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Abstract

Vertebrate pigment patterns are diverse and fascinating adult traits that
allow animals to recognize conspecifics, attract mates, and avoid preda-
tors. Pigment patterns in fish are among the most amenable traits for
studying the cellular basis of adult form, as the cells that produce diverse
patterns are readily visible in the skin during development. The genetic
basis of pigment pattern development has been most studied in the ze-
brafish, Danio rerio. Zebrafish adults have alternating dark and light hori-
zontal stripes, resulting from the precise arrangement of three main classes
of pigment cells: black melanophores, yellow xanthophores, and irides-
cent iridophores. The coordination of adult pigment cell lineage specifi-
cation and differentiation with specific cellular interactions and morpho-
genetic behaviors is necessary for stripe development. Besides providing a
nice example of pattern formation responsible for an adult trait of zebrafish,
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stripe-forming mechanisms also provide a conceptual framework for posing testable hypotheses
about pattern diversification more broadly. Here, we summarize what is known about lineages
and molecular interactions required for pattern formation in zebrafish, we review some of what is
known about pattern diversification in Danio, and we speculate on how patterns in more distant
teleosts may have evolved to produce a stunningly diverse array of patterns in nature.

1. INTRODUCTION

Nature is filled with patterns: leopard spots, seashell swirls, the branches of a deciduous tree.
Patterns also lurk beneath the skin of animals in precise rows of vertebrae, arrangements of kidney
tubules, and convolutions of the cerebral cortex. Biological pattern formation has been studied
most extensively during early embryogenesis, and significant questions remain about the inductive
signals and morphogenetic behaviors that generate particular arrangements of cells and tissues.
Perhaps even more unanswered questions concern patterning during the lesser-studied periods
of late embryonic, fetal, and neonatal development of amniotes and the larval and juvenile stages
of anamniotes. Despite the relative lack of attention, elucidating gene functions and appreciating
cell behaviors and interactions at postembryonic stages are important for understanding how adult
traits are patterned. Identifying differences in gene activities—and their cellular consequences—
will be essential to understanding directions and rates of evolutionary change.

Among adult traits, pigment patterns are some of the most amenable for mechanistic analyses
because they are readily visible in skin, fur, and feathers. Pigment patterns can differ markedly
within and between species and are subject to both natural and sexual selection, offering camou-
flage and UV protection and functioning in species recognition, mate choice, and other aspects
of organismal behavior and physiology (3-5, 20, 44, 45, 47, 80, 118). Pigment patterns also have
received theoretical attention, and their broader features sometimes can be recapitulated by sim-
ple and elegant dynamics in silico (14, 144, 149). Turing mechanisms that produce self-organizing
stable patterns through interactions involving local activation and long-range inhibition have re-
ceived the most attention (98, 147, 154), though recent analyses indicate more complexity in par-
ticipating cell types than originally envisaged (see Section 4). Putting genetic and cellular mech-
anisms to these patterns—and their models—is a challenge but one that has seen considerable
progress in recent years.

In vertebrates, skin pigment cells are derived from the embryonic neural crest, a population of
pluripotent cells that forms during embryogenesis and contributes to many of the most spectac-
ular and diverse adult traits, including teeth and jaws, beaks, the peripheral nervous system, and
pigmentation (19, 35, 42, 66, 132, 140). Birds and mammals have a single pigment cell type, the
melanocyte, that transfers melanin granules to developing skin, feathers, and hair or fur. Ectother-
mic vertebrates including fish, amphibians, and reptiles develop multiple pigment cell types, or
chromatophores, including black melanophores, which are homologous to melanocytes, yellow-
orange xanthophores, red erythrophores, iridescent iridophores, and white leucophores. Chro-
matophores retain their pigments intracellularly and are visible throughout development, making
pigment patterns of ectotherms particularly accessible for studying cellular interactions and mor-
phogenetic behaviors during pattern formation (2, 79, 95, 104, 142, 153); the experimental and
genetic tractability of teleosts, in particular, have proven useful for bringing together genetics
with studies of cell behavior and even phenotype variation in nature.

Pigmentation mechanisms have been examined in fishes including cichlids, guppies, stickle-
back, cavefish, platyfish, medaka, and clownfish (12, 59-61, 87, 96, 97, 117, 122, 125, 126, 129).
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Thus far, however, genetic and cellular mechanisms of lineage specification, differentiation, and
morphogenesis have been studied most extensively during pigment pattern formation in zebrafish,
Danio rerio (Figure 1). Zebrafish adults have dark stripes and light interstripes, resulting from
the spatial organization of three major classes of pigment cell types in the skin hypodermis, be-
tween the musculature and epidermis (39-41, 67). Stripes consist of black melanophores beneath
sparsely distributed iridescent iridophores. Interstripes comprise yellow-orange xanthophores
above densely packed iridophores. Zebrafish also have more superficial pigment cells on their
scales, and melanophores at this location confer a dark cast to the dorsum. There are, additionally,
stripes and light patches on the median fins. The utility of zebrafish for studying pigmentation
was evident from its early days as a developmental genetic model organism: The first zebrafish
mutants (golden’!, brass?, albino®, sparse”’ , leopard'") recovered from pet stores or laboratory stocks
had pigment cell defects and were viable in aquaria (53, 137), despite the presumed importance of
coloration in the wild.

In the first part of this review, we attempt to summarize more than two and a half decades of
research on the genetic and cellular bases of stripe formation in adult zebrafish, including devel-
opment of the three major adult pigment cell types and cell—cell interactions required for pattern
formation. Then we discuss how some patterns of zebrafish relatives can be understood with ref-
erence to stripe-forming mechanisms identified in zebrafish. Finally, we conclude by speculating
on future directions of research in adult pigment patterning mechanisms.

2. ONTOGENY OF ZEBRAFISH ADULT STRIPE DEVELOPMENT

During embryogenesis, pigment cell precursors migrate from the neural crest to generate an
embryonic/early larval (EL) pigment pattern by approximately day 4 consisting of yellow xan-
thophores dispersed over the flank and melanophores and iridophores along the dorsal and ventral
edges of the body and over the yolk, and a few melanophores in a lateral stripe along the horizontal
myoseptum (56) (Figure 1a). The pattern changes little over the next several days, though a small
number of melanophores are added to the lateral stripe (46, 89-91).

Like many organisms, postembryonic development of zebrafish involves the acquisition of new
features and the remodeling or even loss of features that arose at earlier stages (85, 86, 105). For
the pigment pattern, postembryonic stages witness the appearance of new pigment cells, the dis-
appearance of some old pigment cells, and rearrangements of both new and old pigment cells to
generate stripes and interstripes. The onset of the transformation is marked by two changes be-
ginning approximately on the eighth day of development: Yellow EL xanthophores gradually fade
from view, entering a cryptic state (84) (Figure 24, subpanel 7), and adult iridophores develop
near the horizontal myoseptum, where some EL melanophores persist (Figure 24, subpanel ii).
Though initially limited to anterior and posterior regions, the new iridophores soon occupy the
middle flank from just behind the head to the tail, thereby marking the first, or primary, inter-
stripe (105, 114). As this pattern element becomes more prominent, new adult melanophores start
to appear: Lightly melanized cells can be seen scattered over the flank, both within and adjacent to
the nascent interstripe (Figure 24, subpanel iii). These melanophores move as they differentiate,
and soon, dark stripes of well-melanized cells are evident dorsal and ventral to the primary inter-
stripe. Meanwhile, some fully melanized EL. melanophores—initially present in the lateral stripe
of the EL pattern but now within the developing adult interstripe—move short distances dorsally
to join the adult stripes (Figure 24, subpanels #i3,iv) or are lost from the pattern altogether (108,
112, 114, 141). As these events unfold, iridophores develop not just in the interstripe but also
at low density among the stripe melanophores (113, 135, 136) and orange xanthophores appear
within the interstripe (78, 84) (Figure 24, subpanel 7v). As the fish continues to grow, the pattern
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Figure 1

Pigment patterns of zebrafish. () The embryonic/early larval (EL) pattern changes during midlarval stages
into a juvenile pattern of stripes and interstripes that persists into the adult stage. Extensive growth occurs
during postembryonic development, as illustrated by insets showing EL and midlarval fish at the same scale
as the adult. (%) Close-ups of boundaries between stripes and interstripes on adult fish (boxed region in panel z),
showing an individual as seen typically (/eft) and another individual after treatment with epinephrine (righ),
which contracts pigment granules toward cell centers and thereby nicely reveals cellular arrangements. Inset
shows iridophores typically found in stripes (I;), iridophores of interstripes (I;), and xanthophores (circled).
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is reiterated with additional interstripes and then stripes forming ventrally and dorsally to make

a juvenile pattern by approximately day 28 (Figure 24, subpanels v,vi). The seemingly chore-
ographed sequence of events, and their reiteration, suggests that attainment of a stripe pattern
requires precise regulation. Within pigment cell lineages, specification and differentiation must
be coordinated with morphogenetic behaviors of proliferation, migration, and death. Between
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Figure 2 (Figure appears on preceding page)

Developmental anatomy of pigment pattern formation. (#) In zebrafish, Danio rerio, cryptic xanthophores are
scattered over the flank and early larval (EL) melanophores reside at the horizontal myoseptum (7). EL
iridophores are not shown. Prospective adult interstripe iridophores appear in the middle of the flank (i),
and shortly thereafter new adult melanophores are scattered over the flank while EL melanophores move
into prospective adult stripe regions, die, or disappear (7). Iridophores begin to be seen within the
developing stripe, and pigmented xanthophores become evident in the developing interstripe; melanophores
continue to appear and become more distinctly melanized (7). Finally, the pattern becomes increasingly well
organized, with stripes of melanophores, sparsely arranged iridophores, and cryptic xanthophores bordering
interstripes of densely arranged iridophores and pigmented xanthophores (v, vi). (b) Different events of
pattern formation in D. nigrofasciatus and D. albolineatus, as described in Section 5. Figure adapted from
Reference 113 with permission.

pigment cell lineages, and between pigment cells and nonpigment cells in their tissue environ-
ment, there must be transfer of information, in the form of cell-cell interactions, ensuring that
cells differentiate appropriately and come to occupy the correct locations. We address these issues
below.

3. ADULT PIGMENT CELL LINEAGES

New adult pigment cells differentiate throughout the larva-to-adult transition, but the three ma-
jor adult pigment cell lineages differ dramatically in their time of first differentiation. The relative
timing of pigment cell appearance can have substantial impacts on the pattern (113, 114). A major
challenge, therefore, is to identify mechanisms that specify adult pigment cell lineages and pro-
mote their differentiation, within the broader context of overall somatic growth and a changing
anatomical milieu. The recent finding that at least some neural crest-derived progenitors remain
multipotent into postembryonic stages, capable of producing iridophores, melanophores, and xan-
thophores, adds additional complexity (55, 133). Here, we review some of what is known about
adult pigment cell specification, differentiation, and morphogenesis and highlight gaps in our cur-
rent understanding.

