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The often-distinctive pigment patterns of vertebrates are varied in form and function
and depend on several types of pigment cells derived from embryonic neural crest or
latent stem cells of neural crest origin. These cells and the patterns they produce have
been useful for uncovering features of differentiation and morphogenesis that under-
lie adult phenotypes, and they offer opportunities to discover how patterns and the
cell types themselves have diversified. In zebrafish, a body pattern of stripes arises by
self-organizing interactions among three types of pigment cells. Yet these fish also exhibit
white ornamentation on their fins that depends on the transdifferentiation of black mel-
anophores to white cells, “melanoleucophores.” To identify mechanisms underlying this
conversion we used ultrastructural, transcriptomic, mutational, and other approaches.
We show that melanophore-melanoleucophore transition depends on regional BMP
signals transduced through noncanonical receptors (Rgmb-Neola-Lrig2) as well as
BMP-dependent signaling by Agouti genes, asipl and asip2b. These signals lead to
expression of transcription factor genes including foxd3 and runx3 that are necessary
to induce loss of melanin, curtail new melanin production, and deploy a pathway for
accumulating guanine crystals that, together, confer a white phenotype. These analyses
uncover an important role for positional information in specifying ornamentation in
zebrafish and show how tissue environmental cues and an altered gene regulatory pro-
gram have allowed terminal addition of a distinct phenotype to a preexisting cell type.

pigmentation | neural crest | zebrafish | melanocyte | evolution

Vertebrate pigmentation has long been a useful system for elucidating mechanisms of
pattern formation, particularly in the context of adult traits having behavioral significance
and clear selective consequences (1). Given the origins of vertebrate skin pigment cells in
embryonic neural crest cells and postembryonic neural crest—derived stem cells—and the
many and varied cell types to which these progenitors contribute—studies of pigmentation
also can inform our understanding of cell lineage diversification and cell type evolution.

Mammals and birds have a single skin pigment cell, the melanocyte, which can transfer
melanin-containing melanosomes to keratinocytes for deposition in hair or feathers (2).
Ectothermic vertebrates have multiple types of pigment cells that retain their pigmentary
materials intracellularly: black melanophores, with melanin; yellow or orange xanthophores
and red erythrophores, with pteridines, carotenoids, or both; and iridescent iridophores,
with crystalline deposits of guanine in stacks of reflecting platelets (3). In the teleost most
studied for its pigmentation, zebrafish Danio rerio, interactions among chromatophores
generate and maintain a pattern of dark and light horizontal stripes (4), with features of
pattern formation resembling a Turing process (5). Orientation of this pattern is thought
to depend broadly on the tissue environment—anatomical boundaries and the dynamics
of growth (4, 6). Yet the self-organizing properties of pigment cell interactions are revealed
by perturbations, with cellular responses that regenerate, reposition, or even reorient the
pattern (7, 8).

Other pattern features, and pigment cell types, also occur in ectotherms. An example
in zebrafish itself is ornamentation of the dorsal fin edge and caudal fin tips, where pop-
ulations of white pigment cells—leucophores—are situated (Fig. 1 A and B). These highly
reflective cells are prominent when fins are flared during behavioral interactions and their
presence impacts the propensity of fish to shoal with one another in the laboratory (9).
Remarkably, these cells arise from melanophores that lose their melanin over just a few
days while acquiring crystalline deposits of guanine. These crystals are similar chemically
to those of iridophores, yet lack the disc-like structure or spatial organization of reflecting
platelets and thereby confer a white rather than iridescent appearance. In contrast to stripe
pattern, white ornaments and the “melanoleucophores”(ML) that comprise them are
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Fish often have striking color
patterns with important
functions in behavior. In
zebrafish, the familiar striped
pattern forms through self-
organizing interactions between
pigment cells, yet the white
highlights on their fins arise
differently—through the
transformation of black pigment
cells into white ones. This study
reveals how this dramatic cell
transformation happens: Signals
from the surrounding tissue,
specifically BMP and Agouti
proteins, instruct black cells to
change their fate. These signals
trigger expression of specific
genes that cause the cells to
break down their black pigment
while acquiring white, crystal-like
structures. This work shows how
local signals in tissues can drive
the development of ornamental
features and provides insights
into how new cell types evolve.
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Fig. 1. Melanoleucophore (ML) ornamentation and characteristics. (A and A’) ML occur along anterior and distal edges of the dorsal fin (arrowheads, A’) and
in lesser numbers at the tips of the caudal fin (arrow, A). (B) Juvenile fish with white ML (white arrowheads, /nset) and gray transitional cells (black arrowheads).
Pigmentary organelles have been contracted toward cell centers by epinephrine treatment; yellow pigments are contained within xanthophores. A second class
of leucophore, xantholeucophores, occurs only in the anal fin (9) and these cells are not included in the present analyses. (C and D) In late larvae, melanophores
(M) contain rounded melanosomes whereas transitional cells have heterogeneous pigmentary organelles including irregular or enlarged melanosomes (/nset).
(E and F) In adults, melanophores contain rounded melanosomes whereas ML contain jagged leucosomes with crystalline contents. (G and H) Melanosome
and leucosome with crystal (arrowhead). C-F, pigmentary organelles contracted to cell centers by epinephrine treatment, with imaging by focused ion beam
scanning electron microscopy (FIB-SEM); G and H, transmission EM. (/) Single-cell transcriptomes in UMAP space with cell states (Left) and transcript abundances
for melanogenesis gene oca2 and purine salvage gene pnp4a (Right). (/) Compared to melanophores, ML had fewer genes detected, fewer transcripts of genes
for melanogenesis, and more transcripts of genes for purine synthesis. Boxplots, medians, and interquartile ranges. (Scale bars, B 200 um, 8C for C-F 1 ym, G

for Gand H 0.2 uym.)

