fewer melanophores in response to a reduction in 

iridophore numbers, that was attributed to lower expression of edn3b. Overexpression 

of edn3b in led to increased melanophore and iridophore numbers in transgenic D. 

rerio and D. nigrofasciatus, but not in ltk mutants in D. rerio. Thus, both cases highlight 

cis-regulatory evolution underlying pattern evolution between Danio species. A similar 

mechanism, but more broadly active over the flanks, might underlie the evolution of 

the spotted pattern in D. tinwini, thus regulatory evolution in edn3 likely occurred 

before both species diverged. 

The D. rerio species group (D. rerio, D. aesculapii, D. kyathit, D. quagga, D. 

nigrofasciatus and D. tinwini) and D. albolineatus belong to phylogenetic branches, 

which are separate from the  D. choprae groups (D. choprae, D. margaritatus, D. 

erythromicron)35. Distinct patterns are almost absent in D. albolineatus, as 

melanophores, xanthophores and iridophores intermingle in the trunk. CRISPR/Cas9-

induced loss-of-function mutants in Kit signalling lead to a lack of all melanophores in 

this species78,84, suggesting that NCSC progenitors have lost the potential to 

differentiate into separate melanophore lineages. One-way interspecific 

complementation tests identified candidate genes, such as csf1a in hybrids between 

D. rerio mutants and D. albolineatus, in which xanthophores develop earlier. 

Transgenic D. rerio carrying non-coding elements of csf1a from D. albolineatus 

showed early and high reporter expression in the hypodermis. Consistently, early 

stimulation of Csf1a signalling in D. rerio led to the intermingling of melanophores and 

xanthophores in ventral regions, similar to the aspects of the D. albolineatus wild-type 

pattern37. These results suggest that regulatory changes in Csf1 signalling underlie 

early differentiation and proliferation of xanthophores in D. albolineatus, potentially 

also in D. choprae, but not in D. kyathit or D. dangila123. The mixing of xanthophores 

and melanophores might be partly due to the reduction of airinemes, and therefore 

DeltaC-Notch1a-mediated signalling from xanthophores towards melanophores in D. 

albolineatus101. Little is known about the development and evolution of the small sister 

species D. erythromicron and D. margaritatus or the giant D. dangila, possibly due to 

difficulties with their maintenance under laboratory conditions. The Danio species vary 
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considerably in pigment patterning in the fins, but how species other than D. rerio even 

develop fin patterns has not been investigated so far. 

 

Objectives 
 

The study of pigment cells and patterns in Danio species sheds light on some of the 

oldest questions in evolutionary developmental biology. In this thesis, I have applied 

concepts from evolutionary genetics to ask how variation in pigment patterning arose 

in the Danio genus. Which genes are involved in pattern development and which have 

permitted modification during pattern evolution? Which steps during development, i.e. 

differentiation, migration or patterning of the pigment cells, change to for pattern 

diversification? 

In my dissertation project, I have systematically investigated whether genes 

known to be involved in stripe formation in D. rerio are required for the pigment pattern 

development of other Danio species, and whether these genes might have also 

functionally diverged to contribute to patterning differences between species. For 

Chapter One, I present the utilization of interspecific complementation tests in hybrids 

between D. rerio mutants and nine different Danio species to identify potentially 

diverged genes (kcnj13, gja4, gja5b and igsf11). I used the CRISPR/Cas9 system to 

generate loss-of-function mutants in D. rerio and its sister species D. aesculapii, which 

were crossed to generate reciprocal hybrids. These approaches led to the 

identification of the causal evolution in kcnj13 between the two sister species and the 

notion that this gene might represent an “evolutionary hotspot” for pattern 

diversification as it has probably functionally diverged repeatedly across the genus 

(Podobnik et al. 2022a, Podobnik et al. 2020). I then continued to focus on the role of 

kcnj13 in pattern formation and evolution. 

