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Evolution of the potassium channel gene Kcnj13
underlies colour pattern diversification in Danio fish

Marco Podobnik® ', Hans Georg Frohnhéfer!, Christopher M. Dooley'?, Anastasia Eskova'3,

Christiane Niisslein-Volhard! & Uwe Irion® 1™

The genetic basis of morphological variation provides a major topic in evolutionary devel-
opmental 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 chromato-
phores with a leading role of iridophores. Here we investigate genes known to regulate
chromatophore interactions in zebrafish that might have evolved to produce a pattern of
vertical bars in its sibling species, Danio aesculapii. Mutant D. aesculapii indicate a lower
complexity in chromatophore interactions and a minor role of iridophores in patterning.
Reciprocal hemizygosity tests identify the potassium channel gene obelix/Kcnji3 as evolved
between the two species. Complementation tests suggest evolutionary change through
divergence in Kcnj13 function in two additional Danio species. Thus, our results point towards
repeated and independent evolution of this gene during colour pattern diversification.
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olour patterns are common features of animals and have

important functions in camouflage, as signals for kin

recognition, or in mate choice. As targets for natural and
sexual selection, they are of high evolutionary significance!=%.
Colour patterns are highly variable and evolve rapidly leading to
large diversities even within a single genus and to remarkable
similarities in distant genera. The patterns frequently involve
spots or stripes of different orientations. The identification of
genes involved in colour patterning has become a major goal in
evolutionary developmental biology>—°. Colour pattern develop-
ment and evolution is studied in many systems, from insects to
vertebrates, that use fundamentally different mechanisms to form
the patterns. In insects most colour patterns are generated in the
two-dimensional sheets of epidermal cells that produce pigments
or light-scattering structures, which are secreted into the cuticle.
The patterns often are oriented along morphological landmarks,
such as segment boundaries or wing veins. Patterning in butterfly
wings is essentially controlled by well-known signalling systems
such as dpp or hedgehog and guided by spatially expressed tran-
scription factors serving as anatomical prepatterns!?. Particularly
well studied are the wing patterns of Heliconius butterflies where
adaptive radiations in Central and South America led to many
species with a large variety of patterns that are used in Miillerian
mimicry and predator avoidance. It has been found that only few
genes with large effects cause wing pattern adaptations in these
species; cis-regulatory changes in the gene, optix, were identified
as the basis for the convergent evolution of the patterns in a
number of different species!-12,

In contrast to insects, pigment patterns in vertebrates are not of
epithelial origin, but are produced by specialised pigment cells
(chromatophores) derived from the neural crest, a transient
embryonic structure that develops at the boundary between
neural tissue and epidermis. The neural crest cells delaminate
from the invaginating neural tube, become migratory and dis-
tribute in the organism contributing to many different tissues and
organs. The pigment cell precursors migrate into the skin where
they distribute and produce pigments or structural colours.
Whereas mammals and birds only possess one type of pigment
cell, the melanocyte producing brown or black melanin pigments,
several more pigment cell types are present in cold-blooded
vertebrates such as fish, amphibia and reptiles; most widely dis-
tributed are orange to yellow xanthophores, red erythrophores
and light reflecting white or silvery iridophores!3. Differential
distribution and superposition of pigment cells allows for the
generation of a rich diversity of colour patterns in these basal
vertebrates. Pattern formation by neural crest-derived pigment
cells involves direct contact-based interactions among cells of the
same type or between different types of pigment cells. These
interactions control cell proliferation, shape changes and migra-
tion resulting in superimposed layers of differently coloured
pigment cells under the skin generating a large variety of patterns,
particularly rich in fishes.

The adult patterns of fish as targets for sexual selection and kin
recognition are particularly well suited to study the evolution of
colour patterns in vertebrates: In many genera a rich diversity of
patterns in closely related species exist, and the development of
the adult patterns in the juvenile fish can be followed directly as it
takes place outside the maternal organism. A teleost-specific
whole genome duplication followed by sub-functionalization of
the paralogues resulted in many genes in fish that are specific for
adult colour patterning without having other vital functions, thus
reducing constraints for the evolution of these genes!41°. Cichlids
from the great African lakes are examples of recent adaptive
radiations that led to the emergence of hundreds of new species
and sub-species with many divergent patterns, frequently made
up of bars or horizontal stripes of different colours. Genetic

mapping using hybrids between striped and non-striped cichlid
species was recently used to show that the secreted signalling
molecule Agouti-related peptide 2 (Agrp2) is a main driver in the
suppression of horizontal stripes!®. Further analysis revealed
higher levels of expression of Agrp2 in other non-striped species
compared to striped species from two different lake systems,
confirming a further example of convergent evolution of the
same gene.

The zebrafish, Danio rerio, has emerged as an excellent system to
study colour pattern development in a vertebrate”-31317-19 In this
model organism a fair number of genes have been identified in
mutant screens that are required for the formation of the pattern”?,
which is composed of a series of horizontal light and dark stripes on
the flank of the fish as well as in the anal and tail fins (Fig. 1a). The
adult pattern is created by three different types of chromatophores
in the skin, in the dark stripes black melanophores are overlaid by
blue iridophores and lightly coloured stellate xanthophores. The
light stripes are composed of dense, silvery iridophores underneath
compact orange xanthophores?0-23, The chromatophores produ-
cing this pattern mainly originate from multipotent neural crest-
derived stem cells located at the dorsal root ganglia of the peripheral
nervous system?4-28, Several signalling pathways control prolifera-
tion and tiling of the different chromatophore types; Kit-signalling
is required for most melanophores, Csfl-signalling for the devel-
opment of xanthophores and Edn3-signalling for dense
iridophores?*-31. During metamorphosis, the period when adult
form and colour pattern are established, stripe formation is initiated
by iridophores emerging along the horizontal myoseptum. Irido-
phores proliferate and spread in the skin to form a series of light
stripes alternating with dark stripes of melanophores that emerge in
between. Cell shape changes and assembly into the striped pattern
are controlled by interactions among the three cell types?332-34,
Several genes are autonomously required in the chromatophores for
these heterotypic interactions32333>-40, These genes typically
encode integral membrane proteins such as adhesion molecules3®,
channels38, or components of cellular junctions, some of which
mediate direct cell contacts#0-42, Stripe formation is also influenced
by the local tissue environment43-4> and by global hormonal sig-
nals, such as galanin-regulated thyroid hormone?9-48 and insulin®®.
The correct orientation of the stripes in zebrafish depends on the
horizontal myoseptum. In MeoxI (choker) mutants, which lack this
structure, the horizontal orientation of the stripes is lost, but they
form of normal width and composition (Fig. 1b), indicating that
stripe formation is a process of self-organisation of the pigment
cells32.

To study the evolution of colour patterns we can now, based on
the knowledge we have from the model organism D. rerio,
examine other closely related Danio species. These show an
amazing variety of colour patterns, which range from horizontal
stripes in D. rerio (Fig. 1a), to vertical bars in D. aesculapii®®, D.
choprae or D. erythromicron (Fig. 1c, g, m), spotted patterns in D.
tinwini®! or D. margaritatus (Fig. 1d, h) or an almost complete
lack of any pattern in D. albolineatus. The Danio species diver-
sified for at least 13 million years in Southeast Asia and their
spatial distributions only partially overlap today®2>3. Hybrids
between D. rerio and other Danio species can be produced in the
laboratory by natural matings or by in vitro fertilisation®*. They
invariably display colour patterns similar to the stripes in D. rerio,
thus, horizontal stripes appear to be dominant over divergent
patterns (Fig. le, f, i, j)°% whether this is due to a gain-of-function
in striped species or losses in the other species is an open ques-
tion”%18, The hybrids are virtually sterile impeding further
genetic experiments, like QTL mapping, but they allow inter-
specific complementation tests4.