3.1. Postembryonic Progenitors Contribute Most Adult Melanophores,
Iridophores, and Some Xanthophores

Most melanophores of the adult pattern develop from postembryonic neural crest-derived pro-
genitors rather than directly from migrating neural crest cells (Figure 34). A distinction between
EL and adult melanophore populations might be expected given the different times at which these
populations first appear (57) (Figure 24). The first indication that EL and adult populations are
genetically separable came from mutants of sparse (53), shown later to encode the Kita receptor
tyrosine kinase, mammalian homologs of which are well known for their roles in melanocyte de-
velopment (36, 109, 124). EL melanophores differentiate in sparse but mostly fail to migrate and
begin to die within the first week. Subsequently, the fish lack melanophores until a new popula-
tion of kita-independent melanophores differentiates a few weeks later, suggesting the presence
of latent cells with melanogenic potential even at postembryonic stages.

Support for a distinct population of adult precursors also came from analyses of purma and pi-
casso mutants with lesions in tubulin, alpha 8 like 3 (tuba8l3) and the receptor tyrosine kinase gene
erb-b2 receptor tyrosine kinase 3b (erbb3b), respectively (6, 65, 111, 112). Both mutants have normal
complements of EL melanophores but develop very few additional melanophores during the larva-
to-adult transformation. Both have defects in the peripheral nervous system as well. Pharmaco-
logical analyses demonstrated that requirements for Erbb3 signaling coincide with the embryonic
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Models for lineages and migration routes of pigment cell precursors during postembryonic development. (#) In the embryo, neural
crest cells (mauve cell, top) generate neurons (dendritic blue cell), glia (taupe cell), iridophores (blue cell), melanophores (brown cell),
xanthophores (yellow cell), and other derivatives (not shown) of the embryonic/EL phenotype. Additional cells are set aside (mauve cell,
far left) as postembryonic progenitors, some of which are multipotent. These may or may not be bona fide stem cells, with the capacity
to self-renew while also generating differentiated progeny. As fish enter midlarval stages, progenitors associated with the peripheral
nervous system (zzauve cells) and potentially other niches expand in number (ultiple arrows) and begin to differentiate as postembryonic
derivatives (e.g., glia, taupe cell) within the fish, though events underlying development of nonpigmentary cells remain speculative.
Other progenitor derivatives migrate to the hypodermis of the skin to generate pigment cells of the adult pattern (green cell). These
amplifying pigment cell progenitors contribute to three classes of adult iridophores (blue cells), associated with interstripes, stripes, and
deeper skin strata (left to right), each with its own morphology and physiological properties (40, 41, 103). These same progenitors
contribute to adult melanophores (black cell) and at least some xanthophores (orange cell). Additionally, some embryonic/EL
melanophores persist into the adult stage (brown cell), and EL xanthophores lose their pigment, entering a cryptic phase (/ight yellow cell),
and then reacquire pigment at a late stage of adult pattern development (orange cell). Also shown are transitions promoted by several
genes mentioned in the main text, elucidated largely through analyses of conditional alleles or pharmacological approaches (6, 7, 28, 54,
110, 112, 121). Additional activities and loci are omitted here for clarity. Asterisk marking #uba8/3 indicates that allelic effects may be
neomorphic (65). (b)) Cross section of midlarval fish illustrating inferred locations of different progenitor classes (colors as in panel )
and migration routes, including along nerves, to reach the hypodermis (a77ows). Bars at right indicate relative strata occupied by
pigment cell classes in the adult hypodermis (deeper, spindly iridophores not shown). Abbreviations: EL, early larval; drg, dorsal root
ganglia; G, glia; hm, horizontal myoseptum; I, iridophores; M, melanophores; Mg, early larval melanophores; N, neurons; NC, neural
crest cells; P, postembryonic progenitors; sc, spinal cord; vm, vertical myoseptum; X, xanthophores; Xc, xanthophores in cryptic phase.
Figure adapted from Reference 7 with inferences from additional sources (7, 16, 52, 84, 133).
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migration of neural crest cells contributing to dorsal root ganglia and other elements of the pe-
ripheral nervous system, weeks before adult melanophores differentiate. These findings raised the
possibility that Erbb3-dependent progenitors of adult melanophores are established in association
with the peripheral nervous system, an idea confirmed by molecular marker analyses, fate mapping,
time-lapse imaging, and experimental tests of melanogenic competence (7,17, 133,135). Together,
these lines of evidence showed that proliferative progenitors of adult melanophores occur in the
peripheral nervous system, and potentially other locations, and then migrate to the hypodermis to
differentiate as melanophores (Figure 35), in a manner somewhat reminiscent of nerve-associated
melanocyte progenitors in avian embryos and perhaps mammalian embryos (1, 15, 94).

Adult iridophores and some adult xanthophores are also derived from postembryonic progen-
itors (7, 84, 135) (Figure 34). Adult iridophore development is disrupted in erbb3b mutants (6),
and lineage tracing and other approaches suggest that cells initially in the vicinity of dorsal root
ganglia and other locations generate not only melanophores but also iridophores and occasionally
xanthophores, neurons, and glia (9, 17, 133, 135), implying that some cells have a multipotentiality
similar to that of trunk neural crest. Consistent with this idea, transcriptomic analyses of postem-
bryonic neural crest-derived cells at single-cell resolution have revealed differentiation trajectories
linking presumptive progenitors through intermediate states to terminal cell types (130).

Insights into potential mechanisms of fate specification from bipotent or multipotent
postembryonic precursors may come from analyses of similar processes during embryogenesis.
Melanophore specification from neural crest cells depends on the basic helix-loop-helix transcrip-
tion factor, microphthalmia-associated transcription factor (Mitf), which functions as the master
regulator of melanocyte fate in mammals (69, 72, 101). The zebrafish homolog, melanocyte in-
ducing transcription factor a (Mitfa), is not essential for the establishment of progenitors of adult
melanophores but is required for specification and survival of both EL and adult melanophores,
similar to roles in mammals (54, 72, 156). Requirements for signaling via WN'T/B-catenin are
shared with mammals as well (18, 37, 143). Iridophore fate specification requires repression of
mitfa by the forkhead transcription factor, Foxd3 (13), and stable expression of the basic helix-
loop-helix transcription factor gene tfec (transcription factor EC) (71, 116), while maintenance of
mitfa expression and WN'T signaling specify melanophores. The important signals that recruit
adult melanophore or iridophore precursors from multipotent progenitors during postembryonic
stages and the guidance cues that direct precursor migration to the hypodermis are not known.

Once they reach the hypodermis, adult melanophore precursors are highly motile and pro-
liferative, and time-lapse imaging of mutfa:GFP* cells in wild-type and mutant backgrounds has
revealed some of the factors influencing morphogenesis and differentiation (7, 25). For exam-
ple, precursor proliferation is defective in a temperature-sensitive allele of tuba8/3a (that may be
neomorphic); in this genetic background the cells are more likely to differentiate and less likely
to divide. Migration of melanophore precursors and melanophores in the hypodermis also re-
quires immunoglobulin superfamily member 11 (igsf11), a cell surface receptor containing two
immunoglobulin-like domains expressed by these cells (25). Igsf11 mediates adhesive interactions
in vitro, but the precise roles of these interactions and binding partners in vivo remain unclear.
Analyses in a regenerative context further indicate that progenitors of melanophores persist in
the adult (7, 98, 102) and that at least some of these cells reside in the hypodermis and can divide
asymmetrically to self-renew while also producing differentiated progeny in a manner dependent
on WNT/B-catenin (52).

Differentiation and survival of a subset of adult melanophore precursors are promoted by
paracrine factor Kit ligand a (Kitlga) signaling through Kita. During the larva-to-adult trans-
formation, kitlga is expressed in the hypodermis, and its ectopic expression induces melanophore
differentiation in extrahypodermal locations (7). Melanophores and their precursors express Kita,
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and both kita and kitlga null alleles develop far fewer adult melanophores than wild-type fish
do (17, 109). The number of hypodermal mitfa™ cells does not differ significantly between kita
mutants and wild type, but cells in mutants are more likely to die and less likely to differenti-
ate, revealing roles for Kita signaling in not only migration but also survival during maturation
(7). Mitfa and Kita have complex interactions in other systems (43), but functional relationships
between these gene products and their pathways have yet to be dissected extensively in zebrafish.

Not all adult melanophores require Kita. Early studies showed that most adult melanophores
(and all EL melanophores) are absent in 47tz mutants. Nevertheless, some melanophores develop
at late stages and form a regulative stripe pattern even in fish homozygous for a kita null al-
lele (53, 88, 109). The relatively few melanophores that differentiate in k7t mutants proliferate,
whereas wild-type melanophores do not, suggesting that a small number of escaping precursors
could account for late-appearing, regulative melanophores in the mutant (7). The molecular fac-
tors that substitute for Kit signaling and allow apparently regulative melanophore development
are unknown. Interestingly, however, Kita-independent melanophores are lost when fish are dou-
bly mutant for kita and either endothelin receptor Ba (ednrba) or colony stimulating factor-1 receptor; a
(esf1ra) (53, 88,107-109). The essential functions of both ednrba and csfIra are nonautonomous to
melanophores, and implied mechanisms through which they act are only vaguely understood (31,
110, 136) (see later in this section and Section 3.2). Single mutants of both ednrba and csflra have
adult melanophore deficiencies (albeit less severe than kit2 mutants); the numbers of hypodermal
mitfa* cells in ednrba and csflra mutants are similar to those in wild type, but these cells are far
more likely to both differentiate and die (7).

Lineage tracing suggests that most adult iridophore precursors initially access the hypoder-
mis through the horizontal myoseptum, where they differentiate and proliferate extensively to
generate a primary interstripe with densely packed iridophores (135, 136) (Figure 3b). Multi-
ple aspects of adult iridophore development require the cell surface leukocyte receptor tyro-
sine kinase (Ltk) expressed in this lineage (28, 74). /tk mutants lack nearly all EL and adult iri-
dophores, and many adult melanophores dependent on iridophores (31, 74). The secreted ligands,
ALK and LTK ligand 2a (Alkal2a) and ALK and L'TK ligand 2b (Alkal2b) (previously Augmentor-
alaand Augmentor-a1b), interact with Ltk to promote iridophore differentiation and survival (29,
93). Inhibiting Ltk signaling during postembryonic stages results in the loss of adult iridophores,
whereas ectopic iridophores are induced by Aklal2a overexpression and develop in moonstone, an
Itk gain-of-function mutant (28, 29, 145). Expression of #lkal2a and alkal2b has not been examined
postembryonically, so the cells expressing these ligands are not yet identified.

