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larval melanophores to the adult pigment pattern, unlike in D.
nigrofasciatus (Fig. 9A-D, and data not shown). Thus, a
similarity of pigment pattern elements does not predict the
underlying mode of pigment pattern metamorphosis.

We next examined additional D. rerio mutants for
similarities to D. nigrofasciatus. We identified two recessive D.
rerio mutants, puma and picasso, with severe deficits in
metamorphic melanophores, as well as increased persistence

of early larval melanophores into the adult (Fig. 9E-L) (Parichy
and Turner, 2003b). To see whether puma or picasso contribute
to the difference between species, we tested whether early
larval melanophore fates and adult stripe compositions in tester
hybrids differ from those of control hybrids. Repeated imaging
of hybrid larvae reveals that early larval melanophores make
little contribution to the adult stripes in control (wild-type)
hybrids (Fig. 9M-P; n=9), tester picasso hybrids, or tester
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hybrids for two additional mutants, pissarro and seurat
(n=4,11 and 6, respectively; data not shown). In tester puma
hybrids (n=9), however, a greater number of early larval
melanophores leave their initial positions along the myotome
edges and relocalize over the flank (Fig. 9Q-T), similar to
puma mutants and D. nigrofasciatus (Fig. 9E-L, Fig. 3F-J).
These hybrids have somewhat reduced numbers of
metamorphic melanophores initially, but this deficit is
regulated by adult stages so that adults have total melanophore
complements that are indistinguishable from control hybrids.
The developmental non-complementation phenotype of tester
puma hybrids identifies puma or genes in its pathway as
candidates for contributing to the evolutionary reduction of
metamorphic melanophores, and increased contribution of
early larval melanophores to the D. nigrofasciatus adult
pigment pattern.

These results indicate that differences in total numbers of
adult melanophores between D. rerio and D. nigrofasciatus are
not likely to be explained by differences at loci already isolated
as D. rerio melanophore mutants. Moreover, similarity of
adult pigment pattern alone is not a good predictor for the
underlying mode of pigment pattern metamorphosis. By
contrast, interspecific complementation tests for melanophore
morphogenesis suggest a role for puma or its pathway in
determining the relative contributions of metamorphic
melanophores and neural crest-derived early larval
melanophores to the adult pigment patterns of D. rerio and D.
nigrofasciatus.

Reduction of metamorphic melanophore lineage in
D. nigrofasciatus
The reduction in metamorphic melanophores in D.
nigrofasciatus could reflect a failure to recruit committed
melanophore precursors (melanoblasts) from uncommitted
latent precursors or stem cells during metamorphosis. For
example, puma mutant D. rerio exhibit severe reductions in
metamorphic melanoblasts compared with wild-type D. rerio
(Parichy et al., 2003). If the same pathway affected in puma
mutant D. rerio has evolved between D. rerio and D.
nigrofasciatus, then fewer melanoblasts should be observed in

D. nigrofasciatus compared with wild-type D. rerio.
Alternatively, fewer metamorphic melanophores in D.
nigrofasciatus could reflect a later block in this lineage, with
similar numbers of melanoblasts being recruited from latent
precursors then failing to terminally differentiate as
melanophores. To distinguish between these possibilities, we
used molecular markers and histological assays to compare D.
rerio and D. nigrofasciatus during metamorphosis.

Our examination of the melanophore lineage during
metamorphosis reveals a severe reduction in the number of
melanoblasts in D. nigrofasciatus, suggesting an early block in
metamorphic melanophore development. We examined the
distribution of cells expressing transcripts for two molecular
markers, dopachrome tautomerase (dct) and tyrosinase (tyr),
which encode enzymes required for melanin synthesis and thus
identify committed melanophore precursors (as distinct from
latent stem cells) (Kelsh et al., 2000; Camp and Lardelli, 2001).
We observed fewer dct+ and tyr+ cells throughout
metamorphosis in D. nigrofasciatus compared to D. rerio (Fig.
10). Importantly, however, we observed strong staining for
each marker in fully differentiated melanophores, and in
the more rare, unmelanized cells, in D. nigrofasciatus,
demonstrating the efficacy of these probes in this cross-species
comparison.