Three Danio species, D. aesculapii, D. choprae and D. ery-
thromicron, display vertical bars. Surprisingly, these species are
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Fig. 1 Colour patterns in Danio fish and interspecific hybrids. a Colour pattern of zebrafish, D. rerio. b D. rerio Meox1 (choker) mutants, which lack a
horizontal myoseptum. ¢ D. aesculapii. d D. tinwini. @ Hybrid between D. rerio and D. aesculapii and f hybrid between D. rerio and D. tinwini. g D. choprae. h D.
margaritatus. i Hybrid between D. rerio and D. choprae, j and hybrid between D. rerio and D. margaritatus. k Hybrid between D. aesculapii and D. choprae.
I Hybrid between D. tinwini and D. margaritatus. m D. erythromicron. n Hybrid between D. rerio and D. erythromicron. o Hybrid between D. aesculapii and D.
erythromicron. p Hybrid between D. aesculapii and D. margaritatus. q D. dangila. ¥ Hybrid between D. rerio and D. dangila. All pictures are representative for the
corresponding species or hybrids; for the variability of hybrid patterns see Supplementary Fig 1. Please note that not all panels are shown to the same scale;
the sizes of the fish are ~18 mm (D. margaritatus and D. erythromicron), 24 mm (D. tinwini), 30 mm (D. choprae), 35 mm (D. rerio, D. aesculapii) and 75 mm
(D. dangila).
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not monophyletically related within the genus Danio. In this
paper we describe hybrids between these barred species, showing
that all three of them lack the cues for a horizontal orientation of
the pattern. However, we find that vertical bars develop in a
different manner in D. erythromicron compared to D. aesculapii
and D. choprae, showing that bar formation likely evolved con-
vergently by two different modes.

Using the CRISPR/Cas9 system, we generated loss-of-function
mutations in known regulators of chromatophore interactions
from D. rerio in its closest sibling species, D. aesculapii. The
phenotypes confirmed that these genes regulate patterning also in
this species and demonstrate a lower complexity in the interac-
tions among chromatophores. Further they suggest a minor role
of iridophores in the patterning of this barred species compared
to D. rerio3>33, We then performed reciprocal hemizygosity
tests®>> with null alleles of four known regulators of chromato-
phore interactions, the two connexin genes Cx39.4 (luchs)*? and
Cx41.8/Gja5b (leopard)3”#1, the potassium channel gene Kcnjl3
(obelix/jaguar)3738 and the cell adhesion gene Igsfl1 (seurat)’°. In
the case of Kcnjl3, we found that the reciprocal hybrids display
qualitatively different phenotypes indicating that the function has
diverged between D. rerio and D. aesculapii, whereas in the other
three cases the function of the genes appears to be conserved.
One-way complementation tests with eight more Danio species
suggest that the Kcnjl3 gene has also evolved between D. rerio
and two more species, D. tinwini and D. choprae. The separated
phylogenetic positions of these species suggest that the evolution
of Kcnjl3 contributing to the pattern diversity in Danio fish has
occurred several times independently.

Results

Horizontal pattern orientation is lost in barred species. To
reconstruct the history of colour pattern evolution we first
investigated how pattern orientation is inherited in hybrids. The
horizontal orientation of the stripes in D. rerio (Fig. 1a) depends
on the horizontal myoseptum along which iridophores emerge to
form the first light stripe. In MeoxI mutants (choker), which lack
the horizontal myoseptum, meandering stripes form without
clear orientation (Fig. 1b)32. The closest sibling species to D. rerio,
D. aesculapii, shows a very different pattern of vertically oriented
dark bars (Fig. 1c)°0. Similar barred patterns are exhibited by the
more distantly related D. choprae and D. erythromicron (Fig. 1g,
m). These patterns clearly do not use the horizontal myoseptum,
which is present in all species, for orientation. In all three cases,
hybrids with D. rerio show a pattern that resembles the horizontal
D. rerio stripes (Fig. le, i, n)8. Strikingly, hybrids between D.
aesculapii and D. choprae display a barred pattern, similar to the
species pattern (Fig. 1k). This indicates that in both species the
cues for horizontal orientation are lacking and that the barred
pattern develops in a similar manner. In contrast, hybrids
between D. aesculapii and D. erythromicron develop highly
variable patterns without any clear orientation (Fig. lo and
Supplementary Fig. 1). Therefore, the vertical bars must develop
in a different manner in D. erythromicron compared to D. aes-
culapii and D. choprae.

Two Danio species display spotted patterns: D. tinwini has
dark spots on a light background (Fig. 1d)°!, whereas D.
margaritatus shows light spots on a dark background (Fig. 1h).
In both cases, hybrids with D. rerio show a stripe pattern similar
to D. rerio (Fig. 1f, j)8. Hybrids between the two spotted species
also develop a pattern of horizontal stripes, albeit with some
interruptions and irregularities (Fig. 11). These results indicate
that the horizontal myoseptum functions to orient the pattern in
the hybrids between D. tinwini and D. margaritatus, and
therefore in at least one of the two parental species. It seems

likely that this is the case in D. tinwini, as the spots show some
horizontal orientation reminiscent of interrupted stripes. Hybrids
between D. aesculapii and D. margaritatus develop meandering
patterns that do not resemble either of the parental species and
lack a clear horizontal or vertical orientation (Fig. 1p). D. dangila,
the most distantly related species to D. rerio that we examined in
this study, show a pattern of rows of dark rings (Fig. 1q). Hybrids
between D. rerio and D. dangila develop horizontal stripes, which
often partially split (Fig. 1r)>*. Based on the most recent
phylogeny>2, we hypothesise an evolutionary history, in which
the horizontal orientation of the pattern in the D. rerio group was
gained from an ancestral ambiguous pattern and lost again in D.
aesculapii. Two other species, D. erythromicron and D. choprae,
independently might have acquired a vertical orientation from
this ancestral pattern. The patterns of the hybrids between D.
aesculapii and D. erythromicron or D. margaritatus, which are
more variable than the species patterns (Supplementary Fig. 1)
and without clear orientation, might resemble such an ancestral
pattern. A variable ancestral pattern without well-defined
orientation might not have functioned as recognition signal but
rather provided camouflage.

A minor role of iridophores in cellular interactions forming
bars. To investigate the developmental and genetic basis for the
differences in pattern orientation, we focussed on the sibling
species D. rerio and D. aesculapii, which display horizontal stripes
and vertical bars, respectively (Fig. 1a, ¢). In D. rerio, during early
metamorphosis, iridophores emerge along the horizontal myo-
septum to form the first light stripe (Fig. 2a)203233, In contrast, in
D. aesculapii iridophores appear only during later stages, are
more scattered over the flank and fewer in number (Fig. 2b, d).
This indicates that it is not the physical presence of the horizontal
myoseptum, which exists in both species, but rather specific
guidance signals, which are not present in D. aesculapii, that
direct iridophores into the skin in D. rerio. Later, when irido-
phores, covered by compact xanthophores, have formed the first
contiguous light stripe with adjacent melanophore stripes in D.
rerio (Fig. 2¢, e), in D. aesculapii melanophores and xanthophores
intermix broadly (Fig. 2f); they sort out loosely into vertical bars
of low contrast without coherent sheets of dense iridophores
between the melanophore bars during later stages (Fig. 2h), when
the D. rerio pattern is already fully formed (Fig. 2g). Our obser-
vations suggest that the different patterns in these sibling species
are produced by the presence or absence of guidance signals for
iridophores along the horizontal myoseptum as well as by cellular
interactions that prevent mixing of melanophores and xantho-
phores in D. rerio but not in D. aesculapii.