In mutants with defects in endothelin signaling, iridophores differentiate near the horizontal
myoseptum but fail to populate other regions of the hypodermis (62, 107, 114, 136). In mice,
Ednrb is required autonomously for melanocyte precursor migration and proliferation (68, 115).
In zebrafish, ednrba is expressed by melanophore and iridophore lineages but is dispensable in the
former (31, 107). Proliferation of iridophores is decreased dramatically in mutants for the ednrba
ligand endothelin 3b (Edn3b), whereas Edn3b overexpression results in iridophore population
expansion and, indirectly, more melanophores through signals yet to be identified (136).

3.2. Mixed Contributions from Neural Crest and Postembryonic Progenitors:
Xanthophores and Melanophores

Not all pigment cells of the adult pattern come from postembryonic progenitors (Figures 24 and
3a). A few EL melanophores persist into the adult and are somewhat browner than newly differ-
entiating melanophores, making them easy to spot (24, 120); the reason for the color difference
is not known. By contrast, many of the adult xanthophores that develop by juvenile stages are
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direct descendants of EL pigment cells. Throughout larval development EL xanthophores persist
and proliferate in the hypodermis, so that at the onset of the larva-to-adult transition these cells
cover most of the flank (78, 84). Proliferation may dilute pteridine pigments, as xanthophores are
not visible during these intermediate larval stages and instead persist in an unpigmented, cryptic
state (84). Additional xanthophores arise independently of EL xanthophores during normal de-
velopment, and such cells can populate the flank when EL xanthophores are ablated (84, 110).
As noted in the preceding section, at least some of these cells can be traced back to neural crest—
derived progenitors in the peripheral nervous system able to produce adult melanophores and
iridophores (133).

The relative contributions of EL and progenitor-derived xanthophores to the adult pattern and
their specific genetic requirements are not yet understood. Specification of EL xanthophores from
embryonic neural crest requires paired box homeodomain transcription factors encoded by pax7a
(paired box 7a), pax7h (paired box 7b), and pax3 (paired box 3), but how these promote xanthophore
specification and differentiation is not understood (92, 100). Once specified, xanthophores and
xanthoblasts express and require the receptor tyrosine kinase Csflra, an ancient homolog of Kit
(108). The ligands of Csflra, Csfla and Csflb, are sufficient to drive repigmentation of cryptic
xanthophores or de novo differentiation of progenitor-derived xanthophores (114). Mechanisms
that promote EL xanthophore proliferation and other aspects of morphogenesis in the hypodermis
are not known.

3.3. Paracrine Versus Endocrine Signaling

As is true for other neural crest derivatives, pigment cells receive essential information from other
cells in their local environment and can be exposed to a wide variety of signals as they migrate
through different tissues. Beyond some specific factors already mentioned (e.g., WN'I5, Edn3) as
well as a ventral-to-dorsal gradient of agouti signaling protein 1 (asipl) expression, which represses
melanization and mitfa expression ventrally (11), the nature of other paracrine signals and the cells
that provide them has been mysterious.

Signals also can be more global. The a-melanocyte stimulating hormone (¢-Msh) and melanin-
concentrating hormone (Mch) regulate reversible color change that depends on the dispersion or
contraction of pigment granules within pigment cells (8, 73). Long-term exposure to either factor
can alter cell numbers as well (138). A role for insulin signaling has been revealed by analyses of
mutants for beta-secretase 2 (bace2, formerly wanderfust) in which melanophores are hyperdendritic
and found ectopically in interstripes and other locations (157). bace2 is expressed by melanophores
and encodes a sheddase that cleaves insulin receptors from the plasma membrane, thereby cur-
tailing insulin/PI3K/mTOR signaling cell autonomously. The salient insulin gene, insulin b, is
expressed in the head at EL stages (157) and subsequently in muscle and other tissues (10), sug-
gesting endocrine roles early and possibly endocrine and paracrine roles later.

Thyroid hormone—best known for coordinating disparate cellular processes during amphib-
ian metamorphosis as well as its functions in mammalian metabolism and neural development—
has profound effects on all three major classes of adult pigment cells (84). Zebrafish that lack
thyroid hormone owing to transgenic ablation of the thyroid gland, or loss-of-function alleles
of thyroid-stimulating hormone receptor, develop about twice as many adult melanophores as
wild-type fish and lack visible xanthophores. In these hypothyroid fish, melanophores proliferate
inappropriately, whereas xanthophores are present but fail to acquire pigmentation. Conversely, a
hyperthyroid mutant develops too many pigmented xanthophores and too few melanophores. De-
spite having opposite effects on melanophore and xanthophore population sizes, thyroid hormone
promotes the maturation of both cell types, as revealed by single-cell transcriptomics coupled with
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Figure 4

Interactions among pigment cell classes are required for adult pattern formation. (#) A variety of reciprocal positive and negative
interactions—occurring over short and long ranges—are required to generate and maintain pattern. Interactions also can be specific to
particular subclasses of pigment cells, the details of which are omitted for simplicity. Pigment cells also exhibit regulatory interactions
within classes (circular arrows) and depend on signals in their environment that may be permissive or instructive (e.g., Edn3, Alkal, Csf1,
Kitlg, WNT). () Mutants that lack even a single class of pigment cells can have profound pattern defects owing to the loss of essential
interactions, here illustrated by the ¢sflr2 mutant that lacks xanthophores (—xan) and develops only disorganized stripes anteriorly and
an even more severe defect posteriorly.

mutational and other analyses (130). For melanophores, thyroid hormone promotes a terminally
differentiated, binucleated state in which proliferation ceases. For xanthophores, it drives acqui-
sition of carotenoid-based pigmentation, making previously cryptic cells visible. Without thy-
roid hormone, melanophores remain “young” and continue to divide, whereas xanthophores stay
hidden.

It seems likely that other systemic factors affect zebrafish pigmentation, such as growth-
hormone-related somatolactin, which promotes xanthophore differentiation while repressing leu-
cophore proliferation in medaka (32-34). Determining how global signals are integrated with gene
regulatory networks to produce cell-type-specific responses remains a major challenge for under-
standing the developmental basis of adult traits.

4. CELLULAR INTERACTIONS UNDERLYING PATTERN FORMATION

Once pigment cells and their precursors reach the hypodermis, interactions between all three pig-
ment cell types and their tissue environment are required for adult stripe development (Figure 4).
Evidence for such interactions comes from genetic, transgenic, or laser ablation of specific cell
types, cell transplants, direct observations of cell behaviors, and analyses of gene loss-of-function
in mutants and gain-of-function in transgenic lines (24, 26, 31, 38, 48, 51, 62, 75, 77, 78, 84, 98,
108,110,113,114,131, 134, 136, 141, 145-148, 154, 155). Collectively, these studies indicate that
adult stripe development occurs in three principle stages: establishment, refinement, and reitera-
tion. Establishment depends critically on the local tissue environment and interactions that might
be permissive or instructive in nature. The other phases depend more extensively on interactions
among pigment cells themselves, in the context of permissive signals provided by the local tissue
environment as well as global endocrine factors: Once a starting point has been set, autonomous
interactions between pigment cells provide an engine to complete and extend the stripe pattern.
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4.1. Iridophores Establish the Location and Orientation of the Pattern

Iridophores are the first adult pigment cell type to differentiate during the larva-to-adult transfor-
mation, appearing near the horizontal myoseptum and proliferating extensively to establish the
adult iridophores are critical for establishing interstripe and stripe orientation and position. Mu-
tants lacking the horizontal myoseptum, including mzesenchyme homeobox (meox; previously choker)
and T-box 6 (thx6; previously fused somites), have defects in interstripe development and subsequent
stripe formation; differentiation of adult iridophores (but not melanophores) is delayed and iri-
dophores appear in patches with haphazard locations and orientations (31, 99, 139, 152). Whether
iridophore defects in the mutants result simply from changes in precursor migratory pathways and
loss of an important exit point (Figure 2b), the loss of specific localization and mitogenic signals
at the surface, or both, remains unclear. Melanophores and xanthophores adopt their correct con-
figurations with respect to the initially sparse and mislocalized patches of iridophores that do form
in these mutants, suggesting that self-organizing, autonomous interactions between pigment cells
can generate pattern once iridophores specify location and orientation.

Additional analyses hint at the nature of the pattern-forming interactions between iridophores
and the other two pigment cell types (114). In iridophore-deficient mutants, cryptic xanthophores
are distributed across the flank, as in wild type, but the development of visibly orange xanthophores
is delayed. Consistent with iridophores promoting the maturation of cryptic xanthophores, iri-
dophores express xanthogenic Csfla. Xanthophores that develop in association with interstripe
iridophores are densely packed and brightly pigmented, whereas cryptic xanthophores in the stripe
regions remain dispersed and unpigmented. Iridophores also interact with melanophores. Fol-
lowing transgenic ablation of iridophores, numerous melanophores localize to what should be
the interstripe, and individual melanophores migrate toward residual iridophore patches. These
changes in melanophore behavior occur even in the ¢sf772 mutant that lacks xanthophores, suggest-
ing though not proving that iridophore effects on melanophores are direct. Similarly, iridophore
mutants /tk and ednrba develop melanophores in stripes and spots, but these are mispositioned
relative to wild-type stripes (114), and both of these genes, and another in the endothelin pathway
having a similar phenotype, act autonomously to iridophores rather than melanophores (31, 62).
Together, these observations suggest that iridophores normally prevent melanophores from ac-
cessing the interstripe region and simultaneously support stripe formation dorsally and ventrally.
The molecular bases of these interactions have not been identified. Despite their importance for
establishing and orienting stripes on the body, iridophores are not required for stripe development
in the fins. There are comparatively few iridophores in fins, and mutants lacking these cells retain
fin stripes (64, 74, 107).

4.2. Refining and Maintaining the Striped Pattern:
Roles for Melanophores and Xanthophores

Once rudimentary stripes and interstripes are established, the pattern becomes increasingly dis-
tinct as boundaries become more regular (Figure 24, subpanels iv—vi). This process includes the
consolidation of dispersed melanophores into stripes. Some new adult melanophores, as well as
a few residual EL. melanophores initially in the interstripe, exit this territory to join the stripes;
other melanophores in this region die or are covered by iridophores and lost from view (108, 111,
131, 141). Numerous studies indicate that interactions between melanophores and xanthophores
contribute to this stage of pattern refinement. Early evidence came from analysis of mutants for
esfIra, which is expressed by xanthophores but not melanophores (110). These mutants lack all xan-
thophores but also have fewer melanophores and develop highly disorganized stripes (Figure 45).
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Melanophore numbers and pattern can be rescued, however, by transplanting wild-type xan-
thophore precursors into the mutant or by restoring Csflra activity with a temperature-sensitive
allele. Restored patterns develop in the correct orientation on the body, consistent with the prior
patterning of iridophores and the cascading effects of this cellular prepattern, whereas stripe ori-
entation in fins, which mostly lack iridophores, is randomized, suggesting that whatever cue sets
the orientation of pattern in this locale is either missing or no longer recognized at late stages.
This observation and others nicely illustrate the competence of melanophores and xanthophores,
on their own, to generate stripes, albeit disoriented ones, an issue that has itself generated some
controversy (77, 84, 134, 148, 149). Interactions between these cells are also required to main-
tain pattern in both body and fins, as melanophore stripes degenerate when xanthophores are
ablated in juvenile fish (110), a result confirmed by local changes in melanophore numbers and
positions after laser ablation of xanthophore patches (98). Notch/Delta signaling was identified
as a mediator of interactions between xanthophores and melanophores. Though classically a jux-
tracrine mechanism for patterning tissue, Notch/Delta signaling between zebrafish melanophores
and xanthophores can occur over long distances through cellular projections (24, 38), one class of
which requires macrophages for extension (26).

