
 
 
 
 
 
 
 
 
 

Copyright 
 

By 
 

Ian Kirk Quigley 
 

2008 



 

 
 
 

 
The Dissertation Committee for Ian Kirk Quigley 

certifies that this is the approved version of the following dissertation: 
 
 
 
 

Pax6 and Six1/2 orthologs in leech ectodermal patterning 
 
 
 
 

Committee: 
 
       
Marty Shankland, supervisor 
 
       
Dan Bolnick 
 
       
Jeff Gross 
 
       
Tom Juenger 
 
       
David Stein 



 

Pax6 and Six1/2 orthologs in leech ectodermal patterning 

 

by  

Ian Kirk Quigley, B.A. 

  

Dissertation  

Presented to the Faculty of the Graduate School of 

the University of Texas at Austin  

in Partial Fulfillment  

of the Requirements  

for the Degree of  

Doctor of Philosophy  

  

The University of Texas at Austin  

December, 2008  

 



 
 

iv

 “A skilful leech is better far, than half a hundred men of war.” - Samuel Butler  

 

 The transformation of a single cell into an embryo is a fascinating, dynamic, and complex 

process. Experimental embryological techniques first described how such development occurred: 

fates of cells were mapped, and tissues were transplanted or removed to determine their effects 

on the embryo and the embryo's effects on the tissue. For over a hundred years, steady hands 

have manipulated embryos, and steady eyes have squinted through microscopes to observe the 

results. Investigations into embryos typically hinged on their easy availability, and such a 

constraint introduced wide phylogenetic distance into the laboratory. Many types of animal 

embryos were subjected to experimentation, and an early conclusion to be drawn from such work 

is that different animals have different shapes. 

 

 In many ways, the embryonic strategies that animals use to generate these shapes are 

even more different. For example, whether an embryo gastrulates through the mouth first 

(protostome) or the mouth second (deuterostome) tells us where it lies with respect to the 

greatest division between all bilaterian animals. Among protostomes and deuterostomes, there 

are yet more divisions among embryonic strategies. In the vertebrates, the cellular movements 

underlying gastrulation are barely recognizable when compared from fishes to amphibians to 

mice to humans. In the insects, posterior segments may be entirely encompassed in the early 

embryo or added on later. These startling differences seem more amazing still when one observes 

that the end result of these alternative embryonic strategies may be nearly identical: many adult 

vertebrates  have an extremely similar axial skeleton, and many insect segments superficially 

look quite alike. What are the mechanisms by which embryos are patterened? What are their 
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similarities and differences? 

 

 In the past quarter-century, the molecular details of some of these processes have come to 

light. So far, however, only a few animals enjoyed close molecular scrutiny. The fruit fly, the 

nematode worm, the zebrafish, the African clawed frog, the chicken, and the mouse have all been 

the focus of such studies, and a vast number of genes necessary for the proper patterning of these 

embryos have been uncovered. A subset of these genes have been shown to be crucial in 

patterning the embryo in similar ways, despite yawning differences in embryonic strategies. For 

example, secreted members of the bone morphogenetic protein family and its antagonists control 

patterning in the embryo in the top-to-bottom axis, whether that embryo is a fly or a frog, 

whether the central nervous system is dorsal, ventral, or not central at all but rather the diffuse 

nerve net of the acorn worm. We see that many of the same genes are deployed again and again 

in animals across a wide phylogenetic distance and through vastly different-looking embryos, yet 

they fundamentally control many of the same processes. Across these animals, there has been a 

deep conservation of amino acid sequence of many such genes, suggesting selection for their 

function across many lineages. At the same time, as these different animals employ different 

embryonic strategies, these genes may be deployed differently. How can this be? Put another 

way, how do animals look different using the same genes? One obvious potential answer answer 

lies not what the genes do differently, but where and when they are used. 

 

 To document one example of conserved genes deployed in seemingly different processes 

of the embryo, I have elected to study a model organism that has received little molecular 

attention, the humble leech. Of the three great clades of bilaterian animals, the deuterostomes are 
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represented by the fish, frog, mouse and chicken for molecular studies; ecdysozoans are known 

by studies in the fruit fly and nematode worm; but the lophotrochozoa - an enormously variable 

clade that includes molluscs, polychaetes and leeches - do not have a representative model 

species with deep molecular resources. Many lophotrochozoans do, however, have extremely 

interesting embryology. 