To address the role of the different cell types, we used the
CRISPR/Cas9 system to generate mutants lacking individual
chromatophore types in D. aesculapii. Whereas in D. rerio
vestiges of the striped pattern form in the absence of one
chromatophore type (Fig. 3a, c, €)32, loss of either melanophores
(Fig. 3b) or xanthophores (Fig. 3d) completely abolishes the
patterning in D. aesculapii. This indicates that the repulsive
interactions between melanophores or xanthophores and irido-
phores, which account for the residual patterns in D. rerio32-33,
are absent in D. aesculapii. In contrast, eliminating iridophores in
D. aesculapii still permits some melanophore bar formation
(Fig. 3f). This indicates that iridophores, which play a dominant
role for stripe formation in D. rerio, are dispensable for the
formation of vertical bars in D. aesculapii.

Weak heterotypic chromatophore interactions in bars. Next, we
analysed genes with known functions in heterotypic interactions
between chromatophores in D. rerio. Null alleles in the connexin
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D. rerio

D. aesculapii

Fig. 2 Development of colour patterns in D. rerio and D. aesculapii. a D. rerio fish at stage PR, iridophores (arrowhead) emerge along the horizontal
myoseptum (asterisk) to form the first light stripe. b D aesculapii fish at stage PR. ¢ D. rerio at stage SP, the first light stripe is flanked dorsally and ventrally
by emerging dark stripes. d D. aesculapii at stage SP, iridophores emerge in a scattered fashion. e D. rerio at stage J++, light stripes are covered by compact
xanthophores. f D. aesculapii at stage J4++, melanophores and xanthophores broadly intermix. g D. rerio at stage JA, the stripes are fully formed. h D.
aesculapii at stage JA, melanophores and xanthophores sort out loosely into vertical bars of low contrast; no dense iridophores are visible between the dark
bars. a-d Incident light illumination to highlight iridophores, e-h bright field illumination to visualise xanthophores and melanophores. All pictures are
representative for the corresponding species and stages (n > 3). Staging of animals according to Parichy et al.83. PB (pectoral fin bud, 7.2 mm SL). SP
(squamation posterior, 9.5 mm SL). J++ (juvenile posterior, 16 mm SL). JA (juvenile-adult, >16 mm SL). Scale bars correspond to 250 pm.

genes Cx39.4 (luchs)® and Cx41.8/Gja5b (leopard)37-*! lead to
melanophore spots (Fig. 4a, b). Both connexins are thought to
form heteromeric gap junctions involved in the interaction
between xanthophores and melanophores042, Missense muta-
tions in Igsfll (seurat)3°, which codes for a cell adhesion mole-
cule, also cause a spotted pattern. We generated a frame-shift
mutation in exon 3 of Igsf11 in D. rerio. This mutation leads to a
truncation of the protein at the end of the first Ig-domain and is,
presumably, a functional null allele. Fish heterozygous for this
mutation show no mutant phenotype, whereas homozygous fish

display slightly stronger pattern aberrations than those seen in the
previously identified alleles (Fig. 4c)3°.

Mutations in Kir7.1/Kcnj13 (obelix/jaguar), which codes for an
inwardly rectifying potassium channel, result in fewer and wider
stripes with some mixing of melanophores and xantho-
phores3>37:38. So far, five KenjI3 alleles, all of which are
dominant, have been identified in D. rerio in several independent
genetic screens (Supplementary Figs. 4 and 5)37-3840.56.57 We
used the CRISPR/Cas9 system to generate novel mutations in
Kcnjl3 in D. rerio. A six-base pair in-frame deletion in exon 1,
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D. rerio Csf1rak.o.

D. aesculapii Mitfa k.o.

D. aesculapii Csf1ra k.o.

D. rerio Mpv17 k.o.

D. aesculapii Mpv17 k.o.

Fig. 3 Mutant phenotypes in D. rerio and D. aesculapii of genes required for individual pigment cell types. In D. rerio loss of one type of pigment cell type,
a melanophores in Mitfa (nacre) mutants, ¢ xanthophores in Csflra (pfeffer) mutants, or, e iridophores in Mpv17 (transparent) mutants, still permits
rudimentary aggregation of dense iridophores (a) or melanophores (b, €). In D. aesculapii, loss of melanophores, b, in Mitfa mutants (n >100) or loss of
xanthophores, d, in Csflra mutants (n>50), abrogate any residual pattern formation. However, vertical melanophore bars still form in Mpv17 mutants
(n=8), f despite the absence of iridophores. All images show representative examples of the corresponding genotypes. Scale bars correspond to 1 mm.

which leads to a loss of two amino acids in the protein
(Supplementary Fig. 4), also gives rise to a dominant phenotype,
similar to the already known alleles. However, using a second
CRISPR target site we also recovered a frame-shift mutation. This
14-base pair insertion near the end of the first coding exon leads
to an early truncation of the protein before the second
transmembrane domain. This allele is recessive: heterozygous
carriers have a complete wild-type pattern, homozygous mutants
are indistinguishable from homozygous mutants for any of the

dominant alleles (Fig. 4d). We consider this new recessive allele to
be a functional null allele.

To investigate the functions of all four genes in D. aesculapii,
we generated presumptive null alleles in the orthologs. In all of
the mutants, bar formation is abolished and we find an even
distribution of melanophores (Fig. 4e-h) indicating that the
interactions mediated by each of these genes are essential to
generate the melanophore bars in D. aesculapii. The complete loss
of a pattern in single mutants in D. aesculapii is different from D.
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Fig. 4 Mutant phenotypes in D. rerio, D. aesculapii and their hybrids of genes required for heterotopic interactions. In D. rerio mutations in, a, Cx39.4
(luchs), b, Cx41.8 (leopard), and ¢, Igsf11 (seurat) lead to spotted patterns, whereas, d, mutations in Kcnj13 (obelix) result in fewer and wider stripes. In D.
aesculapii, e-h, mutations in the orthologous genes lead to the complete loss of any pattern. In D. rerio dominant alleles of Kcnj13, i, cause broader stripes
and irregularities when heterozygous. Double mutants, j, Cx39.4 k.o.; Kcnj13 k.o., loose almost all melanophores and pattern. Interspecific hybrids between
D. rerio and D. aesculapii, which are both mutant, k, for Cx41.8, or, |, for Kcnj13, show patterns of spots or wider stripes similar to the corresponding D. rerio
mutants (b, d; n=15). All images show representative examples of the corresponding genotypes. Scale bars correspond to 1mm.

rerio where this occurs only in double mutants (Fig. 4j)*°. In
concert with predictions of agent-based models of patterning?s,
this indicates that the robust formation of horizontal stripes in D.
rerio is due to a gain in complexity based on partially redundant
chromatophore interactions. These are dominated by iridophores
and oriented by an as yet unidentified signal along the horizontal
myoseptum. D. aesculapii might have secondarily lost the
dominance of iridophores leading to a pattern based primarily
on interactions between xanthophores and melanophores and
thus of lower complexity.

We next investigated whether these genes function in the D. rerio/
D. aesculapii hybrids in the same way they function in D. rerio. The
ability to produce frame-shift mutations in both species allowed us to
generate mutant hybrids that carry null alleles from both parental
species. Wild-type hybrids form stripes similar to D. rerio (Fig. le)
8,54 hence we expect similar phenotypes comparing D. rerio mutants
and mutant hybrids. The mutant hybrids show indeed patterning
phenotypes very similar to the respective D. rerio mutants (Fig. 4k, 1),
confirming that stripe formation in the hybrids is very similar to the

process in D. rerio and showing that these genes have the same
functions in D. rerio and in the hybrids.

Kcnj13 has evolved between D. rerio and D. aesculapii. Next, we
generated reciprocal hemizygotes, i.e., interspecific hybrids car-
rying a null allele from each parental species in an otherwise
identical genetic background®®. We expect similar patterns in
these hybrids if the gene function has not evolved between spe-
cies. A qualitatively altered hybrid pattern would reveal that one
of the parental alleles cannot complement the induced loss-of-
function of the other, therefore indicating functional changes in
the gene during evolution. We found that hemizygous hybrids
with the null allele of Kcnj13 from D. rerio display a novel pattern
of spots or interrupted stripes whereas a striped pattern forms
with the null allele from D. aesculapii (Fig. 5a, b and Supple-
mentary Fig. 2a, b). This indicates a functional diversification
between the wild-type alleles from D. rerio and D. aesculapii. The
phenotype of the hemizygous hybrid with a functional D. aes-
culapii allele (Fig. 5a) is qualitatively different from that of the
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D. reriolD. aesculapii Kenj13 k.o.