Additional insight into melanophore—xanthophore interactions comes from analysis of leopard
mutants resulting from mutations in gap junction protein, alpha 5b (gjaSh; previously connexin 41.8)
(75, 146, 147). Both melanophores and xanthophores express gjz5b, and leopard mutants develop
melanophore spots instead of stripes. Mutants for another gap junction component encoded by
connexin 39.4 (cx39.4) have a similar but less severe phenotype with disrupted stripes and spots, and
double mutants (gjz5b; cx39.4) have very few melanophores that are broadly dispersed (50, 150).
Gja5b forms heteromeric gap junctions with Connexin 39.4, and these appear to be required for
cell—cell interactions between melanophores and xanthophores.

Short-range interactions are also somehow dependent upon kenjl3 (potassium inwardly-
rectifying channel, subfamily J, member 13), an inwardly rectifying potassium channel that is ex-
pressed by melanophores. Mutants for kcnjl3 (jaguar and obelix) develop broad melanophore
stripes that include intermingled, pigmented xanthophores (51, 75). Strikingly, melanophore
membranes depolarize in response to contact with xanthophores and this depolarization trig-
gers melanophore migration away from xanthophores (48). Depolarization does not occur in
melanophores of kcnjl3 mutants, suggesting that mixing of melanophores and visibly pig-
mented xanthophores in stripes may result from a failure of short-range interactions. Mutants
for tetraspanin 36 (tspan36; previously dali) have a similar phenotype and exhibit defects in
melanophore—xanthophore interactions in vitro (49). The inward rectification of potassium chan-
nels as well as gap junctional communication requires the polyamine spermidine, and genetic or
transgenic alterations in spermidine availability generate stripe defects, consistent with an essential
role for this factor in cell-cell communication (30, 151).

4.3. Stripe Reiteration and Maintenance

Iridophores play a central role not only in establishing but also in reiterating the striped pattern
as the fish grows, a process that begins even as the first stripes are still being refined (Figure 24,
subpanels v,vi). When iridophore proliferation is curtailed in mutants such as ednrba and edn3b,
melanophore stripes or spots develop in association with the residual primary interstripe, but sec-
ondary stripes do not develop further ventrally or dorsally (136). During adult stripe formation,
iridophores appear sparsely distributed among melanophores of the dorsal and ventral primary
stripes and subsequently develop at high density farther ventrally where they establish a secondary
interstripe (113, 135). Development of this secondary interstripe results in the expulsion or death
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of melanophores in this region; when these iridophores are ablated, melanophores persist and
stripes extend to the ventral margin of the flank (113). This suggests that ventral iridophores
(forming the secondary ventral interstripe) promote termination of the primary melanophore
stripe and simultaneously specify the position of the next, secondary melanophore stripe. In mu-
tants of tight junction protein 1a (tjpla), iridophores do not develop in the stripes. Instead, densely
packed iridophores spread dorsally and ventrally into stripe regions, generating melanophores
spots (27). Stripe reiteration is also disrupted in the kerj13 and #span36 mutants. Differentiated
xanthophores can suppress development of secondary interstripe iridophores, allowing stripe ex-
pansion (113), but it remains unclear whether the pigmented xanthophores that develop ectopi-
cally in stripes of kcnj13 and tspan36 mutants themselves explain the failure of pattern reiteration.

4.4. Non-Pigment-Cell Autonomous Factors in Stripe Formation

The local tissue environment plays crucial but understudied roles in stripe formation and main-
tenance. Some insight into the role of the extracellular environment in this process has been pro-
vided by analyses of mutants for basonuclin 2 (bnc2), which encodes a highly conserved zinc finger
protein (64, 114). Fewer iridophores develop in these mutants, and many of the iridophores—as
well as melanophores and xanthophores—that do differentiate do not survive. Cell transplanta-
tion associates Bnc2 requirements with dermis, where the gene is expressed. Bnc2 activity pro-
motes kitlga, csfla, and csf1b expression, and restoration of these factors in bnc2 mutants rescues
melanophore and xanthophore survival but not stripe development (114). One could imagine that
Bnc? effects on iridophores are mediated through secreted Edn3 and Alkal (29, 93, 136) but this
has yet to be tested. What other factors extrinsic to the pigment cells themselves permit them
to organize and whether specific instructive signals designate interstripe locations are important
issues also awaiting investigation.

5. DEVELOPMENT AND EVOLUTION OF DANIO PIGMENT PATTERNS

Teleosts exhibit the most diverse pigment patterns of all vertebrates. Zebrafish lineage and stripe-
forming mechanisms (Figures 24 and 34) provide a conceptual framework for making predictions
about cellular and genetic mechanisms that underlie this diversification. Broadly speaking, pattern
variation could be produced by (#) changes in pigment cell lineage development, including alter-
ations in the timing or location of differentiation that might have cascading effects on whether
pigment cells can participate in specific interactions, or (§) changes in the nature of interactions
between pigment cells or between pigment cells and their environment.

An excellent system for investigating these issues is the pigment patterns of other Danio, given
the wide variety of forms that they take, including horizontal stripes, spots, vertical bars, uniform
patterns, and even variation within these general themes (24, 82, 88, 106, 113, 119, 120, 136)
(Figure 5). Danio patterns are likely to be ecologically relevant, as they are conspicuous, zebrafish
imprint on pigment patterns, and variation in these patterns influences choice of shoalmates in
the laboratory (21-23, 70, 76, 81, 123). Nevertheless, specific roles for Danio pigment patterns in
the wild—and whether species differences reflect different functions or simply different solutions
to the same ecological problems—remain unknown. Whatever their roles, the phylogenetic prox-
imity of these other danios to zebrafish means that tools and techniques developed initially for
developmental genetic analyses are readily available for dissecting evolutionarily relevant pattern
variations and transformations in pattern state. These species are also of sufficiently close rela-
tionship to generate viable and in some cases fertile hybrids (Figure 6), allowing for evolutionary
genetic analyses. A few species of Danio even resemble zebrafish mutants (see below), suggesting
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Figure 5

Stunningly diverse
pigment patterns of
Danio spp. Shown are
whole fish and
close-ups of pattern
elements for zebrafish
and 10 additional
Danio taxa.
Phylogenetic
relationships are one
of several possible
topologies (83), with
the arrow indicating a
subset of the Danio
rerio species group,
within which branch
order is particularly
ambiguous owing to
rapid divergence times
and horizontal gene
flow. To date, >25
Danio species are
recognized (https://
www.fishbase.in/
search.php);
additional taxa (e.g.,
D. aff. kyathit) have
affinities with
described species
though their
taxonomic status is
unclear. Many species
develop stripes that
may be lasting or
transient [D. choprae
and D. dangila (119),
not shown], suggesting
a rudimentary stripe
pattern may be
ancestral for the
group, though
incomplete taxonomic
and stage-specific
sampling and extensive
evolutionarily lability
have so far precluded
assigning polarities to
character state
transformations.
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rer x kyath

rer X tinwini

rer X eryth

rer X marg

aff. kyath x aesc

Figure 6

Pigment patterns of Danio hybrids reveal stripe dominance. () Crosses with D. rerio have patterns more
similar to those of D. rerio than of the other species (for additional species, see References 106, 119, 136). A
posterior eyespot (arrow) of D. erythromicron is penetrant even in the hybrid. A similar spot occurs in other
Danio as well (63). (b) Stripe dominance is not limited to crosses with D. rerio, as hybrids between D. kyathit
and D. aesculapii also develop irregular stripes rather than vertical bars. Abbreviations: rer, D. rerio; aesc,

D. aesculapii; kyath, D. kyathit; eryth, D. erythromicron; marg, D. margaritatus; aft. kyath, D. aff. kyatbir.

that fixed species differences may result from changes at relatively few loci. Whether this is the
case—and how genetic effects are translated through cell behaviors of differentiation and mor-
phogenesis into specific pattern outcomes—is just beginning to be explored.

5.1. Fewer Stripes: Danio nigrofasciatus

The critical roles played by iridophores in establishing and reiterating pattern suggest that evo-
lutionary changes in iridophore development could alter stripe number, width, or orientation.
This seems to have happened in D. nigrofasciatus (Figure 5), in which the earliest events of
adult pattern formation resemble those of zebrafish (Figure 25, subpanels i—iii). Subsequently,

Putterson o Parichy



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

however, fewer adult melanophores develop, more EL melanophores persist and integrate into
stripes, and iridophores fail to populate other areas of the flank (Figure 25, subpanels iv-vi),
owing in part to reduced rates of proliferation compared with D. rerio (136). Altogether these
events result in a pattern of stripes and spots (Figure 5). Differences in melanophore behavior
between D. nigrofasciatus and D. rerio are nonautonomous to these cells as revealed by interspecific
cell transplantation (120). This finding and a phenotype reminiscent of ednrba mutant D. rerio
(53,107, 114) raised the possibility that endothelin signaling might be involved. Indeed, mutants
for edn3b strongly resemble D. nigrofasciatus, interspecific complementation tests revealed that D.
nigrofasciatus is fixed for a hypomorphic allele at this locus, and edn3b is expressed at lower levels
in the skin of D. nigrofasciatus owing to an unidentified cis-regulatory difference between species.
Further confirming a role for endothelin—and iridophores—as a contributor to this difference in
phenotype, restoration of Edn3b expression allowed iridophores to form a secondary interstripe
and resulted in a corresponding reorganization of ventral melanophores into stripes (136). While
not excluding roles for other factors in the species difference, these findings illustrate how an evo-
lutionary change at a single locus can curtail pattern reiteration to generate novelty. How changes
in iridophore behavior contribute to other species patterns—such as vertical bars in D. aesculapii
and D. erythromicron—is an exciting question just beginning to be addressed.

5.2. Stripes or Not? Danio albolineatus

A different pattern is evident for D. albolineatus (Figure 5), which nicely illustrates how hete-
rochronic and heterotopic changes in pigment cell differentiation can impact pattern outcome.
This species, hybrids of which are often sold in pet stores as the pearl danio, exhibits all three ma-
jor classes of pigment cells, as well as late-developing red erythrophores. In contrast to D. rerio and
D. nigrofasciatus, the first adult pigment cells to differentiate in D. albolineatus are xanthophores,
which occur not only in the hypodermis (Figure 25, subpanel #) but also deep within the fish and
independently of thyroid hormone (84, 113, 119). Subsequently, and in comparison to D. rerio, few
interstripe iridophores develop, few melanophores differentiate, more melanophores die, and few
of the remaining cells migrate (88, 113). These events culminate in a nearly uniform pattern in
which the different pigment cell classes are intermingled and only a vestigial interstripe is evident
posteriorly.