From molecular marker analyses, we predicted that
metamorphosing D. nigrofasciatus would exhibit fewer cells
that were competent to produce melanin when provided with
exogenously supplied L-dopa, which is converted to melanin
in cells expressing functional tyrosinase (McCauley et al.,
2004). Comparing the same regions of the flank before and
after L-dopa incubation, we observe newly melanized cells in
D. rerio larvae, but only ~10% as many of these cells in D.
nigrofasciatus larvae (Fig. 11). These findings support the
conclusion that D. nigrofasciatus exhibit fewer melanoblasts
during metamorphosis than D. rerio do.

Together, these analyses demonstrate that reduced numbers
of metamorphic melanophores in D. nigrofasciatus result from
an early block in the specification of these cells or their
recruitment from latent precursors, rather than from a late
block in their terminal differentiation as melanophores.

Fig. 6. Primary role for metamorphic melanophores in adult pigment pattern formation across species. Shown are repeated images of the same
region of the ventral flanks in representative individuals of D. nigrofasciatus, D. rerio, D. kyathit, D. kerri, D. albolineatus, D. choprae, and T.
albonubes (compare with Fig. 1). Only selected images are shown from the complete series for each individual. Row 1, shortly after the onset
of pigment pattern metamorphosis in each species. Row 8, terminal stages of pigment pattern metamorphosis when the adult pigment patterns
have formed; row 8′, schematics showing melanophores present at early larval stages (brown) and melanophores that differentiated during
metamorphosis (black), as revealed by tracing individual melanophores throughout pigment pattern metamorphosis. Squares indicate the
horizontal myoseptum; horizontal arrowheads indicate the ventral aspect of the myotome. In D. nigrofasciatus, numerous early larval
melanophores relocate (arrowheads) from the early larval stripe along the ventral aspect of the myotome (horizontal arrowhead, row 1) to the
adult ventral primary melanophore stripe on the flank (row 8,8′). In D. rerio and D. kyathit, early larval melanophores typically do not
contribute to the compact stripes of the adult. In D. kerri, a more diffuse stripe pattern arises compared with in D. nigrofasciatus, D. rerio and
D. kyathit; although a few early larval melanophores leave their initial positions (arrowheads, row 5), they typically do not enter into the adult
stripes. In D. albolineatus, rare early larval melanophores leave the larval stripes (arrowhead, row 6) but do not contribute substantially to the
uniformly dispersed anterior melanophores or weak melanophore stripes posteriorly. In D. choprae, a few early larval melanophores leave the
larval stripes (arrowheads, row 7) but do not join the horizontal adult stripes that form during metamorphosis, or the vertical barring pattern that
develops at later stages; the same early larval melanophore behaviors are seen in the vertically striped D. shanensis (I.K.Q. and D.M.P.,
unpublished). Finally, in T. albonubes, a few early larval melanophores (arrowheads, row 6) leave the larval stripes but do not move far onto the
flank where diffuse horizontal adult stripes develop in the adult. In all panels, larvae were imaged at a 30° angle to better visualize the ventral-
lateral margin of the flank and the early larval melanophores, and images are rescaled to show the same region of the flank. Slight differences in
starting pigment patterns (row 1) principally reflect inter-individual variation and minor differences in developmental stage. nigrof, D.
nigrofasciatus; alb, D. albolineatus; T. alb, T. albonubes. Number of larvae examined: D. nigrofasciatus, 10; D. rerio, 5; D. kyathit, 5; D. kerri,
2; D. albolineatus, 4; D. choprae, 2; T. tanichthys, 4. Overall contributions of embryonic neural crest-derived melanophores and metamorphic
melanophores are similar in other regions of developing adult pigment patterns (data not shown).
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Differences between D. rerio and D. nigrofasciatus
are non-autonomous to melanophore lineages
The different modes of pigment pattern metamorphosis in D.
rerio and D. nigrofasciatus could reflect evolutionary changes
that are intrinsic (autonomous) or extrinsic (non-autonomous)
to melanophore lineages. Although species differences have
been attributed to intrinsic factors (Twitty and Bodenstein,
1939; Rawles, 1948; Schneider and Helms, 2003), the
extensive migrations and cellular interactions during neural
crest and melanophore development imply many opportunities
for extrinsic factors to generate differences in form as well
(Erickson and Perris, 1993; Parichy, 1996; Halloran and
Berndt, 2003). To distinguish between these possibilities, we
examined melanophore behaviors and patterns in genetic
mosaics. These analyses demonstrate a primary role for
extrinsic factors in determining early larval melanophore

contributions to adult stripes, as well as the positions of adult
stripes on the flank.