unperturbed in mutants that lack xanthophores or iridophores,
indicating pattern-forming mechanisms other than self-organizing
pigment cell interactions.

We sought to better understand the conversion of melano-
phores to ML in the dorsal fin and whether these events are trig-
gered by localized cues in the tissue environment. Here, we show
that melanin loss and guanine accumulation are distinct processes
dependent on spatially localized BMP and Agouti signals acting
through Foxd3 and Runx3 transcription factors. The result is an
overt cellular phenotype and an underlying transcriptomic state
markedly different from melanophores, from which ML arise, as
well as iridophores. Our analyses demonstrate an important role
for positional information in specifying the site and cell state
changes that underlie pigmentary ornamentation in zebrafish and
show how terminal addition of a new fate can lead to cell type
diversification in a vertebrate.

Results

Melanosome Degradation, Leucosome Appearance, and Indepen-
dence of Organelle Biogenesis. Melanin and melanosomes are
stable under a variety of conditions and persist when melanogenesis
is inhibited (10, 11). We therefore hypothesized that rapid (~4
d) loss of melanin during the transition of melanophores to ML
(9) results from degradative processes. Consistent with organellar
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breakdown (12), transitional cells contained melanosomes
of irregular shapes, sizes, and densities, often associated with
endosomal bodies (Fig. 1D and SI Appendix, Fig. S1 A-C),
and contrasting with the more homogeneous melanosomes of
melanophores (Fig. 1 C, E, and G and Movies S1-53). We did
not detect melanosomes in extracellular spaces (e.g., Movie S2),
suggesting loss of melanin during the melanophore-ML transition
is not accomplished by shedding, as might be hypothesized by
comparison with mammalian melanocytes (13). Transitional cells
also contained small and rounded presumptive “leucosomes” of
various shapes and sizes (Fig. 1D and SI Appendix, Fig. S1 A-C).
ML of adult fish contained larger, jagged leucosomes bearing
crystalline material (Fig. 1 Fand H) but also small numbers of
irregular melanosomes similar to those of transitional cells
(SI Appendix, Fig. S1D and Movie S4).

ML contain crystals of B-guanine (9) (S/ Appendix, Fig. S1E
and Dataset S1). Since iridophores also contain crystals of
B-guanine (14, 15), we hypothesized that iridophores and ML
share genetic requirements for guanine accumulation. To test this
idea, we focused on pnp4a, which encodes a purine nucleoside
phosphorylase of the purine salvage pathway expressed in both
cell types (9). When targeted by CRISPR/Cas9 to generate pre-
mature termination codon alleles, we found that homozygotes
had reduced iridescence of iridophores and lower leucosome/
guanine contents of ML, indicating overlapping requirements
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between cell types (SI Appendix, Figs.S2 and S3 A and C).
Electron microscopy and the phenotype of pnp4a mutants further
suggested that melanosome and leucosome biogenesis are likely
to be distinct from one another. To confirm this inference, we
assessed leucosome contents in mutants for oca2, encoding a chan-
nel that regulates melanosomal pH and activity of the
melanogenesis-rate limiting enzyme Tyrosinase (16, 17), as well
as pmela, encoding a protein essential for melanosomal matrix
deposition (18, 19). Despite reduced or absent melanin, ocz2 and
pmela premature termination alleles had normal leucosome/gua-
nine contents (8] Appendix, Figs. S2and S3 A-C) consistent with

distinct processes of organellogenesis.

Transcriptomic Signatures of Cell Type Conversion. We further
assessed cell state change by single-cell RNA-Sequencing (scRNA-
Seq) after isolating #yrpl6:PALM-mCherry+ (9) cells of the
melanophore-ML lineage from juvenile fish. Unsupervised clustering
revealed cell groups identifiable as melanophores, transitional, or
ML, with trajectory analyses bridging states in pseudotime and
representing an inferred pathway of differentiation concordant
with previous fate mapping in vivo (Fig. 1/ and SI Appendix,
Fig. S$4 A-F and Datasets S2-54) (9). These analyses revealed that
ML express many fewer genes than melanophores or transitional
cells (Fig. 1)), with cells at later steps in pseudotime having fewer
genes detected than cells at earlier steps, even when sequenced to
similar depth (S7 Appendix, Fig. S4 F and G). ML likewise had
reduced signatures of transcriptional and translational activity and
cell cycle genes (SI Appendix, Fig. S4H). Transitional cells did not
upregulate neural crest marker gene expression overall, suggesting
that melanophore-ML transition does not entail dedifferentiation
toward an unspecified progenitor state (S/ Appendix, Fig. S4H and
Dataset S6).