At least some of the core pigment cell interactions of D. rerio (Figure 44) appear to be intact
in D. albolineatus, as mutants for kita develop melanophores in seemingly atavistic primary stripes
requiring little migration, similar to D. rerio kita mutants (88). A plausible explanation for the lack
of stripes in wild-type D. albolineatus comes from a failure of initially dispersed melanophores to
consolidate, owing to the precocious differentiation and exuberant population of xanthophores.
These fully differentiated xanthophores can repel melanophores and suppress iridophores in
D. rerio (110, 113), and their presence all across the flank of D. albolineatus likely abolishes the
directionality of cues that would otherwise be provided to melanophores specifically by the iri-
dophores and xanthophores of the interstripe. Genetic analyses of D. albolineatus suggested that ex-
tra and early xanthophores result from changes in the Csfl1r pathway, relative to D. rerio (106, 119),
and molecular analyses identified a cis-regulatory difference at ¢sfla that drives earlier, stronger,
and broader expression of this xanthogenic factor in D. albolineatus. That such a change in the tim-
ing and location of xanthophore differentiation is sufficient to inhibit stripe formation is apparent
when Csfla is expressed similarly in D. rerio: These fish develop only two stripes extending to the
margins of the flank, similar to D. albolineatus (113). Additional factors clearly contribute to the
pattern of D. albolineatus, especially its paucity of iridophores, which cannot solely be explained
by precocious xanthophore development (L.B. Patterson & D.M. Parichy, unpublished data). Yet
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the phenotype of Csfla-overexpressing D. rerio is striking. It shows how changes in timing and
abundance of pigment cell types can dramatically alter pattern even when the underlying network
of cellular interactions remains largely intact.

That earliest-developing pigment cell classes and patterns can exert a priority effect on sub-
sequent pattern development seems likely not only from these studies of D. albolineatus but also
from phenotypes of hybrids. A rudimentary primary interstripe is probably the ancestral state
for these fishes but this pattern can be elaborated on, or masked, in different ways, and other
pattern elements, such as vertical bars, develop long after horizontal stripes are established and
refined in D. rerio (88, 119). It is tempting to speculate that in hybrids with other danios, the robust
stripe-forming mechanisms of zebrafish are sufficient to exert a priority effect over other patterns
that might be specified by the heterospecific Danio genome, an idea that is testable using modern
methods of zebrafish developmental genetics.

5.3. Gain and Loss of Fin Ornamentation? New Cell Types in Danio rerio

The preceding discussion has focused largely on body patterns. But fishes can also have strik-
ing pattern elements on or near their fins and Danio is no exception (e.g., D. erythromicron and
D. margaritatus in Figure 5). One feature recently examined is the white edging on the dorsal
fin and the distal tips of the caudal fin of D. rerio. Analyses of these and other fins unexpectedly
revealed two previously undescribed classes of white-containing pigment cells, leucophores (70).
The cells contributing to white edging of dorsal and caudal fins develop by transdifferentiation of
melanophores, and so have been termed melanoleucophores. By contrast, other cells in the anal
fin, xantholeucophores, contain white and orange pigmentation and develop from a xanthophore-
like cell. Transcriptomic, chemical, and lineage analyses of these cells suggest they have arisen
convergently relative to one another and leucophores of more distant species, such as medaka.
Of particular interest in the present context, melanoleucophores contribute to shoaling prefer-
ence in the laboratory, and different Danio species have independently gained or lost these cells in
different fins, suggesting an interesting system for understanding both the evolution of cell fate
plasticity and intraspecific signals in particular ecological contexts.

6. PIGMENT PATTERN DEVELOPMENT AND EVOLUTION
IN DIVERSE TELEOSTS

Here, we highlight a few emerging systems that offer new opportunities to investigate the cellular
and molecular bases of pattern formation and the evolution of adult form and provide interesting
parallels to Danio.

Clownfishes, Amphiprion, have variable numbers of white vertical bars on backgrounds rang-
ing from yellow to red and brown to black (126). A. ocellaris has a relatively simple adult pigment
pattern of three white bars, outlined in black, on an orange background (Figure 7). Similar to
the pattern in zebrafish, this pattern includes xanthophores and melanophores, and ultrastructural
and transcriptomic analyses indicate that the white bars themselves constitute iridophores having
a specific cytological organization (125, 126). Also similar to pattern formation in zebrafish, inhibi-
tion of Ltk signaling ablates the iridophores, bars, and the organization of adjacent melanophores.
Despite potentially similar roles for iridophores in horizontal stripe and vertical bar development,
some pattern-forming mechanisms are likely to differ significantly between species. It will be in-
teresting to compare the cellular mechanism of vertical bar development between Amphiprion and
Danio and whether they have other commonalities.
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Figure 7

Pigment patterns of diverse teleosts. (2) Wild-type Amphiprion ocellaris develops a pattern of white bars, outlined in black, on an orange
background (top) that is lost following inhibition of Ltk signaling melanophores (bottor). (b) Pigment patterns of Lake Victoria cichlids
Pundamilia (Haplochromis) nyererei (top) showing vertical bars and no horizontal stripe, and Haplochromis sauvagei (bottom) with a

horizontal stripe but no vertical bars. Photographs courtesy of Pauline Salis and Vincent Laudet (#) and Claudius Kratochwil and Axel

Meyer (b).

In the East African Lakes Victoria, Tanganyika, and Malawi, repeated adaptive radiations have
generated a diversity of pigment patterns in more than 1,000 species of cichlid fishes (58, 127).
The independent evolution of similar patterns offers an outstanding opportunity to test whether
alleles at the same genes are responsible for the acquisition of common pattern states across phy-
logenetic lineages. A recent study (61) focused on vertically barred and horizontally striped forms.
Genetic mapping using a vertically barred species that lacks horizontal stripes and a striped species
that lacks bars (Figure 7b) identified a causal role for the inhibitor of melanophore differentia-
tion, agouti-related peptide2 (agrp2), encoding an ortholog of the inhibitor of melanophore differ-
entiation in zebrafish, Asipl (agouti signaling protein 1). In the cichlids, naturally occurring cis-
regulatory variation at this locus generates melanophore environments that are either repressive
(high Agrp2) or permissive (low Agrp2) for melanophore differentiation, and in the latter state, a
horizontal stripe can develop. This inference was confirmed by mosaic knockout of #grp2 in the
barred species, which resulted in stripe formation. Additional pairs of species with and without
stripes have exploited the same allelic variation.

Finally, cis-regulatory evolution also appears to underlie the development of anal fin egg-spots
in male cichlids that provide a visual signal relevant to mating behavior (58, 128, 129). Insertion
of a transposable element into the regulatory region of the transcriptional activator gene, four and
a half LIM domain 2b (fh12b), results in extra iridophores in the anal fins, preceding xanthophore
development in egg-spots. By analogy (or homology) with zebrafish, a role for iridophore-derived
Csfl in promoting xanthophore differentiation (114) at egg-spots seems likely but has yet to be
tested.

7. CONCLUSIONS

Tremendous progress has been made in identifying genetic and cellular bases of adult stripe for-
mation in zebrafish, but many aspects of this process remain only poorly understood. Identifying
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the signals that promote specification of the three pigment cell lineages from multipotent progen-
itors, which guide cells to the hypodermis and localize them in specific places, and the molecular
mechanisms that run an engine generating pigment-cell autonomous patterns are all areas that
will benefit from additional analysis in zebrafish. Beyond zebrafish, we are only just beginning
to understand how cell lineage maturation and cellular interactions have been altered to produce
diverse patterns in Danio and other teleosts. The future is bright, and emerging genetic, genomic,
and imaging technologies mean that almost any species can be the next model species. The only
question now is, Will the model be wearing stripes or spots?

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

Supported by Rhode Island College and Rhode Island Institutional Development Award (IDeA)
Network of Biomedical Research Excellence from the National Institute of General Medical Sci-
ences of the National Institutes of Health under grant number P20GM103430 (L.B.P.) and NIH
R35 GM122471 (D.M.P.). We thank Emily Bain for assistance with imaging.

LITERATURE CITED

1. Adameyko I, Lallemend F, Aquino JB, Pereira JA, Topilko P, et al. 2009. Schwann cell precursors from
nerve innervation are a cellular origin of melanocytes in skin. Cel/ 139:366-79
2. Bagnara JT. 1982. Development of the spot pattern in the leopard frog. 7. Exp. Zool. 224:283-87
3. Barrett RDH, Laurent S, Mallarino R, Pfeifer SP, Xu CCY, et al. 2019. Linking a mutation to survival
in wild mice. Science 363:499-504
4. Booth CL. 1990. Evolutionary significance of ontogenetic colour change in animals. Biol. 7. Linn. Soc.
40:125-63
5. Brodie ED III. 1992. Correlational selection for color pattern and antipredator behavior in the garter
snake Thammnophis ordinoides. Evolution 46:1284-98
6. Budi EH, Patterson LB, Parichy DM. 2008. Embryonic requirements for ErbB signaling in neural crest
development and adult pigment pattern formation. Development 135:2603-14
7. Budi EH, Patterson LB, Parichy DM. 2011. Post-embryonic nerve-associated precursors to adult pig-
ment cells: genetic requirements and dynamics of morphogenesis and differentiation. PLOS Genet.
7:¢1002044
8. Cal L, Suarez-Bregua P, Cerdi-Reverter JM, Braasch I, Rotllant J. 2017. Fish pigmentation and the
melanocortin system. Comzp. Biochem. Physiol. A Mol. Integr: Physiol. 211:26-33
9. Camargo-Sosa K, Colanesi S, Miiller J, Schulte-Merker S, Stemple D, et al. 2019. Endothelin receptor
Aa regulates proliferation and differentiation of Erb-dependent pigment progenitors in zebrafish. PLOS
Genet. 15:¢1007941
10. Carvalho FR, Fernandes AR, Cancela ML, Gavaia PJ. 2017. Improved regeneration and de novo bone
formation in a diabetic zebrafish model treated with paricalcitol and cinacalcet. Wound Repair Regen.
25:432-42
11. Ceinos RM, Guillot R, Kelsh RN, Cerdid-Reverter JM, Rotllant ]. 2015. Pigment patterns in adult fish re-
sult from superimposition of two largely independent pigmentation mechanisms. Pigment Cell Melanoma
Res. 28:196-209
12. Culumber ZW. 2014. Pigmentation in Xiphophorus: an emerging system in ecological and evolutionary
genetics. Zebrafish 11:57-70

Putterson o Parichy



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

13.