For Chapter Two, I describe blastula transplantation experiments confirming 

cell autonomy for kcnj13 function only in melanophores. Using a CRISPR/Cas9-

mediated knock-in reporter for endogenous kcnj13 expression I found expression of 

kcnj13 in melanophores during development in D. rerio. Surprisingly, loss-of-function 

mutations in kcnj13 have effects on the shape of all three pigment cell types. Evolution 

in kcnj13 might have led to patterning differences between D. rerio and D. aesculapii, 

which are reminiscent of the mutant phenotypes in D. rerio. In the case of kcnj13, 

evolution likely occurred through cis-regulatory rather than protein changes, as 
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investigated by allele-specific expression analysis of transcriptomes derived from 

hybrids between the two species, biochemical and bioinformatic approaches, and 

transgenic rescue experiments in D. rerio mutants (Podobnik et al. 2022b).  

The findings presented in Chapter One and Two will be recapitulated in the 

Discussion, where I describe the impact of the findings on the current understanding 

of pigment pattern diversification in teleosts and propose future directions and 

technologies that will help to explore the Danio genus as a model for morphological 

variation in vertebrates.  
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RESULTS 
 

CHAPTER ONE 
 

Complementation tests for pattern diversification in Danio fish 
 

Podobnik, M., Frohnhöfer, H.G., Dooley C.M., Eskova, A., Nüsslein-Volhard, C., 

and Irion, U. (2020). Nature communications, https://doi.org/10.1038/s41467-020-

20021-6. see Thesis Appendix I.I 

Podobnik, M., Nüsslein-Volhard, C., and Irion, U. (2022a). In Preparation. see 

Thesis Appendix I.II 

 

Abstract 

The genetic basis of morphological variation provides a major topic in evolutionary 

developmental biology. Fish of the genus Danio display colour patterns ranging from 

horizontal stripes, to vertical bars or spots. Stripe formation in zebrafish, Danio rerio, 

is a self-organizing process based on cell−contact mediated interactions between 

three types of pigment cells with a leading role of iridophores. Here we investigate 

genes known to regulate pigment cell interactions in D. rerio that might have 

functionally diverged to produce a pattern of vertical bars in its sibling species, Danio 

aesculapii. Mutant D. aesculapii indicate a lower complexity in pigment cell interactions 

and a minor role of iridophores in patterning. Reciprocal hemizygosity tests identify the 

potassium channel gene obelix/kcnj13 as diverged between the two species. One-way 

complementation tests suggest evolutionary change in patterning through divergence 

in kcnj13, the gap junction gene gja5b and the adhesion molecule gene igsf11 

functions in at least three additional Danio species. Thus, our results point towards 

repeated and independent evolution of these genes during pigment pattern 

diversification. 

 

Contributions 

All authors were involved in the design of the experiments. M.P. U.I. and H.G.F. 

performed the experiments. U.I., C.N.V., M.P., H.G.F. and C.M.D. analysed the data 

with support of A.E.; M.P. made the figures with contributions from U.I. and C.N.V.; 

U.I., C.N.V. and M.P. wrote the manuscript. C.N.V. and U.I. acquired funding. 
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CHAPTER TWO 
 

Cis-regulatory evolution in kcnj13 during pattern variation in Danio fish 
 

 

Podobnik, M., Singh, A.P., Fu, Z., Dooley, C.M., Frohnhöfer, H.G., Firlej, M., 

Elhabashy, H., Weyand, S., Weir, J.R., Lu, J., Nüsslein-Volhard, C., Irion, U. (2022b) 

Cis-regulatory evolution in the potassium channel gene kcnj13 during pigment pattern 

diversification in Danio fish. see Thesis Appendix II 

 

Abstract 

Teleost fish of the genus Danio are excellent models to study the genetic and cellular 

bases of pigment pattern variation in vertebrates. The two sister species Danio rerio 

and Danio aesculapii show divergent patterns of horizontal stripes and vertical bars 

that are partly caused by the evolution of the potassium channel gene kcnj13. In D. 

rerio, kcnj13 is required in melanophores for interactions with xanthophores and 

iridophores, which cause location-specific pigment cell shapes and thereby influence 

colour pattern and contrast. Here, we show that cis-regulatory rather than protein 

coding changes underlie kcnj13 evolution between the two species. D. aesculapii 

express lower kcnj13 levels and exhibit low-contrast patterns similar to D. rerio 

mutants. Our results suggest that homotypic and heterotypic interactions between the 

pigment cells and their shapes diverged between species by quantitative changes in 

kcnj13 expression during pigment pattern diversification. 