 

 The generation of ectodermal and mesodermal segments in the leech proceeds through a 

process of large cells called teloblasts that divide asymmetrically. Fate mapping studies have 

shown that a series of pairs of teloblasts, one half of each pair for the left and one for the right 

side of the embryo, make stereotyped contributions to the ectoderm and mesoderm in a 

segmentally iterative fashion. Cell-to-cell interactions that assist in specifying the O and P 

teloblast lineages, which give rise to lateral and dorsal ectoderm, respectively, have been 

explored extensively with lineage tracing and cellular ablations. Despite this body of knowledge 

regarding teloblast lineage specification by instructions from neighbors or simple autonomy, 

little is known about the genes required for these processes. Until quite recently, precious few 

genes were known to be expressed in a teloblast lineage-specific manner. 

  

 In 2007, Jeff Woodruff, Brian Mitchell and Marty Shankland showed that a transcription 

factor in the Pax3/7 subfamily of Pax genes, Hau-Pax3/7a, is expressed in the entirety of the M 

teloblast lineage, immediately after the M teloblast itself undergoes an asymmetric division. 

Moreover, they had evidence that Hau-Pax3/7a was critical for proper mesoderm segmentation 

and differentiation. Given that Pax genes are widely conserved across many animal species, this 

finding led us to wonder if other Pax genes might be important in leech developmental 
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processes, and more specifically, if any might be required for the specification of teloblast 

lineages. Additionally, I had noticed a consistent deployment of Pax genes along with members 

of the six gene family, the eyes absent gene family, and the dachshund gene family together 

across many animal lineages and tissue types, leading me to wonder if genes from these 

additional families might prove to be downtream targets in the leech. To these ends, I cloned one 

leech Pax gene and one leech six gene and examined their expression in the developing embryo. 

The locations and timing of their deployment did not disappoint. 

 

 In part I of my dissertation I describe the cloning and expression patterns of one ortholog 

of the Pax6 subfamily of Pax transcription factors, Hau-Pax6A. Hau-Pax6A is expressed 

primarily in a subset of early blast cells deriving from the N lineage, which itself gives rise to 

elements of the central nervous system. I show that Hau-Pax6A is first expressed in an N 

secondary blast cell, ns.a, which subsequently makes contributions to anterior lobe of one half of 

the ganglion found in a given midbody segment, and that it is also expressed in an O blast cell, 

o.apapl.  Hau-Pax6A expression largely proceeds through the embryo in an anterior-to-posterior 

wave; given that asymmetric division of teloblasts down the body axis in an anteroposterior 

fashion generate the length of the embryo, Hau-Pax6A expression is likely necessary for the 

differentiation of CNS ganglia at a specific point in time and then turned off. Hau-Pax6A is also 

expressed in two large spots corresponding to the future supraesophageal ganglia, or the 

unsegmented brain.  

 

 In part II of my dissertation I describe the cloning and expression pattern of Hau-six1/2a, 

an ortholog of the six1/2 subfamily of six transcription factors. I demonstrate that Hau-six1/2a is 
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expressed in every cell in the P lineage immediately after the p bandlet enters a collection of 

lineages that encompass all of the ectoderm and mesoderm of one half of the embryo called the 

germinal band. The P lineage is thought to be specified by induction from neighboring teloblasts, 

and through a series of cell ablations, I show that Hau-six1/2a expression is dependent on the 

presence of the Q and M lineages in the midbody of the leech, and that the neighboring O lineage 

is competent to express Hau-six1/2a when it receives inductive signals in the absence of P. 

Moreover, I show data that suggest Hau-six1/2a responds in a manner dependent on signaling 

dosage from its neighboring inducers. 

  In the rostral segmented ectoderm of the embryo, the O and P lineages are not generated 

by two different teloblasts but instead by a single proteloblast, OP. op blast cells then generate a 

full complement of O and P contributions to the anterior ectoderm, but individual blast cells 

contribute elements completely to O derivatives, P derivatives, or both. I show that Hau-six1/2a 

is expressed in a subset of these cells and that Hau-six1/2a is not directly a marker of P cell fate 

in the rostral ectoderm, hinting at a lability of function even in different parts of the same 

embryo. 

 

 There are two substantial appendices to this thesis. In what was roughly the first half of 

my graduate career, I studied Danio pigment pattern evolution in Dave Parichy's lab. Parichy 

went on to greener pastures at the University of Washington, but before he left, I managed to 

complete two projects. 