14.
15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

Curran K, Lister JA, Kunkel GR, Prendergast A, Parichy DM, Raible DW. 2010. Interplay between
Foxd3 and Mitf regulates cell fate plasticity in the zebrafish neural crest. Dev. Biol. 344:107-18

Dalle Nogare D, Chitnis AB. 2017. Self-organizing spots get under your skin. PLOS Biol. 15:¢2004412
Debbache J, Parfejevs V, Sommer L. 2018. Cre-driver lines used for genetic fate mapping of neural crest
cells in the mouse: an overview. Genesis 56:¢23105

Dooley CM. 2014. On the origin and differentiation of melanophores in zebrafish, Danio rerio. PhD diss.
Univ. Tibingen, Ger.

Dooley CM, Mongera A, Walderich B, Niisslein-Volhard C. 2013. On the embryonic origin of adult
melanophores: the role of ErbB and Kit signalling in establishing melanophore stem cells in zebrafish.
Development 140:1003-13

Dorsky RI, Raible DW, Moon RT'. 2000. Direct regulation of nacre, a zebrafish MITF homolog required
for pigment cell formation, by the Wnt pathway. Genes Dev. 14:158-62

Dushane GP. 1934. The origin of pigment cells in Amphibia. Science 80:620-21

Endler JA. 1983. Natural and sexual selection on color patterns in poeciliid fishes. Environ. Biol. Fishes
9:173-90

Engeszer RE, Da Barbiano LA, Ryan MJ, Parichy DM. 2007. Timing and plasticity of shoaling behaviour
in the zebrafish, Danio rerio. Anim. Bebav. 74:1269-75

Engeszer RE, Ryan M]J, Parichy DM. 2004. Learned social preference in zebrafish. Curr: Biol. 14:881—
84

Engeszer RE, Wang G, Ryan MJ, Parichy DM. 2008. Sex-specific perceptual spaces for a vertebrate
basal social aggregative behavior. PNAS 105:929-33

Eom DS, Bain EJ, Patterson LB, Grout ME, Parichy DM. 2015. Long-distance communication by
specialized cellular projections during pigment pattern development and evolution. eLife 4:¢12401
Eom DS, Inoue S, Patterson LB, Gordon TN, Slingwine R, et al. 2012. Melanophore migration and
survival during zebrafish adult pigment stripe development require the immunoglobulin superfamily
adhesion molecule Igsf11. PLOS Genet. 8:¢1002899

Eom DS, Parichy DM. 2017. A macrophage relay for long-distance signaling during postembryonic
tissue remodeling. Science 355:1317-20

Fadeev A, Krauss J, Frohnhéfer H-G, Irion U, Niisslein-Volhard C. 2015. Tight Junction Protein 1a
regulates pigment cell organisation during zebrafish colour patterning. eLife 4:e06545

Fadeev A, Krauss ], Singh AP, Niisslein-Volhard C. 2016. Zebrafish leucocyte tyrosine kinase controls
iridophore establishment, proliferation and survival. Pigment Cell Melanoma Res. 29:284-96

Fadeev A, Mendoza-Garcia P, Irion U, Guan J, Pfeifer K, et al. 2018. ALKALS are in vivo ligands for
ALK family receptor tyrosine kinases in the neural crest and derived cells. PNAS 115:E630-38
Frohnhofer H-G, Geiger-Rudolph S, Pattky M, Meixner M, Huhn C, et al. 2016. Spermidine, but not
spermine, is essential for pigment pattern formation in zebrafish. Biol. Open 5:736-44

Frohnhéfer H-G, Krauss J, Maischein HM, Niisslein-Volhard C. 2013. Iridophores and their interac-
tions with other chromatophores are required for stripe formation in zebrafish. Development 140:2997—
3007

Fukamachi S, Sugimoto M, Mitani H, Shima A. 2004. Somatolactin selectively regulates proliferation
and morphogenesis of neural-crest derived pigment cells in medaka. PNAS 101:10661-66

Fukamachi S, Wakamatsu Y, Mitani H. 2006. Medaka double mutants for color interfere and leucophore
free: characterization of the xanthophore-somatolactin relationship using the Jeucophore free gene. Dev.
Genes Evol. 216:152-57

Fukamachi S, Yada T, Meyer A, Kinoshita M. 2009. Effects of constitutive expression of somatolactin
alpha on skin pigmentation in medaka. Gene 442:81-87

Gans C, Northcutt RG. 1983. Neural crest and the origin of vertebrates: a new head. Science 220:268-74
Geissler EN, Ryan MA, Housman DE. 1988. The dominant-white spotting () locus of the mouse
encodes the c-kit proto-oncogene. Cell 55:185-92

Greenhill ER, Rocco A, Vibert L, Nikaido M, Kelsh RN. 2011. An iterative genetic and dynamical
modelling approach identifies novel features of the gene regulatory network underlying melanocyte
development. PLOS Genet. 7:¢1002265

www.annualreviews.org o Zebrafish Pigment Pattern Development

525



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

526

38.

39.
40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hamada H, Watanabe M, Lau HE, Nishida T, Hasegawa T, et al. 2014. Involvement of Delta/Notch
signaling in zebrafish adult pigment stripe patterning. Development 141:318-24

Hawkes JW. 1974. The structure of fish skin. I. General organization. Cell Tissue Res. 149:147-58
Hirata M, Nakamura K, Kanemaru T, Shibata Y, Kondo S. 2003. Pigment cell organization in the hy-
podermis of zebrafish. Dev. Dyn. 227:497-503

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

Horstadius S. 1950. The Neural Crest: Its Properties and Derivatives in Light of Experimental Research.
London: Oxford Univ. Press

Hou L, Pavan WJ. 2008. Transcriptional and signaling regulation in neural crest stem cell-derived
melanocyte development: Do all roads lead to Mitf? Cel/ Res. 18:1163-76

Houde AE. 1997. Sex, Color; and Mate Choice in Guppies. Princeton, NJ: Princeton Univ. Press

Hubbard JK, Uy JA, Hauber ME, Hoekstra HE, Safran RJ. 2010. Vertebrate pigmentation: from under-
lying genes to adaptive function. Trends Genet. 26:231-39

Hultman KA, Johnson SL. 2010. Differential contribution of direct-developing and stem cell-derived
melanocytes to the zebrafish larval pigment pattern. Dev. Biol. 337:425-31

Hutton P, Seymoure BM, McGraw KJ, Ligon RA, Simpson RK. 2015. Dynamic color communication.
Curr. Opin. Behav. Sci. 6:41-49

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

Inoue S, Kondo S, Parichy DM, Watanabe M. 2014. Tetraspanin 3¢ requirement for pigment cell interac-
tions and boundary formation in zebrafish adult pigment stripes. Pigment Cell Melanoma Res. 27:190-200
Irion U, Frohnhéfer H-G, Krauss J, Colak Champollion T, Maischein HM, et al. 2014. Gap junc-
tions composed of connexins 41.8 and 39.4 are essential for colour pattern formation in zebrafish. eLife
3:e05125

Iwashita M, Watanabe M, Ishii M, Chen T, Johnson SL, et al. 2006. Pigment pattern in jaguar/obelix
zebrafish is caused by a Kir7.1 mutation: implications for the regulation of melanosome movement.
PLOS Genet. 2:¢197

Iyengar S, Kasheta M, Ceol CJ. 2015. Poised regeneration of zebrafish melanocytes involves direct dif-
ferentiation and concurrent replenishment of tissue-resident progenitor cells. Dev. Cell 33:631-43
Johnson SL, Africa D, Walker C, Weston JA. 1995. Genetic control of adult pigment stripe development
in zebrafish. Dev. Biol. 167:27-33

Johnson SL, Nguyen AN, Lister JA. 2011. mzitfa is required at multiple stages of melanocyte differenti-
ation but not to establish the melanocyte stem cell. Dev. Biol. 350:405-13

Kelsh RN, Sosa KC, Owen JP, Yates CA. 2017. Zebrafish adult pigment stem cells are multipotent and
form pigment cells by a progressive fate restriction process: Clonal analysis identifies shared origin of
all pigment cell types. Bioessays 39:1600234

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. 1995. Stages of embryonic develop-
ment of the zebrafish. Dev. Dyn. 203:253-310

Kirschbaum F. 1975. Untersuchungen iiber das Farbmuster der Zebrabarbe Brachydanio rerio
(Cyprinidae, Teleostei). Wilhelm Roux’s Arch. 177:129-52

Kocher TD. 2004. Adaptive evolution and explosive speciation: the cichlid fish model. Naz. Rev. Genet.
5:288-98

Kottler VA, Fadeev A, Weigel D, Dreyer C. 2013. Pigment pattern formation in the guppy, Poecilia
reticulata, involves the Kita and Csflra receptor tyrosine kinases. Genetics 194:631-46

Kottler VA, Koch I, Flotenmeyer M, Hashimoto H, Weigel D, Dreyer C. 2014. Multiple pigment cell
types contribute to the black, blue, and orange ornaments of male guppies (Poecilia reticulata). PLOS ONE
9:¢85647

Kratochwil CF, Liang Y, Gerwin J, Woltering JM, Urban S, et al. 2018. Agouti-related peptide 2 facili-
tates convergent evolution of stripe patterns across cichlid fish radiations. Science 362:457-60

Krauss ], Frohnhéfer H-G, Walderich B, Maischein HM, Weiler C, et al. 2014. Endothelin signalling
in iridophore development and stripe pattern formation of zebrafish. Biol. Open 3:503-9

Putterson o Parichy



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

Kullander SO, Britz R. 2015. Description of Danio absconditus, new species, and redescription of Danio
feegradei (Teleostei: Cyprinidae), from the Rakhine Yoma hotspot in south-western Myanmar. Zootaxa
3948:233-47

Lang MR, Patterson LB, Gordon TN, Johnson SL, Parichy DM. 2009. Basonuclin-2 requirements for
zebrafish adult pigment pattern development and female fertility. PLOS Genet. 5:¢1000744

Larson TA, Gordon TN, Lau HE, Parichy DM. 2010. Defective adult oligodendrocyte and Schwann
cell development, pigment pattern, and craniofacial morphology in puma mutant zebrafish having an
alpha tubulin mutation. Dev. Biol. 346:296-309

Le Douarin NM, Dupin E. 2018. The “beginnings” of the neural crest. Dev. Biol. 444(Suppl. 1):S3-
13

Le Guellec D, Morvan-Dubois G, Sire JY. 2004. Skin development in bony fish with particular emphasis
on collagen deposition in the dermis of the zebrafish (Danio rerio). Int. 7. Dev. Biol. 48:217-31

Lee H-O, Levorse JM, Shin MK. 2003. The endothelin receptor-B is required for the migration of
neural crest-derived melanocyte and enteric neuron precursors. Dev. Biol. 259:162-75

Levy C,Khaled M, Fisher DE. 2006. MITF: master regulator of melanocyte development and melanoma
oncogene. Trends Mol. Med. 12:406-14