We transplanted cells from D. nigrofasciatus to D. rerio, and
then reared chimeras through metamorphosis (Parichy and
Turner, 2003a; Parichy et al., 2003). To identify donor D.
nigrofasciatus melanophores, we used D. rerio hosts mutant for
the albino locus, which acts autonomously to the melanophore
lineage to promote melanization, but does not otherwise affect
melanophore development or pigment pattern formation (Lin et
al., 1992); D. nigrofasciatus melanophores thus appear as the
only melanized cells in a field of unmelanized but otherwise
normal melanophores (Lin et al., 1992; Parichy et al., 1999;
Kelsh et al., 2000). To assess the mode of pigment pattern
metamorphosis, we identified chimeras that developed D.
nigrofasciatus early larval melanophores, then we repeatedly
imaged these individuals through metamorphosis.
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Fig. 7. Different fates of early larval melanophores, and
variation in adult melanophore origins across species. All
values are means±s.e.m. (A) Total numbers of early larval
melanophores differ somewhat across species (F6,25=4.44,
P<0.005); black letters within bars indicate post-hoc Tukey
comparisons of means and bars sharing the same letter do
not differ significantly, thus only D. nigrofasciatus and D.
kyathit differ significantly from one another. Total early
larval melanophores for each species comprise
melanophores that remain in the early larval pigment
pattern during metamorphosis (light gray), and
melanophores that leave the early larval stripes during
metamorphosis and localize further laterally over the flank
(brown). Different proportions of early larval melanophores
leave the adult stripes in the different species (arcsine
transformed proportions, F6,25=41.88, P<0.0001). However,
post-hoc means comparisons of numbers and proportions
indicate that D. nigrofasciatus alone differs significantly
from other species (brown letters within bars). (B) Pigment
patterns after metamorphosis differ markedly in total
melanophore numbers across species (F6,25=18.93,
P<0.0001). In all species, a majority of melanophores in the
adult pigment pattern are metamorphic melanophores.
Numbers of early larval neural crest-derived melanophores
in the adult pattern are the same as in A. In adult pigment
patterns, the proportions of early larval melanophores to
metamorphic melanophores differ significantly among
species (arcsine transformed proportions, F6,25=54.56, P<0.0001), yet only D. nigrofasciatus differs significantly from other species in post-hoc
means comparisons. nigrof, D. nigrofasciatus; kyath, D. kyathit; alb, D. albolineatus; T. alb, T. albonubes.
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Fig. 8. Adult hybrid phenotypes exclude major-effect roles for genes
isolated as D. rerio melanophore mutants. (A) Control (wild-type) D.
rerio�D. nigrofasciatus hybrids develop adult dorsal and ventral
primary melanophore stripes (large arrow) with melanophore
numbers similar to those of D. rerio, but with fewer total stripes and
fewer melanophores in the secondary melanophore stripes (small
arrow) that develop as the fish grow (Parichy and Johnson, 2001).
(B) Detail of dorsal primary melanophore stripe. (C) Tester hybrid for
the tfap2a (lockjaw) mutant, a sibling to the hybrid in A. Despite the
absence of melanophores in tfap2a mutant D. rerio (Knight et al.,
2004), tester hybrids have as many melanophores as control hybrids,
suggesting that tfap2 does not contribute substantially to the different
numbers of melanophores between wild-type D. rerio and D.
nigrofasciatus. Minor individual variation in secondary melanophore and stripe numbers does not segregate with tfap2 alleles (data not shown).
(D) Detail of dorsal primary melanophore stripe in tester hybrid, showing a similar number of melanophores to the control in B.
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We predicted that if species differences are autonomous to
the melanophore lineages, then donor D. nigrofasciatus early
larval melanophores should contribute to the adult ventral
melanophore stripe (as in D. nigrofasciatus); if differences
between species are non-autonomous to the melanophore
lineages, then donor D. nigrofasciatus early larval
melanophores should fail to contribute to this stripe (as in
D. rerio). Fig. 12A-D shows a representative D.
nigrofasciatus→D. rerio chimera. Donor D. nigrofasciatus
early larval melanophores are present within the early larval
stripe along the ventral myotomes but do not contribute to the
adult ventral stripe. Thus, early larval melanophore
morphogenesis resembles that of D. rerio rather than that of
D. nigrofasciatus (compare with Fig. 3). Moreover, D.
nigrofasciatus melanophores that differentiated during