 

 The first was an effort to examine the redeployment of dark, melanized pigment cells, or 

melanophores, in the larvae of the spotted danio, Danio nigrofasciatus, into the adult pigment 
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pattern, and contrast that redeployment to pigment pattern development strategies of other danio 

species. There, I showed that in a clade of some eight species, across three genera, Danio 

nigrofasciatus was unique in recycling its larval pigment cells and recruiting them to join newly-

differentiated pigment cells in the adult pattern. Complementation tests between Danio rerio 

pigment pattern mutants and Danio nigrofasciatus wild-types suggested a candidate pathway, the 

puma pathway, for this cell behavior. I demonstrated that Danio nigrofasciatus adults had fewer 

melanophores than all other species examined, and that this was not due to a lack of 

melanoblasts, their immediate cellular precursors. Finally, I showed that the ability of Danio 

nigrofasciatus larval melanophores to be recruited to the adult pattern was non-autonomous, 

suggesting that they were being instructed to do so by signals in the animal's flank. 

 

 In the second appendix, I investigated a Danio rerio pigment pattern mutant of the 

tyrosine kinase receptor fms, that lacks all xanthophores, or yellow pigment cells. 

Complementation tests between fms Danio rerio and Danio albolineatus, a danio species with a 

diffuse pigment pattern, suggested that fms loss-of-function might be responsible for the pigment 

pattern difference between the two species, and whether changes in fms signaling might be 

responsible for pigment pattern variation generally in other species. To test the first possibility, I 

and others conducted interspecific complementation tests between wild-type Danio rerio and fms 

Danio rerio x Danio "hikari", Danio albolineatus, Danio aff. albolineatus, Danio choprae, 

Devario dangila, Danio kyathit, and Danio nigrofasciatus. We found that the first four species's 

pigment patterns were  dependent on wild-type fms signaling. To test specifically for fms, rather 

than other alleles that might be in the fms background, I conducted a cross between Danio 

albolineatus and a temperature-sensitive fms allele, and was able to disrupt the hybrid's pigment 
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pattern at a restrictive temperature and rescue it at a permissive temperature. Finally, a close 

examination of Danio albolineatus pigment patterns showed a high number of fms-dependent 

xanthophores, suggesting that difference of fms dependence between species of danios might not 

be a true loss-of-function but instead merely be highly dependent on appropriate fms signaling. 

 

 In the two main leech stories, and the ancillary fish stories, I have explored themes of 

different species using the same genes or cells in different ways. Evolution, it has been 

suggested, is descent with modification. It should not be surprising to us that networks of genes, 

or extant cell types, might be redeployed in different settings, times, and tissues across 

evolutionary history. Indeed, the utility of employing model systems to study human disease 

hangs on the very notion that such systems are similar to a developmental or disease process in 

some way. While in some cases this is undoubtedly true thanks to a short phylogenetic distance 

(mice as a proxy for humans come to mind), we may yet learn that once evolution has solved a 

particularly tricky physiological or developmental problem with a specific set of genes that we 

might see similar or identical combinations of such genes reoccurring in different places. Thus, 

similar processes might be expected to use similar, or even the same, genes.  Groups of 

orthologous genes that work well together might also find themselves in new situations and 

solving new problems, thanks to duplications and subfunctionalizations. These two notions in 

concert, I feel, will explain much of variation - and of the sameness - observed in the animal 

kingdom. 

 I would never have come this far without standing on many sturdy sets of shoulders. I 

would like to thank my advisor, Marty Shankland, for his excellent eyes, care, and mentorship; 

Dave Parichy for his zeal and insight, and Ray Engeszer for his jokes. I would be remiss to 
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neglect the towering John Wallingford, who has influenced me greatly in both past and future 

projects. I must also thank my parents for their unending support. Lastly, I owe this work to 

Jessica Montgomery, who is better-studied in self-improvement and happiness than anyone else I 

know by a long shot. 
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 Clitellate annelids display conserved mechanisms of segmental ectodermal and 

mesodermal patterning. These tissues are generated by asymmetric divisions of large stem cells 

called teloblasts, elongating the ectoderm and mesoderm of the embryo. Each teloblast-derived 

lineage makes highly stereotyped contributions to the leech: the N, O, P, and Q contribute 

specific neurons, epidermis, and other ectodermal tissues along the ventral-to-dorsal axis of the 

embryo, respectively. The N and Q ectodermal lineages appear to be specified autonomously, but 

specification of the O and P lineages depends upon interactions with other, neighboring teloblast 

lineages. Until quite recently, there have been precious few teloblast lineage-specific markers, 

and virtually no molecular candidates for genes influencing the proper differentiation of any of 

these lineages. Here, I explore the possibility that members of the Pax-Six-Eyes absent-