As anticipated, transitional cells and ML expressed melanogen-
esis genes at lower levels than melanophores (Fig. 1 7 and /) yet
profiles varied markedly among loci: Only oca2 had a distinct
boundary in expression, suggesting its downregulation may be
essential for curtailing new melanin production (87 Appendix,
Fig. S4 I and L). Transcripts of purine pathway genes were, con-
versely, more abundant in transitional cells (Fig. 1NV and
SI Appendix, Fig. S4)). These cells also continued to express mel-
anocyte inducing transcription factor a (mitfa), the master regulator
of melanophore development, and kiza, encoding a receptor tyros-
ine kinase essential for melanophore differentiation and morpho-
genesis (2), both having essential functions in ML independent
of their earlier requirements in melanophores (9) (SI Appendix,
Fig. S4K). Pathway enrichment analyses confirmed a strong sig-
nature of MAPK signaling in ML, consistent with Kita activity,
as well as signatures for autophagy, proteolysis, and other pathways
suggestive of cellular remodeling (S Appendix, Fig. S5 and
Dataset S7).

The seemingly large-scale differences in transcriptomic state
and cytoarchitecture between melanophores and ML led us to ask
how these alterations compare to differences within and between
other pigment cell lineages. To address this question we used sim-
ilarly obtained scRNA-Seq data for pigment cells on the body of
postembryonic zebrafish (20). In these comparisons, melanophore
vs. ML differences, as revealed by numbers of differentially
expressed genes between cell types, were not less than those
between undifferentiated body progenitors and melanophores,
nor between body melanophores and xanthophores, despite ML
arising directly from melanophores (S Appendix, Fig. S6 A and
B). Though ML differentiation entailed purine synthesis gene
upregulation (Fig. 1)), similar to iridophores, neither transitional
cells nor ML expressed genes for Tfec, a transcription factor
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essential for iridophore specification (21) or Ltk, a receptor tyros-
ine kinase essential for iridophore differentiation and morphogen-
esis (22) (SI Appendix, Fig. S6C). Finally, we were curious if the
distinct morphology of ML compared to melanophores is accom-
panied by a distinct gene regulatory identity (23), separate from
that of their melanophore progenitors. If so, we predicted that
similar proportions of transcription factor genes, as compared to
total genes, should be differentially expressed at higher levels in
each cell type. This prediction was borne out when we compared
melanophores and iridophores on the body, with transcription
factor genes accounting for ~1.8% of upregulated genes in each
cell type (X2 =0.97, d.f. = 1, P = 0.3). By contrast, transcription
factor genes constituted 4.4% of loci (120 of 2612) expressed
more highly in melanophores and only 0.9% of such loci (5 of
534) in ML (° = 19.52, d.f. = 1, P < 0.0001; SI Appendix,
Fig. S6D). Overall, these analyses indicate that: i) melanophores
and ML differ markedly in overall transcriptomic signature; ii)
ML depend on a different gene regulatory program than irido-
phores, despite both cell types having pigmentary phenotypes that
depend on the common structural feature of guanine crystals; and
yet iii) ML have relatively few uniquely expressed transcription
factors that would confer a regulatory identity distinct and non-
overlapping with that of melanophores.

asip1 and asip2b Together Induce Melanophore to ML Transi-
tion. We sought to identify factors that instruct or permit the
melanophore-ML transition. Given the limited anatomical
distribution of ML, we hypothesized the presence of positional
cues anterodorsally in the fin, and so predicted that genes encoding
one or more secreted factors should be expressed at higher levels
along this fin edge as compared to basally. By scRNA-Seq of
whole fin, 592 genes were expressed at higher levels (g < 0.05)
at the fin edge, among which agouti signaling protein 1 (asipI)
had the largest difference in transcript abundance (Fig. 24 and
SI Appendix, Fig. S7 A and B and Datasets S8 and S9). Asip1 and
the orthologous protein of mammals, Asip, are Melanocortin-1
receptor (Mclr) antagonists and their ventral expression inhibits
differentiation of melanophores and melanocytes, respectively,
resulting in light bellies (24-27). In fin, asipl was expressed by
extracellular matrix—producing, basonuclin-2+ dermal mesenchymal
cells, similar to hypodermal cells that support chromatophores
on the body (28) (Fig. 2 B and C and SI Appendix, Fig. S7 C
and D and Dataset S9). Melanocortin receptor genes were,
correspondingly, expressed by melanophores—ML (S/ Appendix,
Fig. S7F). To test roles for Asipl signaling we generated asipl
and mclr mutants. asip! mutants had mild perturbations to fin
melanophore pattern, but ML complements equivalent to wild-
type(WT) (Fig. 2 D and E). By contrast, mcIr mutants had extra
ML that covered a greater proportion of the fin compared to
WT, consistent with a requirement for Mclr repression in ML
development (SI Appendix, Figs. S2 and S7G and Dataset S10).
Due to the teleost specific genome duplication, teleosts have
several Agouti-related genes (29-31) so we considered that asip
could function with another gene-family member. Indeed, we
detected transcripts of a second Mclr antagonizing factor, Asip2b
(previously, Agouti-related peptide 2, Agrp2) (32) in mesenchyme
and osteomesenchyme along the fin base and also at the fin edge
and so generated a premature termination allele for this locus as
well (Fig. 24 and SI Appendix, Figs. S2 and S7 C-E). Fish mutant
for asip2b had normal ML complements, whereas fish doubly
mutant for asipl and asip2b developed significantly fewer ML
(Fig. 2 D and E). Given this finding, we asked whether Agouti
genes were also sufficient to drive ML numbers in excess of the