metamorphosis did so at the normal location of D. rerio stripes,
rather than further ventrally as in D. nigrofasciatus (compare
with Fig. 3). These findings indicate that factors non-
autonomous to the melanophore lineages determine species
differences in early larval melanophore contributions to adult
stripes, as well as the positions of adult stripes. These results
also obviate the identification of other donor D. nigrofasciatus
cells in D. rerio hosts, as the final distributions of donor
melanophores cannot easily be explained by a simple
coincidence of D. nigrofasciatus melanophores and other D.
nigrofasciatus donor tissues (which might have explained the
alternative result, had donor melanophores behaved like their
own, donor species, rather than the host species).

In reciprocal D. rerio→D. nigrofasciatus chimeras (n>40),
we never observed donor D. rerio melanophores in D.

Fig. 9. Danio rerio mutants exclude and identify pathways for evolutionary changes in D. nigrofasciatus. Shown are selected images of
representative larvae that were imaged throughout pigment pattern metamorphosis. Schematics (bottom row) illustrate the locations of early
larval melanophores (brown) and metamorphic melanophores (black), as determined by the tracing of individual cells from the early larval
pigment pattern into the adult pigment pattern (dorsal scale-associated melanophores are omitted for clarity). (A-D) ednrb1 mutant D. rerio
develop an adult pattern of stripe and spots, superficially similar to D. nigrofasciatus (Parichy and Johnson, 2001). Nevertheless, the underlying
mode of pigment pattern metamorphosis differs from D. nigrofasciatus, as few early larval melanophores contribute to the developing adult
stripes. Arrow in A indicates a newly differentiated metamorphic melanophore. (E-H) puma mutant D. rerio exhibit a severe reduction in
metamorphic melanophore numbers, whereas early larval melanophores (arrowheads) spread laterally over the flank, similar to D.
nigrofasciatus. (I,J) picasso mutant D. rerio also have fewer metamorphic melanophores, and increased persistence of early larval
melanophores (arrowheads). (M-P) Hybrids between D. rerio and D. nigrofasciatus exhibit fewer metamorphic melanophores than D. rerio, yet
early larval melanophores only rarely contribute to the adult stripes (arrowheads), similar to D. rerio but unlike D. nigrofasciatus (compare with
Fig. 3E,J). A few early larval melanophores at the horizontal myoseptum persist into the adult pigment pattern (as in D. rerio), but early larval
melanophores along the ventral myoseptum typically do not join the developing adult ventral primary melanophore stripe (as in D. rerio, but
unlike D. nigrofasciatus). (Q-T) Hybrids between puma mutant D. rerio and D. nigrofasciatus exhibit early larval melanophore behaviors
similar to those seen in D. nigrofasciatus. Although a few early larval melanophores leave their initial positions in control hybrids (P′), these
cells are increased in number in puma tester hybrids, particularly among melanophores in the vicinity of the anal fin (arrowheads, T). Sites of
early larval melanophore stripes are indicated at the dorsal and ventral margins of the myotomes (horizontal arrowheads), and at the horizontal
myoseptum (squares) in A, E, I, M and Q.
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nigrofasciatus hosts, although we frequently observed other
donor tissues (e.g. myotomes, nerves, skin; data not shown).
Similar studies in D. rerio yielded comparable frequencies of
these tissues, but also melanophores (Parichy and Turner,
2003a; Parichy et al., 2003). These data suggest that D.
nigrofasciatus hosts may be compromised in their ability to
support D. rerio donor melanophores, supporting a model in
which species differences in metamorphic melanophore
differentiation are non-autonomous to this lineage as well.