 

Contributions 

M.P., A.P.S., C.M.D., H.G.F., S.W., C.N.V. and U.I. were involved in the design of the 

experiments. M.P., A.P.S., U.I., H.G.F., and M.F. performed the experiments. U.I., 

M.P., C.N.V., A.P.S., J.L. , Z.F., C.M.D., H.E., S.W., J.R.W. and analysed the data. 

M.P. made the figures with help from U.I. and C.N.V.; M.P., U.I., A.P.S. and C.N.V. 

wrote the manuscript. C.N.V. and J.R.W. acquired funding. 
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DISCUSSION 
 

Evolutionary developmental biology 
 

The neural crest as a vertebrate synapomorphy has inspired developmental biologists 

since its discovery as the Zwischenstrang in chicken in 1868 by Wilhelm Hiss (1831-

1904). The morphological term “neural crest” was invented a few years later in 1879 

by Arthur Milnes Marshall (1852-1893). However, the origin of the NC is rooted deeper 

in evolutionary history. Its appearance roughly coincided with the transition from proto-

chordates to vertebrates. These fish evolved a “new head” with a protective skull, a 

jaw for prey capture and gills as respiratory organ, where the NC contributes many 

cell types during development (Mongera et al. 2013). Basal vertebrates, such as fish, 

amphibians and reptiles, have evolved and retained a multipotency in the NC and its 

derived adult stem cells to also differentiate into multiple pigment cell types. Mammals 

and birds, however, lost all pigment cell types except the melanophores (mostly called 

“melanocytes”). Amazing examples for complex patterns exist in species of all these 

animals. I have introduced concepts of how the different pigment cell types assemble 

into stripes in D. rerio. The developmental mechanisms that underlie pattering in D. 

rerio might act in a similar way in other Danio species with divergent patterns or 

evolved to allow or constrain the diversification of patterns121,124. 

The concepts of heterochrony and heterotopy originally by Ernst Haeckel, but 

later reformed by Karl Ernst von Baer and popularized in “Ontogeny and Phylogeny” 

by Stephen J. Gould125, were progressively devised to explain how development can 

be changed during evolution. Heterochrony describes a change in the timing of 

development, e.g. the onset, offset or rate of differentiation, migration and interactions 

between pigment cells. A change in the spatial pattern of development is described as 

heterotopy, which can result from heterochrony. It has been a historical challenge to 

discriminate heterochrony and heterotopy, as each mode can be sometimes 

interpreted as the consequence of the other. However, the latter mode of evolution 

has been more often overlooked in the history of evolutionary biology126. It is a 

fascinating question which developmental mechanisms are used to vary specific 

characteristics, size and shape of pigment patterns and how synergy of both 

heterochrony and heterotopy contributes to the overall change.  
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Pigment pattern diversification in Danio fish 
 

In D. rerio the characteristic stripe pattern forms by a presumably self-organising 

process of the three pigment cell types, melanophores, xanthophores and iridophores. 

The “same”, i.e. homologous, pigment cell types form very different patterns in other 

Danio species. Given that these pigment cells could conceivably behave in the same 

way in all Danio species, the differences between the patterns might arise from 

heterochrony. Evidence for this mode of evolution comes from studies on the 

patterning differences between D. rerio and D. albolineatus, where the pigment cells 

mix in the skin. One-way complementation tests have suggested evolution in the 

xanthophore-specific Csf1 signalling pathway between the two species. Csf1 

signalling levels in the skin rise earlier and higher in D. albolineatus compared to D. 

rerio. Stimulating early Csf1 signalling in D. rerio increased the number of 

xanthophores, which led to the mixing between xanthophores and 

melanophores36,37,123. Another example for heterochrony might be the patterning 

differences between D. rerio and D. nigrofasciatus, which develop fewer stripes. This 

difference seems to be caused by evolution in the Endothelin signalling pathway and 

a premature termination of interactions between iridophores and melanophores38. 