Lewis VM, Saunders LM, Larson TA, Bain EJ, Sturiale SL, et al. 2019. Fate plasticity and reprogram-
ming in genetically distinct populations of Danio leucophores. PNAS 116:11806-11

Lister JA, Close J, Raible DW. 2001. Duplicate mitf genes in zebrafish: complementary expression and
conservation of melanogenic potential. Dev. Biol. 237:333-44

Lister JA, Robertson CP, Lepage T, Johnson SL, Raible DW. 1999. nacre encodes a zebrafish
microphthalmia-related protein that regulates neural-crest-derived pigment cell fate. Development
126:3757-67

Logan DW, Burn SF, Jackson IJ. 2006. Regulation of pigmentation in zebrafish melanophores. Pigment
Cell Res. 19:206-13

Lopes SS, Yang X, Miiller J, Carney TJ, McAdow AR, et al. 2008. Leukocyte tyrosine kinase functions
in pigment cell development. PLOS Genet. 4:¢1000026

Maderspacher F, Niisslein-Volhard C. 2003. Formation of the adult pigment pattern in zebrafish re-
quires Jeopard and obelix dependent cell interactions. Development 130:3447-57

Mahabir S, Chatterjee D, Buske C, Gerlai R. 2013. Maturation of shoaling in two zebrafish strains: a
behavioral and neurochemical analysis. Bebav. Brain Res. 247:1-8

Mahalwar P, Singh AP, Fadeev A, Niisslein-Volhard C, Irion U. 2016. Heterotypic interactions regulate
cell shape and density during color pattern formation in zebrafish. Biol. Open 5:1680-90

Mahalwar P, Walderich B, Singh AP, Niisslein-Volhard C. 2014. Local reorganization of xanthophores
fine-tunes and colors the striped pattern of zebrafish. Science 345:1362-64

Manukyan L, Montandon SA, Fofonjka A, Smirnov S, Milinkovitch MC. 2017. A living mesoscopic
cellular automaton made of skin scales. Nature 544:173-79

Marshall NJ, Cortesi F, de Busserolles F, Siebeck UE, Cheney KL. 2018. Colours and colour vision in
reef fishes: past, present and future research directions. 7. Fish Biol. https://doi.org/10.1111/jfb.13849
McCann LI, Carlson CC. 1982. Effect of cross-rearing on species identification in zebra fish and pearl
danios. Dev. Psychobiol. 15:71-74

McClure M. 1999. Development and evolution of melanophore patterns in fishes of the genus Danio
(Teleostei: Cyprinidae). 7. Morphol. 241:83-105

McCluskey BM, Postlethwait JH. 2015. Phylogeny of zebrafish, a “model species,” within Danio, a
“model genus.” Mol. Biol. Evol. 32:635-52

McMenamin SK, Bain EJ, McCann AE, Patterson LB, Eom DS, et al. 2014. Thyroid hormone-
dependent adult pigment cell lineage and pattern in zebrafish. Science 345:1358-61

McMenamin SK, Chandless MN, Parichy DM. 2016. Working with zebrafish at postembryonic stages.
Methods Cell Biol. 134:587-607

McMenamin SK, Parichy DM. 2013. Metamorphosis in teleosts. Curr: Top. Dev. Biol. 103:127-65
Miller CT, Beleza S, Pollen AA, Schluter D, Kittles RA, et al. 2007. cis-Regulatory changes in Kit ligand
expression and parallel evolution of pigmentation in sticklebacks and humans. Ce/ 131:1179-89

www.annualreviews.org o Zebrafish Pigment Pattern Development

527


https://doi.org/10.1111/jfb.13849

Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

528

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Mills MG, Nuckels R], Parichy DM. 2007. Deconstructing evolution of adult phenotypes: genetic analy-
ses of kit reveal homology and evolutionary novelty during adult pigment pattern development of Danio
fishes. Development 134:1081-90

Milos N, Dingle AD. 1978. Dynamics of pigment pattern formation in the zebrafish, Brachydanio rerio.
I. Establishment and regulation of the lateral line melanophore stripe during the first eight days of
development. 7. Exp. Zool. 205:205-16

Milos N, Dingle AD. 1978. Dynamics of pigment pattern formation in the zebrafish, Brachydanio rerio.
II. Lability of lateral line stripe formation and regulation of pattern defects. 7. Exp. Zool. 205:217-24
Milos N, Dingle AD, Milos JP. 1983. Dynamics of pigment pattern formation in the zebrafish, Brachy-
danio rerio. I11. Effect of anteroposterior location of three-day lateral line melanophores on colonization
by the second wave of melanophores. 7. Exp. Zool. 227:81-92

Minchin JE, Hughes SM. 2008. Sequential actions of Pax3 and Pax7 drive xanthophore development in
zebrafish neural crest. Dev. Biol. 317:508-22

Mo ES, Cheng Q, Reshetnyak AV, Schlessinger J, Nicoli S. 2017. Alk and Ltk ligands are essential for
iridophore development in zebrafish mediated by the receptor tyrosine kinase Ltk. PNAS 114:12027-
32

Mort RL, Jackson IJ, Patton EE. 2015. The melanocyte lineage in development and disease. Development
142:620-32

Murakami A, Hasegawa M, Kuriyama T. 2016. Pigment cell mechanism of postembryonic stripe pattern
formation in the Japanese four-lined snake. 7. Morphol. 277:196-203

Nagao Y, Suzuki T, Shimizu A, Kimura T, Seki R, et al. 2014. Sox5 functions as a fate switch in medaka
pigment cell development. PLOS Genet. 10:¢1004246

Nagao Y, Takada H, Miyadai M, Adachi T, Seki R, et al. 2018. Distinct interactions of Sox5 and Sox10
in fate specification of pigment cells in medaka and zebrafish. PLOS Genet. 14:1007260

Nakamasu A, Takahashi G, Kanbe A, Kondo S. 2009. Interactions between zebrafish pigment cells re-
sponsible for the generation of Turing patterns. PNAS 106:8429-34

Nguyen PD, Hollway GE, Sonntag C, Miles LB, Hall TE, et al. 2014. Haematopoietic stem cell induc-
tion by somite-derived endothelial cells controlled by meox1. Nature 512:314-18

Nord H, Dennhag N, Muck ], von Hofsten J. 2016. Pax7 is required for establishment of the xanthophore
lineage in zebrafish embryos. Mol. Biol. Cell 27:1853-62

Opdecamp K, Nakayama A, Nguyen MT, Hodgkinson CA, Pavan W], Arnheiter H. 1997. Melanocyte
development in vivo and in neural crest cell cultures: crucial dependence on the Mitf basic-helix-loop-
helix-zipper transcription factor. Development 124:2377-86

O’Reilly-Pol T, Johnson SL. 2008. Neocuproine ablates melanocytes in adult zebrafish. Zebrafish 5:257-
64

Oshima N, Kasai A. 2002. Iridophores involved in generation of skin color in the zebrafish, Brachydanio
rerio. Forma 17:91-101

Parichy DM. 1996. Pigment patterns of larval salamanders (Ambystomatidae, Salamandridae): the role of
the lateral line sensory system and the evolution of pattern-forming mechanisms. Dev. Biol. 175:265-82
Parichy DM, Elizondo MR, Mills MG, Gordon TN, Engeszer RE. 2009. Normal table of postembryonic
zebrafish development: staging by externally visible anatomy of the living fish. Dev. Dyn. 238:2975-3015
Parichy DM, Johnson SL. 2001. Zebrafish hybrids suggest genetic mechanisms for pigment pattern
diversification in Danio. Dev. Genes Evol. 211:319-28

Parichy DM, Mellgren EM, Rawls JF, Lopes SS, Kelsh RN, Johnson SL. 2000. Mutational analysis of
endothelin receptor b1 (rose) during neural crest and pigment pattern development in the zebrafish Danio
rerio. Dev. Biol. 227:294-306

Parichy DM, Ransom DG, Paw B, Zon LI, Johnson SL. 2000. An orthologue of the kit-related gene
fms is required for development of neural crest-derived xanthophores and a subpopulation of adult
melanocytes in the zebrafish, Danio rerio. Development 127:3031-44

Parichy DM, Rawls JF, Pratt SJ, Whitfield T'T, Johnson SL. 1999. Zebrafish sparse corresponds to an
orthologue of c-kit and is required for the morphogenesis of a subpopulation of melanocytes, but is not
essential for hematopoiesis or primordial germ cell development. Development 126:3425-36

Putterson o Parichy



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

Parichy DM, Turner JM. 2003. Temporal and cellular requirements for Fms signaling during zebrafish
adult pigment pattern development. Development 130:817-33

Parichy DM, Turner JM. 2003. Zebrafish puma mutant decouples pigment pattern and somatic meta-
morphosis. Dev. Biol. 256:242-57

Parichy DM, Turner JM, Parker NB. 2003. Essential role for puma in development of postembryonic
neural crest-derived cell lineages in zebrafish. Dev. Biol. 256:221-41

Patterson LB, Bain EJ, Parichy DM. 2014. Pigment cell interactions and differential xanthophore re-
cruitment underlying zebrafish stripe reiteration and Danio pattern evolution. Nat. Commun. 5:5299
Patterson LB, Parichy DM. 2013. Interactions with iridophores and the tissue environment required
for patterning melanophores and xanthophores during zebrafish adult pigment stripe formation. PLOS
Genet. 9:¢1003561

Pavan WJ, Tilghman SM. 1994. Piebald lethal () acts early to disrupt the development of neural crest-
derived melanocytes. PNAS 91:7159-63

Petratou K, Subkhankulova T, Lister JA, Rocco A, Schwetlick H, Kelsh RN. 2018. A systems biology
approach uncovers the core gene regulatory network governing iridophore fate choice from the neural
crest. PLOS Genet. 14:¢1007402

Pierre-Jerome E, Jang SS, Havens KA, Nemhauser JL, Klavins E. 2014. Recapitulation of the forward
nuclear auxin response pathway in yeast. PNAS 111:9407-12

Price AC, Weadick CJ, Shim J, Rodd FH. 2008. Pigments, patterns, and fish behavior. Zebrafish 5:297-
307

Quigley IK, Manuel JL, Roberts RA, Nuckels RJ, Herrington ER, et al. 2005. Evolutionary diversifi-
cation of pigment pattern in Danio fishes: differential fins dependence and stripe loss in D. albolineatus.
Development 132:89-104

Quigley IK, Turner JM, Nuckels RJ, Manuel JL, Budi EH, et al. 2004. Pigment pattern evolution
by differential deployment of neural crest and post-embryonic melanophore lineages in Danio fishes.
Development 131:6053-69

Rawls JF, Johnson SL. 2003. Temporal and molecular separation of the kit receptor tyrosine kinase’s
roles in zebrafish melanocyte migration and survival. Dev. Biol. 262:152-61

Roberts RB, Ser JR, Kocher TD. 2009. Sexual conflict resolved by invasion of a novel sex determiner in
Lake Malawi cichlid fishes. Science 326:998-1001