WT (Fig. 2 F~H). Transgenic fish expressing heat-shock (hsp70l)
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Fig. 2. Agouti genes contribute to ML development. (4) Among cells in the melanophore-ML environment (dermis, osteoblasts, osteomesenchyme, epidermis,
neurons, glia; n = 3172 cells) asip 7 was expressed 4.5-fold higher in the fin edge than base (P = 2.4E-8, g = 0.0004). Transcripts for a second Agouti gene, asip2b,
were present, but not differentially abundant. The plane along which fins were dissected into edge vs. base for scRNA-Seq is indicated by the dashed line in
D (Top). (B and C) asip1 transcripts were limited to mesenchyme and osteomesenchyme in edge (UMAP and cell type colors subsets of S/ Appendix, Fig. S7A).
Brackets in C correspond to details. Arrowhead, joint between proximal fin bones (b; lepidotrichia). asip7 transcripts were most abundant in cells adjacent to
distal developing lepidotrichia (star). (D and E) Fish mutant for asip1 or asip2b developed normal numbers of ML type. By contrast, fish doubly mutant for both
loci had significantly fewer ML than WT siblings. Overall ANOVA, F, ¢ = 18.9, P < 0.0001. Shared letters above groups indicate means not significantly different
(P> 0.05) by post hoc Tukey-Kramer HSD. (F-H) Asip1 overexpression led to fewer ML, and melanophores, whereas Asip2b overexpression resulted in more ML,
without significantly affecting melanophore numbers. Inset for Asip1++ shows two lightly melanized melanophores. In qualitative results from fish that expressed
both Asip1 and Asip2b, ML often developed widely across fins nearly devoid of melanophores. nucEos, widespread expression of nuclear localizing Eos, linked
by 2A sequence to Asip1 or Asip2b in hsp70l/-driven transgenes. Arrowhead, reflecting ML guanine crystals in nontransgenic control. Overall ANOVAs, G,H: F, 4, =
46.2, 84.6, P < 0.0001. Bars in £, G, and H, means + SE. (Scale bars, C 100 um, D and F 200 um.)

inducible Asip1 developed fewer ML, but also fewer melanophores,
suggesting ML deficiency resulted from loss of melanophore pro-
genitors. By contrast, fish transgenic for heat-shock inducible
Asip2b developed excess ML, with a corresponding, albeit non-
significant reduction in melanophores. Fish mosaically expressing
both transgenes developed extra ML, yet very few melanophores.
Together, these results supported a model in which ML develop-
ment requires synergistic activities of asip I and asip2b where their
expression overlaps at the fin edge.

Bmp Signaling Promotes Melanophore-ML Transition. Even fish
doubly mutant for asip I and asip2b retained some ML indicating
essential roles for additional factors as well. Several pathways
contribute to fin patterning and morphogenesis and would be
seemingly well-positioned for such a role. To test this idea, we

40f9 https://doi.org/10.1073/pnas.2424180122

examined Wnt and Bmp pathways, which function in other
contexts in both fin (33-36) and pigmentation (37-40). Several
Wt ligand genes were expressed at higher levels at the fin edge
than base and melanophores—ML expressed Wnt receptor genes
(SI Appendix, Fig. S8 A—Cand Dataset S11). Nevertheless, a Wnt
signaling activity reporter was not detectably expressed by these
cells and inhibition of Wnt signaling did not affect ML number
independently of fin outgrowth (S Appendix, Figs. S7E and S8
D and E and Dataset S11).

Consistent with differences in BMP signaling across the fin,
several genes encoding Bmp ligands or inhibitors were differen-
tially expressed between base and edge (S Appendix, Fig. S9A4 and
Dataset S11). Suggesting competence to receive BMP signals,
melanophores—ML expressed several BMP/TGEF receptor genes
(SI Appendix, Fig. S9B and Dataset S11). Indeed, BMP signaling
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activity assayed by anti-pSmad immunoreactivity was apparent in
melanophores, transitional cells, and ML, and its strength was
correlated with proximity to the fin edge (Fig. 3 A-C). To test
roles for Bmp signaling we treated larvae with BMP pathway
inhibitor LDN-193189 at a dose permissive for fin outgrowth,
which resulted in fewer ML and more melanophores than vehicle
(DMSO) control larvae (Fig. 3 D and £ and Dataset S12). Other
Danio species also have ML (9) (8] Appendix, Fig. S10) and an
evolutionarily conserved function for BMP signaling in ML devel-
opment was indicated by a corresponding effect of BMP inhibition
in D. albolineatus (Fig. 3 D and E).