Fig. 5 A reciprocal hemizygosity test to identify Kcnj13 evolution. Two hybrids between D. rerio and D. aesculapii, which are hemizygous for a Kcnj13 loss-
of-function mutation. a stripes are interrupted in hybrids carrying the mutant allele from D. rerio (n > 60, nick in the blue line representing the zebrafish
genome). b hybrids carrying the mutant allele from D. aesculapii (n = 6, nick in the magenta line, representing the D. aesculapii genome) are

indistinguishable from wild-type hybrids (Fig. 1e).

homozygous mutant hybrid (Fig. 41), indicating that the D. aes-
culapii Kcnjl3 gene is functional in the hybrid. In contrast, in the
case of hemizygous hybrids with Cx39.4, Cx41.8 and Igsfll
striped patterns indistinguishable from wild-type hybrids are
formed regardless whether the null allele stems from D. rerio
(Supplementary Fig. 2c, e, g) or D. aesculapii (Supplementary
Fig. 2d, f, h). These reciprocal hemizygosity tests indicate that
Cx39.4, Cx41.8 and Igsfll provide similar functions in both
species, whereas the function of Kcnjl3 has evolved between the
two species.

Kcnjl3 may have evolved repeatedly in the Danio genus. To
investigate if Kcnjl3 underlies the pattern variation more broadly
across the Danio genus, we crossed the D. rerio Kcnjl3 null allele
to eight other Danio species (Fig. 6 and Supplementary Fig. 3). As
mentioned above, wild-type hybrids between D. rerio and other
Danio species display horizontal stripes, resembling the D. rerio
pattern, with slight defects in D. albolineatus (Fig. 6). Strikingly,
not only D. rerio Kcnjl3/D. aesculapii hybrids (Fig. 6, highlighted
in magenta, Supplementary Fig. 2a) but also D. rerio Kcnj13/D.
tinwini hybrids (Fig. 6, highlighted in yellow, Supplementary
Fig. 3¢) and D. rerio Kcnjl3 k.o./D. choprae hybrids (Fig. 6,
highlighted in cyan, Supplementary Fig. 3e) developed patterns of
spots or interrupted stripes suggesting that the Kcnjl3 function
has evolved compared to D. rerio. As we do not yet have the
means to generate reciprocal hybrids with these additional two
species, we cannot completely rule out that effects of the novel
genetic background in these hybrids also contribute to the
observed phenotypes. The spotted pattern in the hybrids carrying
the D. rerio Kcnji13 null allele, which is qualitatively different from
all wild-type hybrids and also from the D. rerio Kcnjl3 mutant
pattern, is similar to the parental pattern of D. tinwini, where
dense iridophores interrupt the dark melanophore stripes
(Figs. 1d and 6). No qualitative differences were detected between
wild-type hybrids and hybrids hemizygous for D. rerio Kcnjl3 in
the case of D. kyathit, D. nigrofasciatus, D. albolineatus, D. ery-
thromicron, D. margaritatus and D. dangila (Fig. 6). This indi-
cates that the alleles from these species complement the loss of
the D. rerio Kcnjl3 allele and supports the notion that the barred
pattern in D. erythromicron develops in a different manner from
the other two barred species. Taken together, functional changes
of Kcnjl3 occurred between D. rerio and D. aesculapii, possibly
also between D. rerio and D. tinwini and D. choprae. However, we
never observed pure D. rerio Kcnjl3 mutant patterns in

hemizygous hybrids, similar to mutant hybrids (Fig. 41), indi-
cating that the orthologs provide essential functions for pattern-
ing across all species tested and that a patterning function of
Kcnjl13 might have predated the origin of the Danio genus. The
separated positions of the three species with putative functional
changes of Kcnji3 in the phylogenetic tree (graph on the left of
Fig. 6)°% suggest a repeated and independent evolution of an
ancestral gene function.

The potassium channel gene Kcnjl3. Potassium channels have
important roles in tissue patterning®?, notably in the regulation of
allometric growth of fins in D. rerio®”00-92, Kcnj13 encodes an
inwardly rectifying potassium channel (Kir7.1) conserved in
vertebrates (Supplementary Fig. 4). Mutations are known to cause
defects in tracheal development in mice®? and two rare diseases in
humans leading to visual impairment®4-70, During colour pattern
formation in D. rerio, Kcnjl3 function is autonomously required
in melanophores?, and in ex vivo studies it was shown that the
channel is involved in the contact-dependent depolarisation of
melanophores upon interactions with xanthophores leading to a
repulsion between these cells*®. Evolution in Kcnj13 in D. aes-
culapii, D. tinwini and D. choprae might therefore cause differ-
ences in heterotypic chromatophore interactions between species.
The Kcnjl13 protein functions as a tetramer, where each subunit
contributes two transmembrane helices (M1 and M2, Supple-
mentary Figs. 4 and 5) to the formation of the channel pore, as
well as a short extracellular loop that folds back to form the pore
lining ion selectivity filter (P-loop or H5, Fig. 4). The N- and C-
termini of all four subunits reside in the cytoplasm, where they
also contribute to the ion pore, but are mainly involved in gating
of the channel (reviewed in Hibino et al.”!). In D. rerio dominant
mutant alleles of Kcnjl3 show broad stripes with irregular
interruptions when heterozygous (Fig. 4i) and stronger pattern
aberrations with fewer, wider and interrupted dark stripes and
some mixing of melanophores and xanthophores when homo-
zygous or trans-heterozygous. Three of them carry point muta-
tions affecting H5 or M2, one is the result of a C-terminal
truncation (Supplementary Fig. 5). The point mutations lead to
proteins that do not produce functional channels and it has been
suggested that the dominant phenotype is caused by a dosage-
dependent effect, i.e., haploinsufficiency3>. As the presumptive
null allele we generated is recessive and shows a homozygous
phenotype that is indistinguishable from the phenotype of the
dominant alleles, these must in fact be dominant-negatives, where
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the mutant proteins inhibit the function of the wild-type protein
still present in heterozygotes.

Using transcriptome data from species across the genus in
combination with published data from D. rerio’> we recon-
structed the protein coding sequences of Kcnjl3 orthologs, which
are highly conserved with only very few diverged sites in the
cytoplasmic N- and C-terminal parts of the protein

Hybrids
with D. rerio

Hybrids with
D. rerio Kcnj13k.o.

(Supplementary Fig. 5). Whether these amino acid changes are
the basis for the potentially repeated and independent evolution
of Kcnjl3, and if or how they might affect the function of the
channel will require further experiments. The alleles in the three
other species cannot simply be loss-of-function alleles, because
the hybrid phenotypes differ from the homozygous mutant
hybrids and also from D. rerio Kcnjl3 mutants. It is also possible
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Fig. 6 One-way complementation tests suggest repeated Kcnj13 evolution. On the left the phylogenetic tree depicts the relationship between the Danio
species; the asterisk denotes a node with lower bootstrap support. The left column shows the patterns of the different species. In the middle column
patterns of wild-type hybrids with D. rerio are shown (see also Supplementary Fig. 1). In the right column patterns of hybrids that carry a mutant Kcnj13
allele from D. rerio are shown. Pattern defects are obvious in three cases: hybrids with D. aesculapii (n > 60, magenta), with D. tinwini (n =12, yellow) and D.
choprae (n = 40, cyan). In the other six cases the patterns in hemizygous hybrids do not differ from the striped patterns of wild-type hybrids (D. rerio Kcnji3
k.0./D. kyathit, n=32; D. rerio Kcnj13 k.0./D. nigrofasciatus, n =16, D. rerio Kcnji3 k.o./D. albolineatus, n = 4; D. rerio Kcnj13 k.0./D. erythromicron, n=38; D.
rerio Kcnj13 k.0./D. margaritatus, n =12; and D. rerio Kcnj13 k.0./D. dangila, n =16). All pictures show representative examples of the corresponding species/
hybrids/genotypes; for variability of the hybrid patterns see also Supplementary Fig. 3. Scale bars correspond to 1mm.

that qualitative or quantitative changes in gene expression might
be the basis for the observed divergence in gene function.