Alternatively, or concurrently, heterotopy, the evolutionary change through variation in 

spatial arrangement of the pigment cells due to intrinsic differences, might also affect 

the interactions of the pigment cells and thereby patterns.  

 

Genetic basis of pigment cell interactions in stripes and bars 
 

In a first set of experiments, we focused on the divergent patterns of the sister species 

D. rerio and D. aesculapii. All three pigment cell types are essential for stripe formation 

in D. rerio. Single mutants deficient in one of the three pigment cell types develop 

residual patterns, while double mutants lack any pattern. This mutant analysis 

indicates that two of the three pigment cell types are still able to interact, seemingly 

due to a high degree of redundancy in their interactions. To study the requirement of 

individual pigment cell types for bar formation in D. aesculapii, we used the 

CRISPR/Cas9 system to generate mutants in the known pigment cell differentiation 

pathways, i.e. melanophore-specific mitfa, xanthophore-specific csf1ra and 

iridophore-specific mpv17. We found that mutants deficient in melanophore or 

xanthophore development lack any pattern, while iridophore mutants still formed 
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remnants of bars. These results suggest that melanophores and xanthophores are 

essential, while iridophores are rather dispensable for bar formation. This points to a 

lower degree of redundancy in pigment cell interactions during bar formation, which 

could be therefore characterized as less complex than stripe formation in D. rerio.  

We focussed on four genes, kcnj13, gja4, gja5b and igsf11, which encode 

integral membrane proteins and are all known to be autonomously required in the 

pigment cells, presumably for direct cell-cell interactions during stripe formation in D. 

rerio. Mutations in the potassium channel gene kcnj13 cause fewer, larger and 

interrupted stripes, whereas mutations in the gap junction genes gja4 and gja5b as 

well as the adhesion molecule gene igsf11 lead to spotted patterns. These genes 

might also be required for the formation of different patterns in other Danio species. 

The CRISPR/Cas9 system allowed us to test the requirement of the four genes for bar 

formation in D. aesculapii. While mutants in kcnj13, gja4, gja5b and igsf11 in D. rerio 

still permit some interactions between the pigment cells to occur, i.e. the formation of 

spots or fewer and interrupted striped, mutants in the four genes in D. aesculapii lack 

any pattern. These mutant phenotypes were similar to the ones observed in single 

mutants deficient for individual pigment cell types. These results demonstrate that all 

four genes are required for pattern formation in D. aesculapii. Stripe patterning in D. 

rerio seems to be based upon a partial redundancy in pigment cell interactions, as 

uncovered in the mutants, which still form a residual pattern. This mutant analysis also 

suggests that there might be lower redundancy in the way the pigment cells interact in 

D. aesculapii, where the bar pattern is completely lost in the mutants. We continued 

to test the hypothesis that variation in pigment cell distribution arises from evolution of 

interactions between the pigment cells, i.e. the four genes could have conserved 

functions or have diverged to cause patterning differences between species. 

 

Complementation tests in hybrids identify diverged genes 
 

We used genus-wide complementation tests to compare the patterning functions of 

kcnj13, gja4, gja5b and igsf11 in hybrids between the four D. rerio mutants and nine 

other Danio species. We minimized phenotypic variation that typically arises from the 

different genetic backgrounds by generating new loss-of-function mutations in the four 

genes in our wild-type TU stock. In most cases (25 out of 36, 69.4 %) we found 

conserved functions of the tested alleles. In six cases (16.7 %) hemizygous hybrids 
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showed pattern phenotypes, which overlapped with pattern defects observed in the 

wild-type hybrids. We assume that the outcome of these tests was strongly influenced 

by the genetic background. In five cases (13.9 %) hemizygous hybrids differed 

significantly from the control hybrids; these cases were hybrids between D. rerio gja5b 

or igsf11 mutants and D. margaritatus as well as hybrids between D. rerio kcnj13 and 

D. aesculapii, D. tinwini and D. choprae. These results suggest that these genes have 

potentially functionally diverged to contribute to patterning differences between the 

species.  