Finally, we investigated whether evolutionary changes in

interactions between melanophores themselves might
contribute to the different metamorphic modes between
species. We reasoned that a reduction in the numbers of
metamorphic melanophores, and thus reduced contact
inhibition of movement (Tucker and Erickson, 1986), might
allow early larval melanophores to leave their initial positions
during metamorphosis in D. nigrofasciatus. To test this
possibility, we transplanted D. nigrofasciatus cells to nacre
mutant D. rerio hosts. nacre mutants lack melanophores owing
to an inactivating mutation in mitfa, which normally acts
autonomously to the melanophore lineage (Lister et al., 1999).
We predicted that if changes in melanophore-melanophore
interactions alone are responsible for species differences, then
D. nigrofasciatus early larval melanophores in nacre mutant
hosts should contribute to the adult ventral stripe (as in D.
nigrofasciatus). If other factors contribute to the species
differences, the D. nigrofasciatus early larval melanophores
should fail to contribute to this stripe (as in D. rerio). Fig. 12F-
I shows a D. nigrofasciatus→nacre mutant D. rerio chimera.
Repeated imaging demonstrates that donor D. nigrofasciatus
early larval melanophores do not contribute to the adult ventral
stripe, which forms at a position similar to that seen in D. rerio.
These data demonstrate that factors extrinsic to melanophore
lineages contribute to differences in pigment pattern
metamorphosis between D. rerio and D. nigrofasciatus.

Discussion
Our analyses provide new insights into the generalized features
of adult pigment pattern metamorphosis in danios and their
relatives, how these patterns evolve, and the derived mode of
pigment pattern metamorphosis in D. nigrofasciatus. These
results suggest a model relating early larval and adult pigment
pattern formation in D. rerio and other species, and how these
processes have been modified in D. nigrofasciatus (Fig. 13).
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Fig. 10. Fewer metamorphic melanophore precursors in D.
nigrofasciatus revealed by in situ hybridization for the melanoblast
markers dct (A-F) and tyr (G-L). (A) During the early stages of
pigment pattern metamorphosis in D. rerio (e.g. Fig. 3B), primary
metamorphic melanophores (arrowhead) differentiate over the
middle of each ventral myotome; these and a few unmelanized cells
(arrow) stain for dct. (B) The corresponding region in D.
nigrofasciatus is devoid of primary metamorphic melanophores and
unmelanized dct+ cells, although the early larval melanophores
located further ventrally are dct+ (arrowhead). (C) At middle
metamorphic stages in D. rerio (e.g. Fig. 3C,D), unmelanized
(arrow) and melanized dct+ cells are abundant over the ventral
myotome in the vicinity of the ventral primary melanophore stripe.
(D) In the corresponding region of D. nigrofasciatus, only melanized
cells express detectable levels of dct, even after overdevelopment
(data not shown). (E) At middle metamorphic stages in D. rerio,
unmelanized dct+ melanoblasts (arrow) are abundant in the vicinity
of the dorsal primary melanophore stripe. (F) In D. nigrofasciatus,
unmelanized dct+ cells (arrow) are infrequent compared with D.
rerio, although a few are present and differentiate as melanophores
(arrowhead), showing melanin in addition to dct staining.
(G-L) Staining for tyr expression is similar to staining for dct. Shown
are similar stages and positions to the corresponding panels in A-F.
Scale bars: 100 µm for A,B,G,H; 40 µm for C-F,I-L.

Fig. 11. L-dopa staining for tyrosinase activity reveals fewer
melanoblasts in D. nigrofasciatus compared with in D. rerio. Shown
are larvae during middle stages of pigment pattern metamorphosis
before (A,C) and after (B,D) incubation with L-dopa. (A,B) In D.
rerio, melanoblasts are revealed by new melanin deposition
(arrowheads show locations of cells before and after incubation).
(C,D) In D. nigrofasciatus, few melanoblasts are revealed in general,
and no new cells are observed in the region shown.
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Ancestral role for post-embryonic latent precursors
in pigment pattern formation
The cellular and genetic bases for adult form are largely
unknown, but elucidating these mechanisms is crucial for a
deeper understanding of human development and disease, as
well as the evolution of morphology. Of particular interest are
traits derived from the neural crest, given the many genetic
disorders and cancers associated with these cells (Chin, 2003;
Farlie et al., 2004), and their major role in vertebrate
diversification (Gans and Northcutt, 1983; Hall, 1999). At least
two extreme models can explain the forms taken by adult traits
derived from the neural crest. First, the particular features
of such traits could be determined entirely by patterning
mechanisms during embryogenesis, while neural crest cells are
migrating, or shortly after their arrival at target tissues. Second,

forms taken by adult neural crest derivatives could depend not
on neural crest cells themselves, but on the patterning of post-
embryonic neural crest-derived latent precursors or stem cells
resident in many tissues (Bixby et al., 2002; Kruger et al.,
2002; Nishimura et al., 2002; Sieber-Blum and Grim, 2004;
Sieber-Blum et al., 2004; Joseph et al., 2004).