Discussion

In contrast to mammals and birds, basal vertebrates retained
several chromatophore types providing a substrate for the
development of elaborate colour patterns. In zebrafish a relatively
large number of genes regulating the formation of pigment pat-
terns have already been identified by mutant screens. Due to the
teleost-specific whole genome duplication and the following sub-
functionalisation and retention of paralogs, many of these genes
are specifically involved in adult colour patterning!®!> and
mutations in them show few, if any, pleiotropic effects*373.
Therefore, these genes are candidates for mediating pattern
evolution®”.

In the Danio genus the pattern of D. nigrofasciatus, with fewer
and interrupted dark stripes (Fig. 6), resembles the mutant phe-
notype of weak alleles involved in endothelin signalling in D.
rerio. In zebrafish, endothelin signalling is directly required in
iridophores for their development and proliferation; iridophores
indirectly promote and sustain melanophore development32.
Several paralogs exist for endothelin receptors and ligands”4, only
one of each is specifically involved in patterning”-**737>. Indeed,
it has been shown that in D. nigrofasciatus, due to cis-regulatory
changes, the expression of the secreted ligand Endothelin 3b
(Edn3b) is lower than in D. rerio”3. Interspecific hybrids between
the two species show lower expression of Edn3b from the D.
nigrofasciatus allele compared to the D. rerio allele, confirming
cis-regulatory changes in this gene between the two species.

We compared the development of the pattern in D. rerio with
its closest sibling species, D. aesculapii, which has a completely
different pattern of vertical bars. Whereas the orientation of the
stripes in D. rerio depends on the presence of the horizontal
myoseptum?32, as a structure through which the first iridophores
reach the skin during metamorphosis, this is not the case in D.
aesculapii. Here iridophores appear more scattered and only
during later developmental stages (Fig. 2). This result might mean
that in zebrafish the iridophores follow an attractive signal that
lines the horizontal myoseptum; this signal, or the ability to
respond to it, could be lost in D. aesculapii. The signal would be
present in all the interspecific hybrids that have D. rerio as one
parent, explaining the dominance of the horizontal stripes.

However, additional differences must also exist, because the
pattern in D. aesculapii is very dissimilar to D. rerio mutants that
lack the horizontal myoseptum (Fig. 1b)32. To address this ques-
tion, we generated mutations in D. aesculapii that lead to the
absence of one class of pigment cells (Fig. 3). The phenotypic
analysis of these mutants showed that, if melanophores or xan-
thophores are missing, the remaining two cell types completely
intermingle. This indicates that the cellular interactions are less
complex in D. aesculapii. In contrast, we find that in the absence of
iridophores a residual pattern is formed, which shows that irido-
phores, which play a leading role in patterning in D. rerio?03233,
only have a minor influence on the pattern in D. aesculapii.

To start revealing the genetic basis for the evolution of colour
patterns in Danio fish we focused on a group of genes regulating
heterotypic interactions among chromatophores®>~4!. These gen-
erally have strong recessive phenotypes and appear to have no
obvious effects on other vital functions. Using reciprocal hemi-
zygosity tests we identified the potassium channel gene Kcnjl3 as
contributing to the patterning divergence between D. rerio and D.
aesculapii (Fig. 5); one-way complementation tests suggest a
broader role for Kcnjl3 in pattern diversification in the genus
Danio including two more species, D. tinwini and D. choprae
(Fig. 6). In D. rerio over 100 genes code for potassium channels of
several different families, calcium-activated (Kc,), two-pore (K,p),
voltage-gated (K,) and inwardly rectifying (Kjr) channels. Potas-
sium channels are expressed in many tissues and have diverse
physiological roles, e.g., in the heart, kidney or nervous system.
During development and regeneration potassium channels are
involved in bioelectric signalling regulating allometric fin growth
in D. rerio. Overgrowth of fins is caused by gain-of-function
mutations in Kcnh2a (longfin)®2 and Kenk5b (another longfin)®0.
In schleier mutants overgrowth is caused by a loss-of-function of
the K+-Cl™-cotransporter Slc12a7a/Kcc4a®l. It has also been
shown that ectopic expression in the myotome of Kcnjl3 leads to
overgrowing fins, arguing in favour of the predicted general role of
this class of channels in setting the resting membrane potential of
cells®’. Zebrafish mutant for Kenjl3, including the newly gener-
ated null allele, are viable and show a phenotype specifically in
pigment patterning; this might favour Kcnjl3 as a target for
evolutionary change. The gene is expressed in other tissues besides
chromatophores’®78 and the apparent lack of pleiotropy could be
due to redundancies with other potassium channels. Kcnj13 is cell-
autonomously required in melanophores, which appear ectopi-
cally in light stripes, and form irregular enlarged dark stripes
sometimes intermixed with ectopic xanthophores in the
mutants’>37-39, In D. aesculapii, mutations in Kcnjl3 cause a
uniform distribution of melanophores, and no repulsive interac-
tions with xanthophores are observed. The phenotype of hybrids
with D. aesculapii, in which only the D. aesculapii allele is func-
tional, is qualitatively different from the null allele of either spe-
cies, and also from the dominant hypomorphic phenotype in D.
rerio. This suggests that the change in D. aesculapii cannot simply
be due to reduced expression levels, however spatial or temporal
quantitative changes of gene expression might affect the function
of the gene. Whether changes in the coding sequence are involved
remains an open question. We do know, however, that Kcnjl3
from all tested species still has at least some residual function in
patterning in the hybrids; none of them showed a complete
mutant phenotype when only the D. rerio allele was non-
functional. Therefore, we conclude that Kcnjl3 is active in colour
pattern formation in all Danio species. Whereas the other pat-
terning genes that we tested in D. rerio/D. aesculapii hybrids,
Cx39.4, Cx41.8 and Igsfll, show no divergence in function
between these two species, it is likely that they are involved in
pattern evolution in other species. The results of our study show
that the genus Danio offers the opportunity to identify evolved
genes and to reconstruct evolutionary history of biodiversity.
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Methods

No statistical methods were used to predetermine sample size. The experiments
were not randomised. The investigators were not blinded to allocation during
experiments and outcome assessment.

Fish husbandry. Zebrafish, D. rerio, were maintained as described earlier’?. If not
newly generated (Table 4 and Supplementary Information), the following geno-
types were used: wild-type Tuebingen/TU, nacre"?/Mitfa®", pfeffer™236/CsfiraS!,
transparent?®/Mpv1782, leopard'/Cx41.83741, luchs 374i/Cx39.4%0 and obelix™XG6/
Kenj1340,

D. aesculapii and D. albolineatus were maintained identical to D. rerio. For the
other Danio species, D. kyathit, D. tinwini, D. nigrofasciatus, D. choprae, D.
margaritatus, D. erythromicron and D. dangila individual pair matings were not
successful. Therefore, the fish were kept in groups in tanks containing boxes lightly
covered with Java moss (Taxiphyllum barbieri), which resulted in sporadic matings
and allowed us to collect fertilised eggs.

Interspecific hybrids were either obtained by natural matings or by in vitro
fertilisations®4. Hemizygous or homozygous mutant hybrids were identified by
PCR and sequence analysis using specific primer pairs (Tables 1 and 3 and
Supplementary Information).