Dachshund network are involved in leech ectodermal patterning. I show that the leech 

Helobdella sp. Austin has two Pax6 paralogs, and demonstrate that Hau-Pax6A is expressed 

early in a subset of N-derived cells and O-derived cells. Next, I demonstrate that an ortholog of 
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the six gene family, Hau-six1/2a, is expressed in the P lineage. I  show through a series of cell 

ablations that Hau-six1/2a expression is regulated by neighboring teloblasts in a manner 

consistent with P fate induction, hinting that this transcription factor may be involved in P 

specification. The identification of these genes is a first step towards dissecting the molecular 

mechanisms of ectodermal teloblast differentiation in the leech embryo. The evolutionary 

context of the deployment of these genes is also discussed. 

 In the appendices, I present two projects on the evolution of pigment patterns in Danio 

rerio and its relatives. In the first, I show that the larval melanin-containing pigment cells of 

Danio nigrofasciatus are uniquely redeployed into the adult pigment pattern, in contrast to seven 

related fishes. In the second, I show that variation in yellow pigment cell populations in different 

danio species may be dependent on variable signaling through the receptor tyrosine kinase fms 

pathway. 
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Hau-Pax6A expression in the nervous system of the leech embryo. 
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INTRODUCTION 

 The leech CNS has been used to study numerous topics in development and 

physiology (Kristan et al. 2005). The stereotyped cell lineage of the leech embryo is well 

characterized (Stent et al. 1992), and phenomena such as neurogenesis (Baptista et al. 

1990), axonal pathfinding (Baker and Macagno 2000; Venkitaramani et al. 2004), 

synaptogenesis (Johnson et al. 2000; Marin-Burgin et al. 2005), and neuronal cell death 

(Macagno and Stewart 1987; Shankland and Martindale 1989) have been examined in 

detail. The morphogenesis and segmentation of the central nervous system (CNS) have 

also been investigated using cellular methodologies (Blair 1982; Stuart et al. 1989; 

Torrence et al. 1989; Ramírez et al. 1995; Shain et al. 1998, 2000), but little is known 

about the regulation of CNS morphogenesis at the molecular level.  

 In the leech, the mature CNS is composed of a segmented ventral nerve cord 

connected at its anterior end to an unsegmented supraesophageal ganglion (Stent et al. 

1992). The segmented tissues arise from a defined set of large, embryonic stem cells 

called ‘teloblasts’ (Weisblat and Shankland 1985), each of which undergoes a series of 

highly asymmetric stem cell divisions to produce a linear column of primary blast cell 

daughters (Fig. 1). One bilateral pair of M teloblasts generates the mesodermal germ 

layer, and four bilateral pairs of N, O, P, and Q teloblasts generate the ectoderm. Blast 

cells are designated by the same letter as their parent teloblast in lower case and function 

as segmental founder cells for that teloblast lineage.  
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 Early in gastrulation, the five ipsilateral blast cell columns merge to form a 

germinal band in which the N, O, P, and Q lineages are arrayed in ventral-to-dorsal order 

over the surface of the M lineage (Fig. 1 inset). The oldest blast cells are the first to enter 

the germinal band and will eventually contribute their clones to the anteriormost body 

segments (Fig. 1). As the blastopore closes, the right and left germinal bands meet along 

the ventral midline and fuse to form the germinal plate (Fig. 1). The ganglia of the CNS 

develop along this midline.  

 The segmentation of the leech CNS is implicit in the division pattern of the 

teloblastic stem cells (Weisblat and Shankland 1985). For example, each N teloblast 

generates an alternating sequence of daughters designated ns and nf blast cells (Bissen 

and Weisblat 1987). Each ns cell generates a descendant clone of 70–80 neurons that 

populate the anterior quadrant of a segmental ganglion or neuromere (Shain et al. 1998). 

The nf cell produced by the next N teloblast division generates a descendant clone of 

similar size that primarily populates the posterior quadrant of that same hemiganglion. 

Together, the right and left N lineages account for roughly two thirds of the central 

neurons, with additional neurons migrating into the ganglion from the other teloblast 

lineages. Unlike the N and Q teloblasts, the M, O, and P teloblasts each generate only one 

blast cell per segment (Weisblat and Shankland 1985).  