The hemizygous hybrids never showed complete non-complementation, i.e. 

phenotypes  similar to D. rerio mutants, suggesting that the diverged alleles still 

provide a patterning function in the parental species. This notion is supported by the 

loss-of-function phenotypes of the four mutants in D. aesculapii. We tested if we could 

establish complete non-complementation in hybrids by crossing kcnj13 and gja5b 

mutants of D. rerio and D. aesculapii. These mutant hybrids resembled the D. rerio 

mutants, showing that the genetic background in the hybrids is similar to the one in D. 

rerio. Comparing phenotypes in reciprocal hemizygous hybrids accounts for effects 

caused by a novel genetic background in hybrids (Stern 2014). Hemizygous hybrids 

between D. rerio and the four D. aesculapii mutants all developed patterns 

indistinguishable from wild-type hybrids, indicating that the D. rerio alleles 

complemented the loss of functions from the D. aesculapii alleles. Thus, the reciprocal 

hemizygosity tests ruled out evolution in gja4, gja5b and igsf11, but confirmed 

functional divergence in kcnj13 between the two species. We therefore continued to 

focus on the role of kcnj13 in pigment pattern formation and evolution. 

 

Cell-autonomy and endogenous expression of kcnj13 
 

We used blastula transplantations to test the requirement of kcnj13 function in the 

individual pigment cell types for stripe formation in D. rerio chimeras. Corroborating 

previous studies (Maderspacher & Nüsslein-Volhard 2003, Iwashita et al. 2006, Inaba 

et al. 2012), we demonstrated that kcnj13 is autonomously required in melanophores 

but not in xanthophores. Additionally, we ruled out a requirement of kcnj13 function in 

iridophores. Further transplantations of pigmented kcnj13 mutants into albino/slc45a2 

hosts suggested that pigmented, i.e. mutant, melanophores, but no other non-pigment 

cell type, induce pattern defects in the unpigmented host. The hypothesis that kcnj13 
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function is required only in melanophores is further supported by a partial rescue of 

the mutant phenotype by expressing the wild-type form of kcnj13 under the control of 

the melanophore-specific promoter mitfa (Inaba et al. 2012). These findings indicate 

that kcnj13 function is required only in melanophores or their progenitors. 

Larval melanophores persist until early metamorphosis, when new cells 

develop from the postembryonic stem cells. The melanophore progenitors then 

migrate into the skin and differentiate into melanophores, i.e. they acquire melanin 

pigment. There they are directly and indirectly involved in short- and long-range 

interactions among all pigment cell types during stripe formation (Frohnhöfer et al. 

2013, Patterson et al. 2013). We generated the reporter line Tg(kcnj13::venus) and 

conducted live imaging during development. We found expression patterns in larval 

fish, which are similar to previously published results obtained with in situ hybridization 

(Silic et al. 2020). In this reporter line, which most likely faithfully recapitulates 

endogenous kcnj13 expression, we found persistent signals in the spinal cord during 

and after stripe formation. We imaged this line in combination with the Tg(sox10:mrfp) 

line, which labels NC-derivates, including the pigment cell stem cells at the DRGs. 

Expression of kcnj13 and sox10 never overlapped at the DRGs, suggesting that kcnj13 

is not expressed and required in the pigment cell stem cells. We also did not observe 

expression in presumed progenitor cells, which follow the nerve tracks between the 

myosepta. However, expression could be consistently found in a few pigmented 

melanophores and xanthophores in the skin. A published data set obtained by scRNA-

seq of sox10-positive cells during stripe formation indicates expression of kcnj13 in a 

small subset of melanophores and xanthophores (Saunders et al. 2019). Based on the 

tests regarding the cell autonomy of kcnj13 function, expression of kcnj13 in 

xanthophores or in cells of the spinal cord might be genuine but functionally irrelevant 

for stripe formation. Our results indicate that kcnj13 is expressed and functionally 

required in differentiated melanophores for stripe formation. 

 

Pigment cell shape acquisition by kcnj13 function 
 

A key mechanism in stripe formation is the location-specific shape acquisition of the 

different pigment cell types. We performed live imaging of wild-type and kcnj13 mutant 

fish carrying Tg(kita::mcherry), which labels both melanophores and xanthophores. 