To identify loci required for BMP effects we first targeted BMP
ligand gene gdf6a, expressed by fin mesenchyme and having the
largest difference in transcript abundance of ligand genes between
fin edge and base (SI Appendix, Fig. S9A and Dataset S7). Mutants
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but individuals that survived had fewer ML and more melano-
phores than WT, even after controlling for reduced fin size
(81 Appendix, Figs. S2 and S9D and Dataset S12). This finding
confirmed a role for BMP signaling in converting melanophores
to an ML fate.

Rgmb-Neo1a-Lrig2 Requirement for ML Development. To
further evaluate BMP pathway roles, we considered targeting
Bmp receptors expressed by melanophores—ML (S Appendix,
Fig. S9B) but published images of homozygous bmpr2a and
bmpr2b mutants (42) suggested that ML persist in these fish,
perhaps owing to functional redundancies. Given expression
of canonical BMP receptors across a range of cell types and
the possibility that assessment of ML development could be
precluded by pleiotropic defects in fish doubly or triply mutant
for such receptors, we considered alternative targets. Among
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Fig. 3. BMP-dependent melanophore-ML transition involves rgmb-neoTa-Irig2. (A) pSmad immunoreactivity was prominent in nuclei (outlined) of transitional cells
and ML. (B) Intensities of pSmad staining relative to Dapi across cell states (Left) and locations (measured as distance from the most distal ML; R?=0.39). Shared
letters indicate means not significantly different in Tukey-Kramer post hoc comparisons (overall £, ;4= 35.15, P < 0.0001). (C) ML expressing membrane-targeted
tyrp1b:PALM-mCherry, illustrating pSmad immunoreactivity in Dapi-labeled nucleus. (D and E) BMP signaling inhibitor (BMPi) led to zebrafish and D. albolineatus
having marginally greater numbers of melanophores (F; ;, = 16.59, P < 0.005 and F, ;3 = 3.58, P = 0.08, respectively) and fewer ML (F, ,, = 98.59, P < 0.0001 and
Fi43=113.83, P <0.0001). (F) Mutants for premature termination alleles of rgmb, neo7a, and Irig2 had more melanophores and were severely deficient for ML.
(G) Melanophores (Upper) and ML (Lower) across genotypes. Left plots show least square means (+SE) after controlling for variation in standard length (SL), a
proxy for stage of development (41). Shared letters indicate means not significantly different in post hoc comparisons after controlling for SL and genotype x
SL interactions (all factors in ANOVAs, P < 0.0001; numbers of ML square-root transformed to control for increased variance in residuals with larger counts). Fin
lengths for a given SL did not differ among genotypes (S/ Appendix, Fig. S8G). (H) rgmb mutants exhibited markedly reduced anti-pSmad immunoreactivity across
the fin. Arrowhead, transitional cell (in transmitted illumination). (Scale bars, D 200 uM for zebrafish and D. albolineatus, F 200 um, H 100 pm.)
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genes known to function in BMP signaling, we found that rgmb,
encoding Repulsive Guidance Molecule b (RGMb) (43, 44), was
expressed relatively prominently in melanophores and transitional
cells (SI Appendix, Fig. S9 B, C, and E). We therefore generated
homozygous mutants for rgmb to test its role, and BMP signaling
more generally, in ML development. Premature termination
alleles of 7gméb did not have defects in fin growth but did develop
fewer ML than WT siblings (Fig. 3 F and G and SI Appendix,
Figs. S2 and S9F and Dataset S12). Consistent with an RGMb-
enhancement of BMP signaling, 7gm6 mutants had reduced anti-
pSmad immunoreactivity throughout the fin (Fig. 34).

RGM proteins have high affinity for BMPs and can enhance
BMP signaling in ways still incompletely understood but involving
formation and internalization of a cell surface complex in which
RGMDb forms a bridge between BMP ligands and Neogenin (Neo)
(45, 46). To test whether such a complex functions in the melan-
ophore-ML transition, we examined the expression and require-
ment for neola, encoding Neogenin la. Similar to rgmb, neola
was expressed in melanophores—ML and mutants homozygous
for premature termination alleles had fewer ML, and also more
melanophores, than WT (Fig. 3 Fand G and SI Appendix, Figs. S2
and S9 B, C, E, and F and Dataset S12).

Finally, because Lrig (Leucine-rich repeats and immunoglobulin-
like domain) proteins have been implicated in BMP signaling and
in protecting Neogenin from proteolytic ectodomain cleavage (47,
48), we asked whether Lrig2 also contributes to the melanophore—
ML transition. /rig2 was expressed in melanophores and transi-
tional cells and fish homozygous for premature termination alleles
had ML deficits indistinguishable from rgmé or neola mutants,
along with an excess of melanophores (Fig. 3 F and G and
SI Appendix, Figs. S2 and S9 B, C, E, and F and Dataset S12).
Taken together, these observations support roles for Rgmb, acting
with Neola and Lrig2, to promote BMP signaling and melano-
phore-ML transition.