Rosenthal GG, Ryan MJ. 2005. Assortative preferences for stripes in danios. Anim. Behav. 70:1063—
66

Russell ES. 1949. Analysis of pleiotropism at the /#-locus in the mouse: relationship between the effects
of Wand W substitution on hair pigmentation and erythrocytes. Genetics 34:708-23

Salis P, Lorin T, Lewis V, Rey C, Marcionetti A, et al. 2019. Developmental and comparative transcrip-
tomic identification of iridophore contribution to white barring in clownfish. Pigment Cell Melanoma
Res. 32:391-402

Salis P, Roux N, Soulat O, Lecchini D, Laudet V, Frédérich B. 2018. Ontogenetic and phylogenetic
simplification during white stripe evolution in clownfishes. BMC Biol. 16:90

Salzburger W. 2009. The interaction of sexually and naturally selected traits in the adaptive radiations
of cichlid fishes. Mol. Ecol. 18:169-85

Salzburger W, Braasch I, Meyer A. 2007. Adaptive sequence evolution in a color gene involved in the
formation of the characteristic egg-dummies of male haplochromine cichlid fishes. BMIC Biol. 5:51
Santos ME, Braasch I, Boileau N, Meyer BS, Sauteur L, et al. 2014. The evolution of cichlid fish egg-
spots is linked with a cis-regulatory change. Nat. Commun. 5:5149

Saunders LM, Mishra AK, Aman AJ, Lewis VM, Toomey MB, et al. 2019. Thyroid hormone regulates
distinct paths to maturation in pigment cell lineages. eLife 8:e45181

Sawada R, Aramaki T, Kondo S. 2018. Flexibility of pigment cell behavior permits the robustness of skin
pattern formation. Genes Cells 23:537-45

Schneider RA. 2018. Neural crest and the origin of species-specific pattern. Genesis 56:¢23219

Singh AP, Dinwiddie A, Mahalwar P, Schach U, Linker C, et al. 2016. Pigment cell progenitors in
zebrafish remain multipotent through metamorphosis. Dev. Cel/ 38:316-30

www.annualreviews.org o Zebrafish Pigment Pattern Development

529



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

530

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Singh AP, Frohnhofer H-G, Irion U, Niisslein-Volhard C. 2015. Response to comment on “Local re-
organization of xanthophores fine-tunes and colors the striped pattern of zebrafish.” Science 348:297
Singh AP, Schach U, Niisslein-Volhard C. 2014. Proliferation, dispersal and patterned aggregation of
iridophores in the skin prefigure striped colouration of zebrafish. Naz. Cell Biol. 16:607-14

Spiewak JE, Bain EJ, Liu J, Kou K, Sturiale SL, et al. 2018. Evolution of Endothelin signaling and
diversification of adult pigment pattern in Danio fishes. PLOS Genet. 14:e1007538

Streisinger G, Singer F, Walker C, Knauber D, Dower N. 1986. Segregation analyses and gene-
centromere distances in zebrafish. Genetics 112:311-19

Sugimoto M, Yuki M, Miyakoshi T, Maruko K. 2005. The influence of long-term chromatic adaptation
on pigment cells and striped pigment patterns in the skin of the zebrafish, Danio rerio. 7. Exp. Zool.
303:430-40

Svetic V, Hollway GE, Elworthy S, Chipperfield TR, Davison C, et al. 2007. Sdfla patterns zebrafish
melanophores and links the somite and melanophore pattern defects in choker mutants. Development
134:1011-22

Szabé A, Mayor R. 2018. Mechanisms of neural crest migration. Annu. Rev. Genet. 52:43-63

Takahashi G, Kondo S. 2008. Melanophores in the stripes of adult zebrafish do not have the nature to
gather, but disperse when they have the space to move. Pigment Cell Melanoma Res. 21:677-86

Twitty VC, Bodenstein D. 1939. Correlated genetic and embryological experiments on Triturus. J. Exp.
Zool. 81:357-98

Vibert L, Aquino G, Gehring I, Subkankulova T, Schilling TF, et al. 2017. An ongoing role for Wnt
signaling in differentiating melanocytes in vivo. Pigment Cell Melanoma Res. 30:219-32

Volkening A, Sandstede B. 2015. Modelling stripe formation in zebrafish: an agent-based approach.
F- R. Soc. Interface 12:20150812

Walderich B, Singh AP, Mahalwar P, Niisslein-Volhard C. 2016. Homotypic cell competition regu-
lates proliferation and tiling of zebrafish pigment cells during colour pattern formation. Nat. Commuun.
7:11462

Watanabe M, Iwashita M, Ishii M, Kurachi Y, Kawakami A, et al. 2006. Spot pattern of leopard Danio is
caused by mutation in the zebrafish connexin41.8 gene. EMBO Rep. 7:893-97

Watanabe M, Kondo S. 2012. Changing clothes easily: connexin41.8 regulates skin pattern variation.
Pigment Cell Melanoma Res. 25:326-30

Watanabe M, Kondo S.2015. Comment on “Local reorganization of xanthophores fine-tunes and colors
the striped pattern of zebrafish.” Science 348:297

Watanabe M, Kondo S. 2015. Is pigment patterning in fish skin determined by the Turing mechanism?
Trends Genet. 31:88-96

Watanabe M, Sawada R, Aramaki T, Skerrett IM, Kondo S. 2016. The physiological characterization
of Connexin41.8 and Connexin39.4, which are involved in the striped pattern formation of zebrafish.
7 Biol. Chem. 291:1053-63

Watanabe M, Watanabe D, Kondo S. 2012. Polyamine sensitivity of gap junctions is required for skin
pattern formation in zebrafish. Sci. Rep. 2:473

Windner SE, Bird NC, Patterson SE, Doris RA, Devoto SH. 2012. Fss/Tbx6 is required for central
dermomyotome cell fate in zebrafish. Biol. Open 1:806-14

Woodcock MR, Vaughn-Woltfe J, Elias A, Kump DK, Kendall KD, et al. 2017. Identification of mutant
genes and introgressed tiger salamander DNA in the laboratory axolotl, Ambystoma mexicanum. Sci. Rep.
7:6

Yamaguchi M, Yoshimoto E, Kondo S. 2007. Pattern regulation in the stripe of zebrafish suggests an
underlying dynamic and autonomous mechanism. PNAS 104:4790-93

Yamanaka H, Kondo S. 2014. In vitro analysis suggests that difference in cell movement during direct
interaction can generate various pigment patterns in vivo. PNAS 111:1867-72

Zeng Z, Johnson SL, Lister JA, Patton EE. 2015. Temperature-sensitive splicing of mzitfa by an intron
mutation in zebrafish. Pigment Cell Melanoma Res. 28:229-32

Zhang YM, Zimmer MA, Guardia T, Callahan SJ, Mondal C, et al. 2018. Distant insulin signaling reg-
ulates vertebrate pigmentation through the Sheddase Bace2. Dev. Cell 45:580-94.¢7

Putterson o Parichy



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

Contents

Genetic Screens to Analyze Pattern Formation of Egg and Embryo
in Drosophila: A Personal History

Trudi Schiipbach ........... ... .

Crossover Interference: Shedding Light on the Evolution
of Recombination

Sarab P. Otto and Bret A. Payseur .................c.cccciiiiiiiiiiiiiin,

Cell Size Control in Plants

Marco D’Ario and Robert Sablowski ........... ... ... . . i,

Drosophila Myoblast Fusion: Invasion and Resistance
for the Ultimate Union

Donghoon M. Lee and Elizabeth H. Chen ..........................c.cco.

Evolutionary Ecology of Wolbachia Releases for Disease Control

Perran A. Ross, Michael Turelli, and Ary A. Hoffmann ..........................

Genetic Factors in Mammalian Prion Diseases

Simon Mead, Sarah Lloyd, and Jobn Collinge .....................................

Light in the Fungal World: From Photoreception
to Gene Transcription and Beyond

Luis M. Corrochamo ............. ..

Liquid-Liquid Phase Separation in Disease

Simon Alberti and Dorothee Dormanmn . .............. ... .cccccciiieieeieiin...

Living with Two Genomes: Grafting and Its Implications
for Plant Genome-to-Genome Interactions, Phenotypic Variation,
and Evolution

Brandon S. Gaut, Allison . Miller, and Danelle K. Seymour....................

Mechanisms of DNA Uptake by Naturally Competent Bacteria

David Dubnau and Melanie Blokesch ............ . ... . ...

The Microbiome and Aging

Bianca Bana and Filipe Cabreiro .......................c.ciiiiiiiiiiii

A
(R
Annual Review of

Genetics

Volume 53, 2019



Annu. Rev. Genet. 2019.53:505-530. Downloaded from www.annualreviews.org
Access provided by 2600:1003:b849:275d:71d5:6dbf:9a7a:4156 on 06/13/20. For personal use only.

vi

Microglia in Brain Development, Homeostasis,
and Neurodegeneration
Christopher 7. Boblen, Brad A. Friedman, Borislav Dejanovic,
and Morgan Shemg ............. .. 263

Multigenerational Regulation of the Caenorbabditis elegans Chromatin
Landscape by Germline Small RNAs
Natasha E. Weiser and Jobn K. Kim .................. ... ........ccccccccccciciii... 289

Natural Viruses of Caenorbabditis Nematodes
Marie-Anne Félix and David Wang ........................cciiiii 313

Regulation of Genomic Output and (Pluri)potency in Regeneration
Elizabeth M. Duncan and Alejandro Sinchez Alvarado .................................. 327

Standard Deviations: The Biological Bases of Transmission Ratio
Distortion
Lila Fishman and Mariab McIntosh ..., 347

"The foraging Gene and Its Behavioral Effects: Pleiotropy and Plasticity
Ina Anreiter and Marla B. Sokolowski .........................cccoiiiiiiii 373

The Arms Race Between KRAB-Zinc Finger Proteins
and Endogenous Retroelements and Its Impact on Mammals
Melania Bruno, Mobamed Mahgoub, and Todd S. Macfarlan ........................... 393

The Evolution of Sexual Reproduction and the Mating-Type Locus:
Links to Pathogenesis of Cryptococcus Human Pathogenic Fungi
Sheng Sun, Marco A. Coelbo, Mdrcia David-Palma, Shelby 7. Priest,
and Foseph Heitman ... 417

Organization of Chromosomal DNA by SMC Complexes
Stanislon Yatskevich, fames Rbodes, and Kim Nasmyth .................................. 445

The Power of Human Cancer Genetics as Revealed by Low-Grade
Gliomas
David T.W. Jones, Pratiti Bandopadbayay, and Nada Jabado ........................... 483

Zebrafish Pigment Pattern Formation: Insights into the Development
and Evolution of Adult Form
Larissa B. Patterson and David M. Parichy .........................ccccccciiiiiiin.. 505

Errata

An online log of corrections to Annual Review of Genetics articles may be found at
http://www.annualreviews.org/errata/genet

Contents