Similar to previous findings in wild-type fish (Singh et al. 2014, Hamada et al. 2014), 
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we observed tight nets of melanophores. They form long protrusions at the boundary 

towards the light stripes, presumably directly interacting with xanthophores. 

Xanthophores show compact shapes in the light stripe and stellate forms in the dark 

stripes. In the kcnj13 mutants, melanophores are less densely packed and lack the 

long protrusions towards the light stripes. These protrusions are short and sprawl out 

without clear polarity. To test mutant effects on xanthophores, we transplanted wild-

type cells carrying Tg(sox10:mrfp) into kcnj13 mutants, thereby placing labelled wild-

type xanthophores next to mutant melanophores. Wild-type xanthophores acquired an 

ectopic compact form in the dark stripes, suggesting that mutant melanophores are 

unable to interact with wild-type xanthophores. This is similar to the in vitro 

experiments, where mutant melanophores and xanthophore fail to elicit contact-

dependent depolarization causing the cells to separate from each other (Inaba et al. 

2012). To investigate the effects of kcnj13 mutations on iridophores, we induced 

labelled pigment cell clones in a Tg(sox10:cre-ERt2) line in the kcnj13 mutant 

background and followed their behaviour during development. Tracing of the 

iridophore lineage revealed an ectopic acquisition of the dense form in the dark stripe 

areas, suggesting that melanophores and iridophores fail to interact properly in the 

mutants. Our results suggest that the lack of kcnj13 function, which is autonomously 

required in the melanophores, prohibits homotypic and heterotypic interactions 

between all three pigment cell types for their correct acquisition of specific shapes 

dependent on their location. Mutant melanophores might only be partially recognized 

by the other two cell types, which could also cause indirect effects on interactions 

between xanthophores and iridophores (Frohnhöfer et al. 2013, Patterson et al. 2013). 

One-way interspecific complementation tests revealed the repeated and 

independent evolution of kcnj13 function during pigment pattern diversification 

between D. rerio and D. aesculapii, D. tinwini and D. choprae. Reciprocal hemizygosity 

tests confirmed evolution in kcnj13 between D. rerio and D. aesculapii. D. aesculapii, 

the closest sister species to D. rerio forms a bar pattern of variable width and number. 

Melanophores and pigmented xanthophores mix at the boundary between the 

melanophore bars and the light regions; they do not seem to mix within the 

melanophore bars. Melanophores at this boundary do not form long protrusions. 

These phenotypes observed in wild type D. aesculapii are reminiscent of the 

occasional mixing of melanophores and xanthophores as well as the unpolarized 
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melanophore protrusions in kcnj13 mutant D. rerio. The melanophore protrusions 

presumably contact xanthophores directly (Hamada et al. 2014) and might represent 

a mechanism, which evolved to contribute to differences in the way the pigment cells 

interact during pattern formation and maintenance. It is unclear whether these 

differences, potentially caused by kcnj13 evolution, result from heterochronic or 

heterotopic changes. In heterochronic terms, patterning differences might arise from 

changes in the timing or quantity of pigment cells, which affects differentiation, 

migration and interactions among them. However, there might be contributions from 

heterotopic changes, i.e. changes in how the pigment cells interact through species-

specific intrinsic differences. In vitro studies have demonstrated a function of kcnj13 

for the separation of xanthophores from melanophores (Inaba et al. 2012), suggesting 

that evolution in kcnj13 might primarily cause heterotopic change. The establishment 

and live imaging of reporter lines in D. aesculapii will uncover the shapes of all three 

pigment cells and whether they acquire distinct states depending on their location. 

Location-specific acquisition of pigment cell shapes might be a developmental 

mechanism, which evolved to contribute to patterning differences between species. 