BMP Dependence of Agouti Signaling. Given roles for BMP
and Agouti genes in ML development, we asked whether these
pathways are interdependent. To assess whether BMP signaling
requires Agouti, we examined pSmad staining. Anti-pSmad
immunoreactivity was indistinguishable between WT and asip!
or asip2b mutants, as well as between WT and fish overexpressing
Asip1 and Asip2b, suggesting that BMP signals are not downstream
of Agouti activity (S/ Appendix, Fig. S11 Band C). Conversely, to
determine whether Agouti signaling requires BMP, we compared
gene expression between WT and the BMP signaling deficient
rgmb mutant background by in situ hybridization. This revealed
less staining and more limited distributions of staining for asip!
and asip2b in the rgmb homozygous mutants compared to WT
siblings (87 Appendix, Fig. S11D). Given these results, we reasoned
that reduced Agouti gene expression could reflect a function for
BMP in promoting differentiation of the dermal cells that express
these Agouti genes. If so, we predicted that markers of these cells
should be expressed at lower levels, or in fewer cells, in this same
mutant background. Indeed rgméb homozygotes had reduced
staining for transcripts of both bnc2 and finodb as compared to
the WT (SI Appendix, Figs. S7 C and S11 D). Together these
observations suggested that BMP signals promote the development
of dermal cells and their expression of Agouti genes.

To assess functional consequences of these interactions for ML
development, we overexpressed Agouti in WT and rgmb mutants.
We predicted that if BMP signaling is required only to promote
asipl and asip2b expression then transgenically supplied Agouti
genes should have the same effects on melanophore-ML fate con-
version regardless of rgmb genotype. By contrast, if BMP signals

https://doi.org/10.1073/pnas.2424180122

are important for other aspects of dermal development required
by melanophore—ML transition, or synergize with Agouti signals
in melanophores—ML themselves, then transgenic Agouti efficacy
should be reduced in rgméb mutants (evident statistically by a trans-
gene x genotype interaction). As previously, transgenic expression
of Asipl reduced ML numbers whereas transgenic expression of
Asip2b increased ML numbers (S Appendix, Fig. S11E, and
Dataset S10). Yet the proportional increase driven by Asip2b in
rgmb mutants was about half that in WT siblings, consistent with
roles for BMP beyond stimulating Agouti gene expression.
Opverall, these observations imply that BMP promotes expression
of Asipl and Asip2b and potentiates signaling of the latter, pre-
sumably via other effects on dermis or direct effects on melano-

phores—ML (87 Appendix, Fig. S11A)

BMP-Signaling Drives Known and Novel Pigmentation Genes
to Effect ML Development. To identify additional mechanisms
downstream of BMP signals, we treated WT larvae with BMP
inhibitor LDN-193189 for 48 h during the period when
melanophores transition to ML. We then isolated melanophores
and ML (#y7p16:PALM-mCherry+) and cells of the fin environment
(mCherry-) for scRNA-Seq (S Appendix, Fig. S12 A and B and
Datasets S13 and S14). Numbers of melanophores and ML did not
diverge between treated and control fish during the brief duration
of the experiment (87 Appendix, Fig. S12C and Dataset S12).

Among mCherry— cells, asip2b was expressed more robustly in
fin mesenchyme of vehicle control (BMP+) larvae than larvae
treated with inhibitor (BMP— log,FC = 1.1, 4= 4.9E-09; SI Appendix,
Fig. S12D), consistent with the reduced expression of asip2b in
rgmb mutants inferred by in situ hybridization (SI Appendix,
Fig. S11D). Among mCherry+ cells, several pigmentary genes
were expressed at higher levels in control (BMP+) cells, including
pnp4a and other genes of purine salvage, #0x36, an ortholog of
mammalian 76x3, which has roles in phaeomelanogenesis (49),
and foxd3, encoding a winged helix transcription factor required
both to maintain pluripotency of neural crest and in the specifi-
cation of some neural crest derivatives (21, 50-53) (Fig. 44 and
SI Appendix, Fig. S12 D and E and Dataset S14). Given the varied
roles of foxd3, and what we found to be a peak of expression in
transitional cells (S7 Appendix, Fig. S12F), we sought to determine
whether foxd3 is essential for the conversion of melanophore to
ML fate. Homozygous mutants of foxd3 are lethal by ~7 d post-
fertilization (53) so we examined fish mosaic for CRISPR/Cas9-
induced somatic mutations that survived through stages of ML
development. We also tested consequences of transgenic Foxd3
induction. These analyses confirmed a requirement and suffi-
ciency: Increasing efficacies of foxd3 mutagenesis, as assayed by
Sanger sequencing of whole fins, were associated with fewer ML;
conversely, overexpression of Foxd3 resulted in more ML than in
nontransgenic controls (Fig. 4B and SI Appendix, Fig. S12G and
Dataset S15).