All species were staged according to the normal table of D. rerio development$3.
All animal experiments were performed in accordance with the rules of the State of
Baden-Wiirttemberg, Germany, and approved by the Regierungsprisidium
Tiibingen.

CRISPR/Cas9 gene editing. The CRISPR/Cas9 system was applied either as
described in Irion et al.3 or according to the guidelines for embryo microinjection
of Integrated DNA Technologies (IDT). Briefly, oligonucleotides were cloned into
pDR274 to generate the sgRNA vector (Supplementary Tables 1 and 2). sgRNAs
were transcribed from the linearised vector using the MEGAscript T7 Transcrip-
tion Kit (Invitrogen). Alternatively, target-specific crRNAs and universal tracrR-
NAs were purchased from IDT. sgRNAs or crRNA:tracrRNA duplexes were
injected as ribonucleoprotein complexes with Cas9 proteins into one-cell stage
embryos. The efficiency of indel generation was tested on eight larvae at 1 dpf by
PCR using specific primer pairs and by sequence analysis as described previously
(Supplementary Tables 1 and 3)8°. The remaining larvae were raised to adulthood.
Mature FO fish carrying indels were outcrossed. Loss-of-function alleles in het-
erozygous F1 fish were selected to establish homozygous or trans-heterozygous
mutant lines (Supplementary Table 4).

Image acquisition. Anaesthesia of adult fish was performed as described pre-
viously®>. A Canon 5D Mk II camera was used to obtain images. Fish with different
colour patterns vary considerably in contrast, thus requiring different settings for
aperture and exposure time, which can result in slightly different colour repre-
sentations in the pictures. Juvenile fish were either embedded in low melting point
agarose or fixed in 4% formaldehyde/0.08% glutaraldehyde and then photographed
under a Leica MZ1 stereomicroscope (Fig. 2). Images were processed Adobe
Photoshop and Adobe Illustrator CS6.

Transcriptomics and sequence analysis. Adult fish (n = 5 each for D. rerio (TU),
D. aesculapii, D. kyathit, D. nigrofasciatus, D. tinwini, D. albolineatus, D. choprae,
D. erythromicron and D. margaritatus) were euthanized by exposure to buffered
0.5 g/L MS-222 (Tricaine). Skin tissues were dissected in ice-cold PBS and collected
using TRIzol (Life Technologies). RNA integrity and quantity were assessed by
Agilent 2100 Bioanalyzer. Library preparation (TruSeq stranded mRNA, Illumina;
200 ng per sample) and sequencing (NovaSeq 6000, 2 x 100 bp) were performed by
CeGaT GmbH (Tiibingen, Germany). RNA-Seq analysis was carried out using the
Danio rerio GRCz11 genome build for all Danio species and STAR aligner with
default settings®®. We found SNPs in the coding region of Kcnjl3 and considered
other resources®’, including the latest zebrafish reference genome assembly
(GRCz11), the ENA deposition Zebrafish Genome Diversity (PRJEB20043, Well-
come Trust Sanger) and the Zebrafish Mutation Project’2. The variant calling
pipeline for all Danio species consisted of GATK 3.8 and 4 and picard®® from
STAR-aligned bam files based on GATK Best-Practices pipeline. The full com-
mands used can be found here: https://github.com/najasplus/STAR-deseq2 and
https://github.com/najasplus/rnaseq_variant_calling. Variants were also called and
checked using SAMtools, mpileup and bcftools®®. The protein sequence alignment
was produced using T-coffee.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study are available within
the article and its supplementary information files or from the corresponding author
upon reasonable request. The dataset generated during this study is available at The
European Nucleotide Archive (ENA) accession number: PRJEB36360.

Received: 10 June 2020; Accepted: 6 November 2020;
Published online: 04 December 2020

References

1. Darwin, C. The Descent Of Man, And Selection In Relation To Sex (John
Murray, London, 1871).

2. Protas, M. E. & Patel, N. H. Evolution of coloration patterns. Annu. Rev. Cell
Dev. Biol. 24, 425-446 (2008).

3. Cuthill, I. C. et al. The biology of color. Science https://doi.org/10.1126/science.
aan0221 (2017).

4. Niisslein-Volhard, C., Grutzmacher, S. & Howard, J. Animal Beauty: On The
Evolution Of Biological Aesthetics (The MIT Press, 2019).

5. Stern, D. L. & Orgogozo, V. Is genetic evolution predictable? Science 323,
746-751 (2009).

6. Martin, A. & Orgogozo, V. The Loci of repeated evolution: a catalog of genetic
hotspots of phenotypic variation. Evolution 67, 1235-1250 (2013).

7. Irion, U. & Niisslein-Volhard, C. The identification of genes involved in
the evolution of color patterns in fish. Curr. Opin. Genet. Dev. 57, 31-38
(2019).

8. Patterson, L. B. & Parichy, D. M. Zebrafish pigment pattern formation:
insights into the development and evolution of adult form. Annu. Rev. Genet.
53, 505-530 (2019).

9. Orteu, A. & Jiggins, C. D. The genomics of coloration provides insights into
adaptive evolution. Nat. Rev. Genet. https://doi.org/10.1038/s41576-020-0234-z
(2020).

10. Nijhout, H. F. Molecular and physiological basis of colour pattern formation.
Adv. Insect Physiol. 38, 219-265 (2010).

11. Reed, R. D. et al. Optix drives the repeated convergent evolution of butterfly
wing pattern mimicry. Science 333, 1137-1141 (2011).

12. Van Belleghem, S. M. et al. Complex modular architecture around a simple
toolkit of wing pattern genes. Nat. Ecol. Evol. 1, 52 (2017).

13. Singh, A. P. & Niisslein-Volhard, C. Zebrafish stripes as a model for vertebrate
colour pattern formation. Curr. Biol. 25, R81-R92 (2015).

14. Braasch, L, Brunet, F., Volff, J. N. & Schartl, M. Pigmentation pathway
evolution after whole-genome duplication in fish. Genome Biol. Evol. 1,
479-493 (2009).

15. Lorin, T., Brunet, F. G., Laudet, V. & Volff, J. N. Teleost fish-specific
preferential retention of pigmentation gene-containing families after whole
genome duplications in vertebrates. G3 8, 1795-1806 (2018).

16. Kratochwil, C. F. et al. Agouti-related peptide 2 facilitates convergent
evolution of stripe patterns across cichlid fish radiations. Science 362, 457-460
(2018).

17. Irion, U., Singh, A. P. & Niisslein-Volhard, C. In Current Topics in
Developmental Biology. Ch. 8 (Elsevier Inc., 2016).

18. Parichy, D. M. Evolution of danio pigment pattern development. Heredity 97,
200-210 (2006).

19. Kondo, S., Iwashita, M. & Yamaguchi, M. How animals get their skin patterns:
fish pigment pattern as a live Turing wave. Int. J. Dev. Biol. 53, 851-856
(2009).

20. Singh, A. P., Schach, U. & Niisslein-Volhard, C. Proliferation, dispersal and
patterned aggregation of iridophores in the skin prefigure striped colouration
of zebrafish. Nat. Cell Biol. 16, 607-614 (2014).

21. Hirata, M., Nakamura, K. & Kondo, S. Pigment cell distributions in different
tissues of the zebrafish, with special reference to the striped pigment pattern.
Dev. Dyn. 234, 293-300 (2005).

22. Hirata, M., Nakamura, K., Kanemaru, T., Shibata, Y. & Kondo, S. Pigment cell
organization in the hypodermis of zebrafish. Dev. Dyn. 227, 497-503 (2003).

23. Mahalwar, P., Walderich, B., Singh, A. P. & Niisslein-Volhard, C. Local
reorganization of xanthophores fine-tunes and colors the striped pattern of
zebrafish. Science 345, 1362-1364 (2014).