Our results suggest a major role for latent precursors,
presumptively of neural crest origin, during the development of
adult pigment patterns in danios and their relatives (Fig. 13).
Lineage analyses revealed that in each species (except
D. nigrofasciatus), adult pigment patterns were formed
principally by metamorphic melanophores derived from latent
precursors, rather than by early larval melanophores derived
from neural crest cells during embryogenesis. The prevalence
of this mode of pigment pattern metamorphosis strongly
suggests that this is a shared, ancestral trait for Danio. To our
knowledge, this represents the first systematic survey across
species to define the cellular origins for an adult neural crest-
derived trait. Previous studies have demonstrated roles for
melanocytes derived from stem cells in the development of
mammalian pigmentation (Nishimura et al., 2002), and for
melanophores derived from latent precursors in pigment pattern
formation of some teleosts, including D. rerio (Johnson et al.,
1995; Sugimoto, 2002; Parichy and Turner, 2003b). Latent
precursors probably also generate adult pigment patterns of
many amphibians (Parichy, 1998). Likewise, the adult
epibranchial cartilage of the salamander Eurycea bislineata
arises from a discrete population of cells in the perichondrium
of the larval neural crest-derived epibranchial cartilage (Alberch
and Gale, 1986). Given the presence of post-embryonic neural
crest stem cells and specified latent precursors in a variety of
tissues (see Introduction), it will be interesting to determine the
extent to which other adult traits depend on these cells (as
distinct from embryonic neural crest cells) for their initial
patterning, maintenance, and repair after injury.

The comparative approach we have taken also implicates

Fig. 12. Non-autonomous factors underlying the differences in
pigment pattern metamorphosis between D. rerio and D.
nigrofasciatus, revealed by interspecific genetic mosaic analyses.
Shown are selected days in the development of two representative
chimeras (n=10), taken from a complete image series through
pigment pattern metamorphosis. (A-D) D. nigrofasciatus cells
transplanted into albino mutant D. rerio. Melanized donor
melanophores differentiate at embryonic stages within the early
larval melanophore stripes (arrowheads, A). Yet these donor
melanophores fail to contribute to the ventral primary melanophore
stripe, as for host melanophores. Subsequently, donor metamorphic
melanophores differentiate over the flank and contribute to adult
primary melanophore stripes located at positions that are
indistinguishable from host stripes. Arrow in D marks the primary
ventral melanophore stripe (a, aorta; compare with Fig. 3E). (F-I) D.
nigrofasciatus cells transplanted to nacre mutant D. rerio. Despite
the absence of host melanophores, donor early larval melanophores
still fail to contribute to the ventral primary melanophore stripe,
which forms in the normal position for D. rerio (arrows, G-I). In this
individual, a secondary adult melanophore stripe comprising late-
appearing metamorphic melanophores has started to form ventrally
(small arrow, I). Schematics (D′,I′) illustrate the locations of early
larval melanophores (brown) and metamorphic melanophores
(black), as revealed by following individual cells throughout
development. Dorsal scale-associated melanophores are omitted for
clarity.
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post-embryonic, latent precursors of presumptive neural crest
origin in the generation of organismal diversity. We examined
species exhibiting a variety of adult pigment patterns, including
horizontal stripes that are compact (D. rerio, D. kyathit) or
diffuse (D. kerri, T. albonubes), as well as vertical bars (D.
choprae) and uniform patterns (D. albolineatus). Despite this
variation in adults, the larvae of these species exhibit
melanophore patterns that are indistinguishable from one
another, except for small differences in melanophore numbers
(see Fig. S1 in supplementary material; Fig. 7A). Our results
demonstrate that much of the pigment pattern diversity of
adults reflects interspecific variation in the differentiation
and morphogenesis of metamorphic melanophores that are
derived from latent precursors or stem cells, rather than
the reorganization of embryonic neural crest-derived
melanophores. That embryonic/early larval pigment patterns
and adult pigment patterns depend on different melanophore
lineages suggests a mechanism by which these pigment
patterns may be relatively uncoupled across life-cycle stages.
Thus, evolutionary responses to selection on the adult pigment

pattern may be relatively unconstrained by features of the
earlier developing embryonic/early larval pigment pattern, if
genetic controls differ to some extent between neural crest-
derived and metamorphic melanophore lineages (Haldane,
1932; Ebenman, 1992; Parichy, 1998). Indeed, several D. rerio
pigment pattern mutants have defects limited to particular
embryonic or metamorphic melanophore lineages (Johnson et
al., 1995; Parichy et al., 1999; Parichy et al., 2000a; Parichy et
al., 2000b; Parichy and Turner, 2003). Nevertheless, the extent
of genetic independence across life-cycle stages – and its
evolutionary consequences – remains an empirical question
that deserves further analysis.