Beyond known pigmentary genes, BMP+ cells expressed higher
levels of genes encoding factors that function downstream of, or in
concert with, BMP in other contexts (e.g., [d1-3, DIx3, Msx2,
Smad7, Runx3). To determine the significance of such loci for ML
development we screened 39 additional candidates by CRISPR/
Cas9 mutagenesis. This effort revealed that premature termination
alleles of one candidate, transcription factor gene runx3 (SI Appendix,
Fig. S12 D and Fand Dataset S16), led to severe ML deficiencies
when homozygous, reminiscent of BMP pathway mutants (Fig. 4C).
We therefore asked whether Runx3 was sufficient to rescue ML in
rgmb mutants by transgenesis. Indeed, mosaic Runx3 restored ML
when expressed by melanophores-ML (Fig. 4C and SI Appendix,
Fig. S12H and Dataset S15). These experiments indicate that BMP
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5+ 8 ML; Fy 4, =163.6, P < 0.0001). Insets, details (Left) and overlay showing cytosolic EGFP in ML, with guanine deposits black in this pseudobrightfield image.
(D) Upper, Model for major contributors to melanophore-ML conversion. Dark, addressed in this study. Gray, addressed in (10). “BMP” refers to pathway signaling
activity overall, as inferred by pSmad immunostaining (S/ Appendix, Fig. S3B), likely to involve ligand Gdf6a (S/ Appendix, Fig. S9D) and possibly other differentially
distributed factors (S/ Appendix, Fig. S9A). Dashed lines indicate potential regulatory linkages. Lower, Inferred regions exposed to higher levels of signaling factors
during fin outgrowth. ML differentiate where BMP signaling and Agouti gene expression are strongest. Additional key figures: BMP—Asip1 (S/ Appendix, Fig. S11B);
BMP—Asip2b (S/ Appendix, Figs. S11B and S12D); BMP—RGMb/Neo1a/Lrig2 (Fig. 3 D-H); Asip1, Asip2b gene expression (Fig. 2 A and C and S/ Appendix, Figs. S7 Cand
E and S11B); BMP——Foxd3 & Runx3——transitional (Fig. 4 A-C and S/ Appendix, Fig. S12G); melanin / melanosome degradation and cellular remodeling (Fig. 1D
and S/ Appendix, Figs. S1B and S5); Oca2, melanin & Pnp4a, guanine (Fig. 1 / and J and S/ Appendix, Figs. S1E and S3 A and C); transcriptomic diversity (Fig. 1/ and

Sl Appendix, Fig. S4 G and F). (Scale bars, B and C 200 um).

functions through both Foxd3 and Runx3 in promoting ML
development.

Discussion

Our results provide insights into the development of pigmentary
ornamentation in Danio fishes. In contrast to other pigment cells
of zebrafish and its relatives, ML are limited to the edge of the dorsal
fin and the distal tips of the caudal fin. Analyses presented here
indicate a role for positional information in the development of
ML at the fin edge, and suggest a working model for the differen-
tiation of these cells from melanophores (Fig. 4D): i) WNT and
BMP signals promote fin outgrowth and the latter contributes to
a landscape of positional information available to pigment cells; ii)
BMP signaling promotes dermal development and expression of
Agouti genes asip] and asip2b by subsets of these dermal cells; iii)
melanophores responsive to BMP signals through Rgmb-Neola-
Lrig2 and exposed simultaneously to Asipl and Asip2b initiate a
transition to the ML phenotype, upregulating Foxd3 and Runx3
transcription factors; iv) melanin and melanosomes are degraded

PNAS 2025 Vol.122 No.8 2424180122

by while new melanogenesis is curtailed by downregulation of Oca2
and other factors; v) a pathway of leucosome biogenesis and purine
accumulation is upregulated, depending in part on Pnp4a; and vi)
as a terminal phenotype is acquired, ML reduce gene expression
overall to levels markedly less than those of melanophores.

The development of ML from melanophores provides an inter-
esting contrast for genes and pathways that have pigmentary func-
tions in other contexts. For instance, the role of Agouti genes asip
and asip2b in promoting melanophore-ML transition somewhat
resembles roles for these genes separately in repressing melanization
ventrally (rodent Asip, zebrafish Asip1) or dorsally (rodent Asip,
avian Agouti), or repressing stripe melanophore differentiation
laterally (cichlids, Asip2b) (24-26, 29, 54, 55). Here, asipl and
asip2b expression depended at least in part on BMP signaling,
concordant with BMP dependence of Asip expression in the mouse
(56). Coincident deployment of asipI and asip2b to supply posi-
tional information raises interesting questions about gene regula-
tory mechanisms and their evolution. The different effects of these
factors when overexpressed also raise the possibility of nonover-
lapping downstream mechanisms of signaling independent of
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Mclr antagonism, perhaps through a different melanocortin recep-
tor (32).