 

Cis-regulatory evolution in kcnj13 
 

Finally, we tested two contrasting hypotheses on whether kcnj13 evolution between 

D. rerio and D. aesculapii occurred via changes in the protein itself or through 

regulatory changes. The two species differ by only two amino acid changes, Q23L and 

D180G. We used Tol2-mediated transgenesis to express the coding regions of either 

species under the control of the melanophore-specific promoter mitfa in the D. rerio 

loss-of-function mutant. In both cases the transgenes were able to restore stripes to a 

similar degree in the mutant, indicating the protein from D. aesculapii can function in 

a similar way to the D. rerio protein. We observed differences between several 

independent transgenic lines for both of the transgenes. These differences could be 

possibly due to copy number variations and novel and/or variable patterns of gene 

expression caused by position effects of the randomly inserted transgenes into non-

native genomic locations. These results suggest that coding regions from both species 

function similarly and the two amino acid changes are irrelevant for the functional 

evolution in the gene. We have not been able yet to achieve genomic allele 

exchanges, which would avoid the limitations of the transgenic assay we used. 
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The alternative to protein evolution is divergence in kcnj13 function by cis-

regulatory changes. We tested this scenario by generating hybrids between the 

species and performing transcriptome analysis via RNA-seq on the skin tissue. We 

found significantly higher levels of the kcnj13 allele from D. rerio as compared to D. 

aesculapii, thereby confirming cis-regulatory evolution. We assume that these 

quantitative differences in kcnj13 expression in the hybrids reflect similar expression 

differences between the parental species. Preliminary evidence comes from the 

analysis of transcriptomes obtained from different developmental stages of both 

species; metamorphic and adult D. rerio seem to express higher levels of kcnj13 as 

compared to D. aesculapii (data not shown). Although we measured expression from 

bulk skin cells, it is likely that the relevant signals come from the pigment cells, which 

seem to be the only cell types in expressing kcnj13 in the skin of our reporter line 

Tg(kcnj13::venus). Species-specific levels of kcnj13 expression might cause 

differences in pigment cell behaviour and shapes observed between D. rerio and D. 

aesculapii. Pleiotropic effects of differential gene regulation in the skin might be low 

compared to effects caused by protein changes, as kcnj13 has important functions in 

the eyes127,128. We hypothesize that cis-regulatory differences also underlie the 

repeated and independent evolution in kcnj13 function in D. tinwini and D. choprae, 

which also form very different pigment patterns. 

 

Closing remarks 
 

As kcnj13 is required only in one pigment cell type with functions in cell shape 

acquisition and direct interactions between all three pigment cell types in D. rerio. 

Regulatory changes in this potential “evolutionary hotspot gene” might permit 

heterotopic rather than heterochronic differences in pigment pattern evolution even in 

other teleosts. There are 30,000 teleost species, which evolved an amazing diversity 

of pigment patterns for about 260 million years. They partly develop homologous 

pigment cell types and patterning functions of genes might be selectively conserved 

or diverged to contribute to patterning differences between species. This “evo-devo” 

perspective does not yet account for the ecological context. This can be an influential 

factor as seen in the plastic pattern development in clownfish, which depends upon 

the presence of specific sea anemone species14. Animal pigmentation fascinates 

biologists at least since Darwin129 and will continue to keep them on their toes.  
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GLOSSARY 
 

bp, base pair 

kbp, kilobase pair 

Cas, CRISPR associated protein 

CRISPR, clustered regularly interspaced short palindromic repeats 

DNA, deoxyribonucleic acid 

DRG, dorsal root ganglion 

dpf, days post fertilization 

e.g., from Latin exempli gratia or “for example” 

EMT, epithelial-to-mesenchymal transition 

ENU, N-ethyl-N-nitrosourea 

GWAS, genome-wide association study 

HDR, homology-directed repair 

HM, horizontal myoseptum 

HR, homologous recombination 

i.e., from Latin id est or “that is” 

MSC, melanophore stem cell 

Mya, million years ago 

NC, neural crest 

NCSC, neural crest-derived stem cell 

QTL, quantitative trait locus 

RHT, reciprocal hemizygosity test 

RNA, ribonucleic acid 

scRNA-seq, single-cell RNA sequencing 

SNP, single-nucleotide polymorphism 

TU, Tuebingen 

PNS, peripheral nervous system 

WGD, whole-genome duplication  
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