24. Budi, E. H,, Patterson, L. B. & Parichy, D. M. Post-embryonic nerve-associated
precursors to adult pigment cells: genetic requirements and dynamics of
morphogenesis and differentiation. PLoS Genet. 7, 1002044 (2011).

25. Mongera, A. et al. Genetic lineage labeling in zebrafish uncovers novel neural
crest contributions to the head, including gill pillar cells. Development 140,
916-925 (2013).

26. Dooley, C. M., Mongera, A., Walderich, B. & Nusslein-Volhard, C. On the
embryonic origin of adult melanophores: the role of ErbB and Kit signalling in
establishing melanophore stem cells in zebrafish. Development 140, 1003-1013
(2013).

27. Patterson, L. B., Bain, E. J. & Parichy, D. M. Pigment cell interactions and
differential xanthophore recruitment underlying zebrafish stripe reiteration
and Danio pattern evolution. Nat. Commun. 5, 5299 (2014).

28. Singh, A. P. et al. Pigment cell progenitors in zebrafish remain multipotent
through metamorphosis. Dev. Cell 38, 316-330 (2016).

| (2020)11:6230 | https://doi.org/10.1038/s41467-020-20021-6 | www.nature.com/naturecommunications 1


https://github.com/najasplus/STAR-deseq2
https://github.com/najasplus/rnaseq_variant_calling
https://www.ebi.ac.uk/ena/browser/view/PRJEB36360
https://doi.org/10.1126/science.aan0221
https://doi.org/10.1126/science.aan0221
https://doi.org/10.1038/s41576-020-0234-z
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Parichy, D. M. et al. Mutational analysis of endothelin receptor bl (rose)
during neural crest and pigment pattern development in the zebrafish Danio
rerio. Dev. Biol. 227, 294-306 (2000).

Parichy, D. M. & Turner, J. M. Temporal and cellular requirements for Fms
signaling during zebrafish adult pigment pattern development. Development
130, 817-833 (2003).

Walderich, B., Singh, A. P., Mahalwar, P. & Nusslein-Volhard, C. Homotypic
cell competition regulates proliferation and tiling of zebrafish pigment cells
during colour pattern formation. Nat. Commun. 7, 11462 (2016).
Frohnhéfer, H. G., Krauss, J., Maischein, H. M. & Niisslein-Volhard, C.
Iridophores and their interactions with other chromatophores are required for
stripe formation in zebrafish. Development 140, 2997-3007 (2013).
Patterson, L. B. & Parichy, D. M. Interactions with iridophores and the tissue
environment required for patterning melanophores and xanthophores during
zebrafish adult pigment stripe formation. PLoS Genet. 9, 1003561 (2013).
Mahalwar, P., Singh, A. P., Fadeev, A., Nusslein-Volhard, C. & Irion, U.
Heterotypic interactions regulate cell shape and density during color pattern
formation in zebrafish. Biol. Open 5, 1680-1690 (2016).

Maderspacher, F. & Niisslein-Volhard, C. Formation of the adult pigment
pattern in zebrafish requires leopard and obelix dependent cell interactions.
Development 130, 3447-3457 (2003).

Eom, D. S. et al. Melanophore migration and survival during zebrafish adult
pigment stripe development require the immunoglobulin superfamily
adhesion molecule Igsf11. PLoS Genet. 8, €1002899 (2012).

Haffter, P. et al. Mutations affecting pigmentation and shape of the adult
zebrafish. Dev. Genes Evol. 206, 260-276 (1996).

Iwashita, M. et al. Pigment pattern in jaguar/obelix zebrafish is caused by a
Kir7.1 mutation: implications for the regulation of melanosome movement.
PLoS Genet. 2, €197 (2006).

Inaba, M., Yamanaka, H. & Kondo, S. Pigment pattern formation by contact-
dependent depolarization. Science 335, 677 (2012).

Irion, U. et al. Gap junctions composed of connexins 41.8 and 39.4 are
essential for colour pattern formation in zebrafish. Elife 3, 05125 (2014).
Watanabe, M. et al. Spot pattern of leopard Danio is caused by mutation in the
zebrafish connexin41.8 gene. EMBO Rep. 7, 893-897 (2006).

Watanabe, M., Sawada, R., Aramaki, T., Skerrett, I. M. & Kondo, S. The
physiological characterization of Connexin41.8 and Connexin39.4, which are
involved in the striped pattern formation of zebrafish. J. Biol. Chem. 291,
1053-1063 (2016).

Lang, M. R,, Patterson, L. B., Gordon, T. N., Johnson, S. L. & Parichy, D. M.
Basonuclin-2 requirements for zebrafish adult pigment pattern development
and female fertility. PLoS Genet. 5, €1000744 (2009).

Eom, D. S. & Parichy, D. M. A macrophage relay for long-distance signaling
during postembryonic tissue remodeling. Science 355, 1317-1320 (2017).
Eskova, A. et al. Gain-of-function mutations in Agp3a influence zebrafish
pigment pattern formation through the tissue environment. Development 144,
2059-2069 (2017).

McMenamin, S. K. et al. Thyroid hormone-dependent adult pigment cell
lineage and pattern in zebrafish. Science https://doi.org/10.1126/
science.1256251 (2014).

Eom, D. S, Bain, E. ], Patterson, L. B., Grout, M. E. & Parichy, D. M. Long-
distance communication by specialized cellular projections during pigment
pattern development and evolution. Elife https://doi.org/10.7554/eLife.12401
(2015).

Eskova, A., Frohnhofer, H. G., Nusslein-Volhard, C. & Irion, U. Galanin
signaling in the brain regulates color pattern formation in zebrafish. Curr.
Biol. 30, 298-303.€293 (2020).

Zhang, Y. M. et al. Distant insulin signaling regulates vertebrate pigmentation
through the sheddase Bace2. Dev. Cell 45, 580-594 €587 (2018).

Kullander, S. O. & Fang, F. Danio aesculapii, a new species of danio from
south-western Myanmar (Teleostei: Cyprinidae). Zootaxa 2164, 41-48 (2009).
Kullander, S. O. & Fang, F. Danio tinwini, a new species of spotted danio from
northern Myanmar (Teleostei: Cyprinidae). Ichthyol. Explor. Freshw. 20,
223-228 (2009).

McCluskey, B. M. & Postlethwait, J. H. Phylogeny of zebrafish, a “model
species,” within Danio, a “model genus”. Mol. Biol. Evol. 32, 635-652 (2015).
Parichy, D. M. Advancing biology through a deeper understanding of
zebrafish ecology and evolution. Elife https://doi.org/10.7554/eLife.05635
(2015).

Parichy, D. M. & Johnson, S. L. Zebrafish hybrids suggest genetic mechanisms
for pigment pattern diversification in Danio. Dev. Genes Evol. 211, 319-328
(2001).

Stern, D. L. Identification of loci that cause phenotypic variation in diverse
species with the reciprocal hemizygosity test. Trends Genet. 30, 547-554
(2014).

Henke, K. et al. Genetic screen for postembryonic development in the
zebrafish (danio rerio): dominant mutations affecting adult form. Genetics
207, 609-623 (2017).

58.

59.

60.

61.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Silic, M. R. et al. Potassium channel-associated bioelectricity of the
dermomyotome determines fin patterning in zebrafish. Genetics 215,
1067-1084 (2020).

Volkening, A. & Sandstede, B. Iridophores as a source of robustness in zebrafish
stripes and variability in Danio patterns. Nat. Commun. 9, 3231 (2018).
Dahal, G. R. et al. An inwardly rectifying K+ channel is required for
patterning. Development 139, 3653-3664 (2012).

Perathoner, S. et al. Bioelectric signaling regulates size in zebrafish fins. PLoS
Genet. 10, 1004080 (2014).

Lanni, J. S. et al. Integrated K+ channel and K+Cl- cotransporter functions
are required for the coordination of size and proportion during development.
Dev. Biol. 456, 164-178 (2019).