 The developmental cues required for ganglion formation have been studied with 

embryonic cell ablation. Unilateral ablation of an M teloblast leads to irregular 

segmentation on the ipsilateral side of the CNS (Blair 1982; Torrence et al. 1989). This 
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ablation eliminates only a few neurons and is thought to influence gangliogenesis by 

removing a positional framework of mesoderm-derived cues that guide the neural 

sublineages to appropriate locations (Torrence et al. 1989). A similar although milder 

disruption of CNS segmentation is produced by knocking down the expression of the 

Hau-Pax3/7A gene in the segmental mesoderm (Woodruff et al. 2007), suggesting that 

this transcription factor may be involved in the generation and/or deployment of such 

cues.  

 Other studies have suggested that the N lineage coordinates its own segmental 

morphogenesis autonomously. For instance, certain aspects of gangliogenesis still occur 

in the absence of the mesoderm (Shain et al. 2000). In addition, unilateral ablation of an 

N teloblast lineage disrupts ganglion formation (Blair and Weisblat 1982; Stuart et al. 

1989), and the ablation of a single nf cell prevents the formation of an interganglionic 

fissure (Ramírez et al. 1995; Shain et al. 2000). Early reports suggested that the leech’s 

engrailed gene might play a critical role in the formation of this fissure (Ramírez et al. 

1995), but subsequent work suggests that this is unlikely to be the case (Shain et al. 

2000).  

 We here report the identification of two Pax6 genes from the leech Helobdella sp. 

(Austin) and show that Hau-Pax6A is primarily expressed in the N teloblast lineage. 

Genes of the Pax6 subfamily encode transcription factors with two discrete DNA-binding 

domains: an upstream paired domain and a downstream homeodomain (Balczarek et al. 

1997). Pax6 genes are best known for their widely conserved role in eye development 
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(Callaerts et al. 1997) and have also been implicated in the development of the CNS 

(Stoykova et al. 1997; Kammermeier et al. 2001; Callaerts et al. 2001). In leech embryos, 

Hau-Pax6A is expressed in a cell population associated with the developing eye 

primordium and also displays a segmentally iterated expression pattern that precedes and 

may contribute to the morphological segmentation of the CNS.  
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MATERIALS AND METHODS 

Animals  

 Embryos were taken from a laboratory breeding colony established in 1997 with 

leeches collected in Austin, TX. This population was originally described as H. robusta 

on the basis of morphology (Seaver and Shankland 2000), but molecular phylogenetic 

analysis suggests they are a distinct and as yet unnamed species (Bely and Weisblat 

2006), referred to here as Helobdella sp. (Austin).  

 Adult leeches were maintained in 1% artificial seawater and fed on pond snails 

collected at the University of Texas Brackenridge Field Laboratory. Embryos were raised 

at 24°C in a defined saline and staged according to the Stent et al. (1992) system for H. 

triserialis. 

 

Identification and cloning of genes  

 Hau-Pax6A was isolated from the cDNA by the polymerase chain reaction (PCR) 

using degenerate primers targeted to conserved amino acid sequences (VSNGCV and 

FAWEIR) in the paired domain. We extended the mRNA sequence in the 5′ and 3′ 

directions by the rapid amplification of cDNA ends (RACE) technique, using the Gene 

Racer kit and gene-specific primers on cDNA synthesized at 63°C with Thermoscript 

reverse transcriptase (Invitrogen). Primer sequences are available upon request.  

 A partial transcript Hau-Pax6B was isolated from the cDNA using gene-specific 
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primers predicated on a second Pax6 homolog identified from genome sequence traces of 

the leech H. robusta, available at http://www.ncbi.nlm.nih.gov/blast/tracemb.shtml.  

 The phylogenetic relationship of the leech Pax6 genes was examined with PAUP 

4.0b10.  

 

RNA analysis  

 The size of the Hau-Pax6A mRNA was determined by gel electrophoresis and 

Northern blotting. Total RNA from stage 8–10 embryos was isolated with Tri-Reagent 

(Molecular Research Center), run on a 1.5% agarose denaturing gel, transferred to nylon, 

and hybridized overnight with a 1.0-kb digoxigenin (DIG)-labeled riboprobe 

complementary to Nt 533–1,489. Hybridization was detected by alkaline phosphatase 

immunostaining using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate 

substrates.  