Evolution of pigment pattern metamorphosis in D.
nigrofasciatus
A central problem in evolutionary developmental biology is the
extent to which similar phenotypes depend on the same or
different underlying mechanisms. Several recent analyses have
demonstrated the repeated, independent evolution of traits via
common underlying genetic changes (Sucena et al., 2003;
Mundy et al., 2004; Shapiro et al., 2004). Such cases of
evolutionary parallelism suggest that pathways of evolutionary
change in development may be more limited than classical
evolutionary theory might suggest (Barton and Turelli, 1989).
By contrast, other analyses reveal divergent mechanisms
underlying repeated trait evolution (Hoekstra and Nachman,
2003; Wittkopp et al., 2003). Despite this recent focus on traits
that have evolved independently, we still know little about
developmental variation underlying traits having a common
evolutionary origin.

Our analyses reveal substantial differences in stripe
development between D. rerio and D. nigrofasciatus, despite
the superficial similarity of the final stripes that form, and the
close phylogenetic relationship of these species. Cryptic
patterning variation has been observed for other traits (Hall,
1984; Minsuk and Keller, 1996; Jungblut and Sommer, 2000),
and argues for the importance of a comparative approach
in validating conclusions gleaned from studies of model
organisms (Parichy, 2005; Bolker, 1995; Metscher and
Ahlberg, 1999). Such variation may reflect selection to
maintain a particular adult phenotype, in the absence of
selection for precisely how this phenotype is achieved. The
roles of teleost pigment patterns in predation avoidance, mate
recognition, mate choice and shoaling behavior suggests strong
selection on adult phenotypes (Endler, 1983; Houde, 1997;
Couldridge and Alexander, 2002; Engeszer et al., 2004;
Allender et al., 2003); the behavioral roles and selective
consequences of early larval and metamorphic pigment
patterns remain wholly unexplored.

Adult pigment pattern formation in D. nigrofasciatus differs
from that of D. rerio in having a lesser contribution from
metamorphic melanophores, and a correspondingly greater
contribution from persisting early larval melanophores (Fig.
13). Thus, D. nigrofasciatus may be viewed as exhibiting a
heterochronic change in pigment pattern development, with a
relatively paedomorphic (or juvenilized) mode when compared
with the inferred ancestral condition. This uncoupling of
pigment pattern and somatic metamorphosis is somewhat
similar to several species and subspecies of salamanders, in
which adult spots and stripes appear during the larval stage,
prior to somatic metamorphosis (Anderson, 1961; Anderson
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Fig. 13. Model for the development of early larval and adult neural
crest derivatives. In embryos, neural crest (nc) cells develop into a
variety of derivatives, including early larval glial cells (ELG) and
early larval melanophores (ELM). Some cells are set aside as post-
embryonic stem cells or specified precursors (m) that will be
recruited to differentiate during metamorphosis. During the larval-to-
adult transformation, metamorphic glia (MG) (Parichy et al., 2003)
and metamorphic melanophores (MM) differentiate from latent
precursors, with melanophores passing through a melanoblast
intermediate (MB, expressing the melanophore lineage markers dct
and tyr; gray circle). Additionally some early larval melanophores
can transit the metamorphic boundary and persist into the adult
pigment pattern, although relatively few do so in D. rerio or in most
of the other species examined in this study. In D. nigrofasciatus,
there has been a reduction (right red arrow) in metamorphic
melanophores owing to an early block in this lineage, possibly
associated with a puma-dependent pathway; concomitantly, there has
been an increase (left red arrow) in the number of early larval
melanophores persisting into the adult pigment pattern.
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and Worthington, 1971; Parichy, 1998). Dissociability of
pigment pattern and somatic metamorphosis may be a
generalized feature of post-embryonic development in these
ectothermic vertebrates.