Roles for BMP signals though Rgmb-Neo-Lrig2 (43, 44) like-
wise add a dimension to pigmentary functions of this pathway.
BMP signaling in zebrafish biases the fates of progenitor cells away
from melanophores and toward iridophores, at least in part by
repressing mitfa and other genes required for melanogenesis (38).
Repressive effects on melanogenesis have been found in mamma-
lian systems as well (56, 57). Yet BMP also promotes postnatal
differentiation of WNT-activated hair follicle stem cells as mel-
anocytes, with progenitors accumulating in excess if BMP signa-
ling is blocked (37). Here, pharmacological inhibition and mutant
phenotypes indicated an essential role for BMP signals in melan-
ophore-ML transition, with BMP inhibition leading to small but
proportionate increases in progenitors—in this case melanophores.
The BMP dependence of Agouti gene expression implies that BMP
signals in this system act indirectly on melanophores and ML, and
other kinds of indirect effects might be envisaged [c.f., (58)]. Yet
direct effects on melanophores—ML also can be inferred, given
expression of Rgmb-Neo-Lrig2 and other receptor genes by these
cells, the presence of signaling activity revealed by pSmad immu-
noreactivity specific to these cells, and the correspondence of such
activity with anatomical position and fate within this lineage.
Whatever the relative contributions of direct and indirect signals,
they seem not to involve repression of Mitfa, which is expressed
and required through the melanophore-ML transition (9).
Comparisons across systems thereby suggest that consequences of
BMP signaling for cell fate transitions depend on cellular context
including collaborating pathways (e.g., WNT vs. Agouti).

Downstream of BMP, Foxd3 and Runx3 transcription factor
genes were upregulated specifically in transitional cells and were
required for melanophore—ML transition. Intriguingly both gene
products can function as pioneer factors and both can activate or
repress transcription depending on context (50, 59). Foxd3 main-
tains pluripotency of neural crest cells and later contributes to
specifying neuronal, glial, and iridophore fates over melanocyte
or melanophore fates (51, 52, 60) and is regulated by BMP signals
in other contexts (61, 62). Runx3 heterodimerizes with Core
binding factor subunit f and interacts with Smads and other
factors to promote specific neuronal, immune, and skeletal fates.
Runx3 has roles in cancers including melanoma but has not pre-
viously been ascribed roles in normal pigment cells (63-66).
Direct targets of Foxd3 and Runx3—as well as Mitfa—in repress-
ing a melanized phenotype or promoting a leucistic phenotype
will be interesting to identify, particularly as they appear to recruit
or allow for a pathway of guanine crystal biogenesis through
mechanisms independent of those used by other guanine crystal
containing cells, iridophores (15, 22), in a transcriptome of
reduced size and complexity. In the absence of iridogenic tran-
scription factor Tfec, expression of purine synthesis gene pnp4a
can be driven by Mitfa, and one might anticipate such a depend-
ency in this context as well (21, 67).

Finally, mechanisms uncovered here shed new light on diversi-
fication of cell types and modes of pattern formation (3, 23). We
speculate that evolutionary cooptions of foxd3 and runx3 expres-
sion to the melanophore-ML lineage have been important in the
terminal addition of a new fate for a subset of melanophores.
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Expression of these genes could reflect recruitment of BMP-
responsive Agouti gene expression to the fin edge if there were
preexisting regulatory linkages between foxd3 and runx3 and these
signaling pathways, or such linkages may have been acquired in
the form of cis-regulatory elements conferring responsiveness to
BMP, Agouti, or both signals, allowing cells to exploit a preexisting
landscape of positional information. Whatever the evolutionary
sequence, further dissection of regulatory mechanisms and their
evolution during the melanophore-ML transition should provide
avaluable model for understanding cell type diversification on both
developmental and evolutionary time scales. The mechanisms doc-
umented here further highlight the role of positional information
in generating a pigmentary phenotype, even in a species that
provides a premier example of self-organization by pigment cells
during body stripe formation (4, 5). Indeed, the relative importance
of positional information and self-organizing processes across pat-
tern elements and species remains an open question worthy of
further study.

Materials and Methods

Fish Rearing and Handling. Zebrafish and other Danio species were reared at
~28°C(14L:10D) and fed rotifers, Artemia and GEMMA Micro (Skretting). Fish
were anesthetized in MS222 and in most instances treated with epinephrine to
contract pigment granules toward cell centers prior to imaging. Protocols were
approved by the Animal Care and Use Committee of the University of Virginia.

Mutagenesis and Transgenesis. Mutations were induced by CRISPR/Cas9
using IDTAItR reagents and analyzed after isolation by standard genetic meth-
ods or as FO mosaics (foxd3). Transgenes were constructed by Gateway cloning
orisothermal single reaction assembly.

Ultrastructural and Chemical Analysis. Cytological characteristics were assessed
by FIB-SEM and transmission electron microscopy. Verification of guanine association
with MLused targeted and untargeted metabolomic analyses that gave equivalent
results with only the latter presented here.

Single-Cell Transcriptomics and In Situ Hybridization. Cells were collected
by fluorescence-activated cell sorting and captured by Chromium controller
(10X Genomics) for scRNA-Seq libraries, mapped with 10X CellRanger and
analyzed with Monocle3. Spatial assessment of transcript distributions fol-
lowed (68).

Data, Materials, and Software Availability. Cell count and related data
as well as output of bioinformatic analyses are available as Datasets S1-S16.
Single-cell transcriptomic data are accessible through NCBI GEO (Accession #:
GSE282061) (69).
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