 Accumulation of RNA during embryogenesis was measured with reverse 

transcription PCR (RT-PCR). Embryos were collected at various times after egg 

deposition, and maturing oocytes were dissected from the ovary of a gravid adult. For 

each developmental stage, total RNA was extracted with the RNAqueous kit (Ambion) 

and reverse transcribed using random primers. A region of the Hau-Pax6A transcript (Nt 

533–772) was then amplified using gene-specific primers, and an 18S rRNA sequence 

was amplified in parallel as a loading control (QuantumRNA, Ambion).  

 Cellular distribution of RNA was examined by whole mount in situ hybridization 
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(Nardelli-Haefliger and Shankland 1992). DIG-labeled sense and antisense riboprobes 

were generated from the 1.0-kb clone used for northern blot analysis, and hybridization 

was visualized with the same reagents. Stained embryos were either cleared in glycerol or 

dehydrated through an ethanol series and cleared in a 3:2 mixture of benzyl 

benzoate/benzyl alcohol. Some specimens were embedded in POLYBed 812 plastic 

(Polysciences) and handcut by razor blade into 0.1-mm sections. All specimens were 

imaged with a Diagnostic Instruments Spot CCD camera.  

 

Lineage tracing  

 To trace cell lineages, identified blastomeres were microinjected with a 10-kDa 

tetramethylrhodamine- or fluorescein-dextran-amine (Molecular Probes) at 50 mg/ml, 

with 2% Fast Green FCF added to monitor injection volume. Injected embryos were 

counterstained with 2.5 μg/ml Hoechst 33258 and viewed on a Nikon E800 fluorescence 

microscope.  
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RESULTS 

Gene isolation  

 A novel Pax6 gene was identified in Helobdella sp. (Austin) by degenerate RT-

PCR, and the two ends of the gene product were amplified by RACE. The RACE 

products predicted a 3,520-bp mRNA with a polyA tail, and Northern blots of embryonic 

RNA revealed a single band of roughly this size (Fig. 2a). We designated this gene Hau-

Pax6A and deposited a consensus cDNA sequence in GenBank under accession no. 

EF375876. 

 After the isolation of Hau-Pax6A, we identified two Pax6 homologs in the online 

genome sequence of the closely related leech H. robusta. We used this sequence 

information to clone a second Helobdella sp. (Austin) Pax6 homolog, which we have 

designated Hau-Pax6B. A partial cDNA sequence of the latter gene has been deposited in 

GenBank under accession no. EF394359.  

 

Molecular characterization  

 Conceptual translation of the Hau-Pax6A cDNA revealed a paired domain at Nt 

297–680 (Fig. 3a) and a homeodomain in the same reading frame at Nt 1443–1622 (Fig. 

3b). Outside of these two domains, we did not detect any significant similarity to other 

known protein sequences. Some Pax6 genes encode a proline-, serine-, and threonine-rich 

transactivation domain in the C-terminal region (Czerny and Busslinger 1995), but the 
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latter motif was not evident in Hau-Pax6A. The 3′ RACE products indicated that the 

RNA was polyadenylated, and a polyadenylation signal sequence was found at Nt 3499–

3504.  

 Splicing and polyadenylation suggested that the Hau-Pax6A transcript was 

translated mRNA, but none of our Hau-Pax6A cDNAs had an upstream ATG codon 

inframe with the paired domain coding sequence. The five longest 5′ RACE products had 

stop codons 0.2 kb upstream of the paired domain, with two intervening ATG sequences 

that were not in the same reading frame as the paired domain. There was an inframe CTG 

codon at Nt 282–284; if the latter sequence functioned as a noncanonical translation start 

site (Riechmann et al. 1999), then the consensus cDNA would encode a 933 amino acid 

protein.  

 There were sequence variations in our cloned Hau-Pax6A cDNAs suggestive of 

polymorphisms in the leech population. Most involved short indels in stretches of 

repetitive sequence, i.e., variable numbers of AAT/AAC repeats in three strings of 

asparagine codons and variable numbers of TCA repeats in a string of serine codons. 

These putative polymorphisms only affected the predicted protein sequence downstream 

of the homeodomain.  

 Conceptual translation of the Hau-Pax6B fragment revealed a paired domain from 

Nt 0-381 and a homeodomain in the same reading frame from Nt 686-864 (Fig. 3a, 3b). 

In the 3', presumptive transactivation region of Hau-Pax6B, there was some evidence of 

the proline-, serine-, and threonine-rich motif mentioned above (data not shown). 
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Phylogenetic analysis  

 Hau-Pax6A and Hau-Pax6B clustered with other known members of the Pax6 

subfamily in phylogenetic analyses of paired domain and homeodomain sequences (Fig. 