The reduction of metamorphic melanophores and the
persistence of early larval melanophores in D. nigrofasciatus
also is reminiscent of several D. rerio mutants. This
concordance highlights the utility of D. rerio mutants both for
understanding developmental mechanisms within zebrafish,
and for framing hypotheses that can be tested across species to
dissect mechanisms of evolutionary change. In this study, we
examined roles for several of these mutant loci in pigment
pattern diversification using interspecific complementation
tests (Parichy and Johnson, 2001). Only hybrids between D.
nigrofasciatus and puma mutant D. rerio exhibited non-
complementation phenotypes, with fewer metamorphic
melanophores and increased early larval melanophores
persisting into the adult pattern, when compared with control
hybrids. This observation raises the possibility that puma
activity differs between species, and might therefore explain
the derived mode of pigment pattern metamorphosis in D.
nigrofasciatus. Nevertheless, puma acts autonomously to the
metamorphic melanophore lineage (Parichy et al., 2003),
whereas interspecific genetic mosaics constructed in this study
reveal differences that are non-autonomous to melanophore
lineages (see below). Thus, it seems unlikely that variation at
the puma locus itself contributes to these species differences.
Rather, the non-complementation phenotype may reflect
interspecific variation in a sensitized puma-dependent pathway.
Consistent with this idea, our analyses demonstrate that both
puma mutant D. rerio (Parichy et al., 2003) and D.
nigrofasciatus exhibit far fewer metamorphic melanophore
precursors than wild-type D. rerio. These findings imply a
change in the early development or specification of the
metamorphic melanophore lineage in D. nigrofasciatus. This
early block differs from the situation found in several species
of Astyanax cave fish (McCauley et al., 2004) and D.
albolineatus (Quigley et al., 2005), in which melanophore
numbers are reduced owing to a later block in this lineage, such
that melanoblasts develop but then fail to differentiate or
survive. Examination of additional species should allow a more
complete reconstruction of the evolutionary history of
melanophore patterns and melanophore lineage modifications
across taxa.

Besides the reduction in metamorphic melanophores, D.
nigrofasciatus exhibit a dramatic increase in the contribution
of early larval melanophores to the adult pigment pattern. By
examining melanophore behaviors and patterns in interspecific
genetic mosaics, we demonstrate that factors non-autonomous
to melanophore lineages determine the different behaviors of
these cells between species. This contrasts with several studies
that have identified changes autonomous to neural crest or
melanophore lineages in determining species differences
(Twitty and Bodenstein, 1939; Twitty, 1945; Rawles, 1948;
Epperlein and Löfberg, 1990; Schneider and Helms, 2003),
although some of these results are open to alternative
interpretations (Parichy, 1996; Parichy, 2001). Our findings
suggest that the relative roles of intrinsic and extrinsic factors
differ both across species and across traits, and it is too
simplistic to ascribe evolutionary changes to intrinsic factors
alone.

At least two models can be suggested for the non-
autonomous factors contributing to the differences in early
larval melanophore morphogenesis between D. rerio and
D. nigrofasciatus. First, early larval melanophores could
reorganize in D. nigrofasciatus owing to the reduced numbers
of metamorphic melanophores, which might otherwise prevent
the cells from leaving their original positions within the early
larval stripes by contact inhibition of movement (Tucker and
Erickson, 1986). This explanation would suggest a relatively
simple pattern regulatory process, such that early larval
melanophores fill gaps resulting from reduced numbers of
metamorphic melanophores (Milos and Dingle, 1978b). Our
examination of genetic mosaics between D. nigrofasciatus and
nacre mutant D. rerio, which lack melanophores, excludes the
loss of interactions between metamorphic melanophores and
early larval melanophores as being the sole factor underlying
the difference between species. Second, early larval
melanophores could reorganize owing to changes in other
factors in the extracellular environment. Consistent with this
idea, the adult ventral melanophore stripe develops closer to
the myotome edge in D. nigrofasciatus than in D. rerio.
Conceivably, D. nigrofasciatus early larval melanophores may
be close enough to respond to stripe-forming cues that D. rerio
early larval melanophores do not encounter because these cues
are situated further dorsally on the flank. The difference
between species also may reflect multiple partially redundant
changes in factors extrinsic to the melanophore lineage. These
possibilities are now being addressed by additional cell
transplantation studies and by seeking the nature of the stripe-
forming cues themselves.
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