Stewart, S. et al. longfin causes cis ectopic expression of the kenh2a ether-a-go-
go K+ channel to autonomously prolong fin outgrowth. bioRxiv https://doi.
org/10.1101/790329 (2019).

Yin, W. et al. The potassium channel KCNJ13 is essential for smooth muscle
cytoskeletal organization during mouse tracheal tubulogenesis. Nat. Commun.
9, 2815 (2018).

Lee, M. M., Ritter, R. 3rd, Hirose, T., Vu, C. D. & Edwards, A. O. Snowflake
vitreoretinal degeneration: follow-up of the original family. Ophthalmology
110, 2418-2426 (2003).

Hejtmancik, J. F. et al. Mutations in KCNJ13 cause autosomal-dominant
snowflake vitreoretinal degeneration. Am. J. Hum. Genet. 82, 174-180 (2008).
Sergouniotis, P. I et al. Recessive mutations in KCNJ13, encoding an inwardly
rectifying potassium channel subunit, cause leber congenital amaurosis. Am. J.
Hum. Genet. 89, 183-190 (2011).

Khan, A. O., Bergmann, C., Neuhaus, C. & Bolz, H. J. A distinct vitreo-retinal
dystrophy with early-onset cataract from recessive KCNJ13 mutations.
Ophthalmic Genet. 36, 79-84 (2015).

Pattnaik, B. R. et al. A novel KCNJ13 nonsense mutation and loss of Kir7.1
channel function causes leber congenital amaurosis (LCA16). Hum. Mutat.
36, 720727 (2015).

Perez-Roustit, S. et al. Leber congenital amaurosis with large retinal pigment
clumps caused by compound heterozygous mutations in Kcnjl3. Retin. Cases
Brief. Rep. 11, 221-226 (2017).

Toms, M. et al. Missense variants in the conserved transmembrane M2
protein domain of KCNJ13 associated with retinovascular changes in humans
and zebrafish. Exp. Eye Res. 189, 107852 (2019).

Hibino, H. et al. Inwardly rectifying potassium channels: their structure,
function, and physiological roles. Physiol. Rev. 90, 291-366 (2010).

Dooley, C. M. et al. Multi-allelic phenotyping-a systematic approach for the
simultaneous analysis of multiple induced mutations. Methods 62, 197-206
(2013).

Spiewak, J. E. et al. Evolution of Endothelin signaling and diversification of
adult pigment pattern in Danio fishes. PLoS Genet. 14, 1007538 (2018).
Braasch, I, Volff, J. N. & Schartl, M. The endothelin system: evolution of
vertebrate-specific ligand-receptor interactions by three rounds of genome
duplication. Mol. Biol. Evol. 26, 783-799 (2009).

Camargo-Sosa, K. et al. Endothelin receptor Aa regulates proliferation and
differentiation of Erb-dependent pigment progenitors in zebrafish. PLoS
Genet. 15, 1007941 (2019).

Watanabe, M., Hiraide, K. & Okada, N. Functional diversification of kir7.1 in
cichlids accelerated by gene duplication. Gene 399, 46-52 (2007).

White, R. J. et al. A high-resolution mRNA expression time course of
embryonic development in zebrafish. Elife https://doi.org/10.7554/eLife.30860
(2017).

Toms, M. et al. Phagosomal and mitochondrial alterations in RPE may
contribute to KCNJ13 retinopathy. Sci. Rep. 9, 3793 (2019).

Brand, M., Granato, M. & Niisslein-Volhard, C. In Zebrafish: A Practical
Approach (eds C. Nisslein-Volhard & R. Dahm) (Oxford University Press, 2002).
Lister, J. A., Robertson, C. P., Lepage, T., Johnson, S. L. & Raible, D. W. nacre
encodes a zebrafish microphthalmia-related protein that regulates neural-
crest-derived pigment cell fate. Development 126, 3757-3767 (1999).
Odenthal, J. et al. Mutations affecting xanthophore pigmentation in the
zebrafish, Danio rerio. Development 123, 391-398 (1996).

Krauss, J., Astrinidis, P., Frohnhofer, H. G., Walderich, B. & Niisslein-
Volhard, C. transparent, a gene affecting stripe formation in Zebrafish,
encodes the mitochondrial protein Mpv17 that is required for iridophore
survival. Biol. Open 2, 703-710 (2013).

Parichy, D. M, Elizondo, M. R,, Mills, M. G., Gordon, T. N. & Engeszer, R. E.
Normal table of postembryonic zebrafish development: staging by externally
visible anatomy of the living fish. Dev. Dyn. 238, 2975-3015 (2009).

Irion, U., Krauss, J. & Niisslein-Volhard, C. Precise and efficient genome
editing in zebrafish using the CRISPR/Cas9 system. Development 141,
4827-4830 (2014).

Meeker, N. D., Hutchinson, S. A., Ho, L. & Trede, N. S. Method for isolation
of PCR-ready genomic DNA from zebrafish tissues. Biotechniques 43, 610,
612, 614 (2007).

| (2020)11:6230 | https://doi.org/10.1038/541467-020-20021-6 | www.nature.com/naturecommunications


https://doi.org/10.1126/science.1256251
https://doi.org/10.1126/science.1256251
https://doi.org/10.7554/eLife.12401
https://doi.org/10.7554/eLife.05635
https://doi.org/10.1101/790329
https://doi.org/10.1101/790329
https://doi.org/10.7554/eLife.30860
www.nature.com/naturecommunications

ARTICLE

86. Dobin, A. & Gingeras, T. R. Mapping RNA-seq Reads with STAR. Curr.
Protoc. Bioinform. 51, 11.14.11-11.14.19 (2015).

87. Bowen, M. E., Henke, K,, Siegfried, K. R., Warman, M. L. & Harris, M. P.
Efficient mapping and cloning of mutations in zebrafish by low-coverage
whole-genome sequencing. Genetics 190, 1017-1024 (2012).

88. Poplin, R. et al. Scaling accurate genetic variant discovery to tens of thousands
of samples. bioRxiv https://doi.org/10.1101/201178 (2018).

89. Li, H. et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

90. Notredame, C., Higgins, D. G. & Heringa, J. T-Coffee: A novel method for fast
and accurate multiple sequence alignment. J. Mol. Biol. 302, 205-217 (2000).

Acknowledgements

We thank Silke Geiger-Rudolph, Horst Geiger and Roberta Occhinegro for excellent
technical assistance and Patrick Miiller for discussion. This work was supported by an
ERC Advanced Grant “DanioPattern” (694289) and the Max Planck Society, Germany.

Author contributions

All authors were involved in the design of the experiments. M.P., UL and H.G.F. per-
formed the experiments. U.L, CN.V.,, M.P., H.G.F. and CM.D. analysed the data with
support of A.E; M.P. made the figures with contributions from U.I. and CN.V; UL,
CN.V. and M.P. wrote the manuscript. C.N.V. and U.L acquired funding.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20021-6.

Correspondence and requests for materials should be addressed to U.L

Peer review information Nature Communications thanks Bjorn Sandstede and David
Stern for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020, corrected publication 2021

| (2020)11:6230 | https://doi.org/10.1038/s41467-020-20021-6 | www.nature.com/naturecommunications 13


https://doi.org/10.1101/201178
https://doi.org/10.1038/s41467-020-20021-6
https://doi.org/10.1038/s41467-020-20021-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Evolution of the potassium channel gene Kcnj13 underlies colour pattern diversification in Danio fish
	Results
	Horizontal pattern orientation is lost in barred species
	A minor role of iridophores in cellular interactions forming bars
	Weak heterotypic chromatophore interactions in bars
	Kcnj13 has evolved between D. rerio and D. aesculapii
	Kcnj13 may have evolved repeatedly in the Danio genus
	The potassium channel gene Kcnj13

	Discussion
	Methods
	Fish husbandry
	CRISPR/Cas9 gene editing
	Image acquisition
	Transcriptomics and sequence analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