4). The Hau-Pax6A gene was most similar to Hau-Pax6B, with 87% amino acid identity 

in the paired domain and 90% in the homeodomain (Fig. 3). In contrast, the Hro-Pax6B 

gene product was more similar to Pax6 genes from other species, with 95% amino acid 

identity to the Pax6 paired domains from two squid species (Tomarev et al. 1997; 

Hartmann et al. 2003) and 93% identity to a Pax6 homeodomain from the sea urchin 

(Czerny and Busslinger 1995). Thus, it appeared that Hau-Pax6B has retained a protein 

sequence more characteristic of the Pax6 subfamily, while Hau-Pax6A has undergone a 

higher rate of sequence diversification. 

 Some evidence suggested that Hau-Pax6A and Hau-Pax6B arose from a gene 

duplication event that occurred at a relatively recent time in leech evolution. Only a 

single Pax6 gene has been reported in the only other annelid species examined, the 

polychaete Platynereis dumerilii (Arendt et al. 2002). In addition, the Hau-Pax6A and 

Hau-Pax6B homeodomains clustered with one another (54% of bootstrap replicates) in a 

neighbor-joining tree that included all known Pax6 genes from the superphylum 

Lophotrochozoa (Fig. 4b). On the other hand, the two leech Pax6 paired domains did not 

show as strong a phylogenetic affinity, with the Hau-Pax6A paired domain sorting to a 

more basal position in a neighbor-joining tree (Fig. 4a). 
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Developmental time course  

 The time course of Hau-Pax6A RNA expression was examined by RT-PCR using 

primer pairs flanking a known splice site. We detected a low level of Hau-Pax6A RNA in 

oocytes (Fig. 2b) but not in zygotes or early cleavage stages (stages 2–6). This finding 

suggested that maternal Hau-Pax6A RNA is present during oogenesis but degraded by the 

early stages of embryonic development. A second phase of de novo, presumably zygotic 

Hau-Pax6A expression began at embryonic stage 7 and increased during later stages (Fig. 

2b).  

In situ hybridization  

 The cellular distribution of Hau-Pax6A RNA was characterized by in situ 

hybridization. Reproducible staining patterns were observed from stage 7 through the end 

of embryonic development but not at earlier stages. Control hybridizations with sense 

probes gave little or no staining at any stage.  

 

Hau-Pax6A in germinal bands and plate. 

 Beginning in stage 7, Hau-Pax6A RNA was detected in the anterior, i.e., most 

mature, portion of the germinal bands (Fig. 5a). Early expression was restricted to blast 

cell progeny of the N teloblast lineage, and expression persisted in this lineage as the 

bands fuse to form the germinal plate. A few cells in the O teloblast lineage also began to 

show a segmental pattern of expression during germinal plate formation (Fig. 5a). We did 

not detect any Hau-Pax6A expression in the M, P, or Q lineages at these stages. 
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 We used fluorescent lineage tracers and nuclear staining to analyze the cellular 

pattern of Hau-Pax6A expression in more detail. The N teloblast lineage is comprised of 

alternating ns and nf blast cells, which undergo stereotyped sequences of asymmetric cell 

divisions within the germinal band. We found that the sequences of n and o blast cell 

divisions in Helobdella sp. (Austin) were identical to those reported for H. triserialis 

(Bissen and Weisblat 1989) and that Hau-Pax6A RNA was first expressed in cell ns.a, the 

anterior daughter of the ns blast cell (Fig. 6a, b). 

 As blast cell clones matured, the Hau-Pax6A expression pattern expanded to other 

cells of the N lineage including progeny of the nf blast cell. The dynamic character of the 

N lineage expression pattern prevented us from individually identifying cells at later 

stages. Nonetheless, we could see a clear segmental periodicity of Hau-Pax6A expression 

where the N lineages pass from the right and left germinal bands into the germinal plate 

(Fig. 5a, b). Expression persisted through the early stages of ganglion formation, at which 

time segmental repeats were composed of an iterated pattern of both Hau-Pax6A-

expressing and nonexpressing cells (Fig. 6f, g).  

 In the O teloblast lineage, Hau-Pax6A expression began near the point of 

germinal band fusion and was associated with a single, segmentally repeated sublineage 

(Figs. 5A, 6d-g). To delimit individual clones of primary o blast cell descendants, we 

took advantage of the fact that a certain percentage of teloblast injections yield a 

distinctive faint labeling of the next blast cell produced (Bissen and Weisblat 1987). 

Focusing on these faintly labeled clones, we found that Hau-Pax6A expression first 



14 
 

appeared after the primary o blast cell had divided to produce nine clonal progeny and 

was restricted to the largest cell in the clone (Fig. 6c-e). Based on size and position, we 

believe that this Hau-Pax6A-expressing cell corresponds to cell o.apapl described by 

Bissen and Weisblat 1989. The single large cell was later replaced by two small, adjacent 

Hau-Pax6A-expressing cells–possibly the result of cell o.apapl’s next division–which 

appeared to merge medially with the Hau-Pax6-expressing cells of the N lineage.  

 As the CNS matured, Hau-Pax6A expression faded in an anterior-to-posterior 

wave (Fig. 5c, d). Expression disappeared from the anteriormost segments during stage 8 

and by stage 10 was only visible in the neuromeres associated with the caudal sucker. 

However, there was one bilateral pair of cells that continued to express Hau-Pax6A 

through the end of embryogenesis at the anterior edge of every segmental ganglion or 

neuromere (Fig. 5d).  

 

Hau-Pax6A in head development.  

 Expression of Hau-Pax6A also appeared during late stage 7 in the unsegmented 

head domain, where it occurred in a bilateral array of cell clusters associated with the 

supraesophageal ganglion (Fig. 5b). In contrast to the segmented portion of the CNS, this 

head ganglion maintained robust Hau-Pax6A expression throughout embryonic life (Fig. 

5c-f).  

 Some Hau-Pax6A-expressing cells were distributed in peripheral tissues closely 

associated with the supraesophageal ganglion (Fig. 5e, f). Helobdella develops a single 
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bilateral pair of eyes on the dorsal lip of its rostral sucker, and a population of Hau-

Pax6A-expressing cells was evident at this site during embryonic stages 9–11 (Fig. 5e). 

Eye pigmentation normally develops in stage 11 (Shankland and Martindale 1989), but 

our hybridization protocol bleached the eye pigment, and we were unable to use the 

pigment as an anatomical marker.  

 

Hau-Pax6A in dorsal integument.  

 During the transition from embryonic stages 10 to 11, Hau-Pax6A expression 

appeared in an orthogonal array of isolated cells distributed in the dorsal integument. This 

integumental staining developed in an anterior-to-posterior wave and consisted of three 

longitudinal rows of segmentally repeating cells located symmetrically on either side of 

the dorsal midline (Fig. 5e).  
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DISCUSSION 

 We have identified two Pax6 genes in the leech Helobdella sp. (Austin) and here 

characterize the embryonic expression of Hau-Pax6A. Like Pax6 genes from a wide 

range of other animal species (Callaerts et al. 1997, 2001; Stoykova et al. 1997; Arendt et 

al. 2002; Pineda et al. 2002), Hau-Pax6A is expressed during the development of the 

CNS and in a population of cells associated with the developing eye.  

 One noteworthy feature of the Hau-Pax6A mRNA is the absence of a canonical 

translation start site upstream of the paired domain coding sequence. The Hau-Pax6A 

mRNA may use a noncanonical start site (Riechmann et al. 1999), possibly a CTG codon 

(see “Results”). A second possibility is that an inframe AUG is generated by RNA editing 

before translation (Gott and Emeson 2000). If the latter is the case, we have only been 

successful to date in cloning the unedited sequence. It is worth noting that a second leech 

Pax gene, Hau-Pax3/7B, also lacks an inframe AUG codon upstream of its paired domain 

coding sequence (Shankland and Woodruff, unpublished results).  

 

Hau-Pax6A in CNS development  

 Within the segmented body trunk, Hau-Pax6A expression precedes the 

appearance of overt morphological segmentation or ganglion formation and is largely 

restricted to the N teloblast lineage, which gives rise to roughly two thirds of the 

ganglionic neurons (Weisblat and Shankland 1985). Early embryonic expression was also 
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observed in one segmentally iterated descendant of the O teloblast, which we tentatively 

identify as cell o.apapl. The latter cell is also part of a sublineage known to produce 

central neurons (Shankland 1987). However, there was no early Hau-Pax6A expression in 

the M, P, or Q teloblast lineages, although they also contribute neurons to the CNS 

(Weisblat and Shankland 1985).  

 The observed pattern of Hau-Pax6A expression in the leech CNS is suggestive of 

a developmental role in segmentation and/or ganglion formation. The N teloblast lineage 

is composed of an alternating sequence of ns and nf blast cells whose descendant clones 

form the structural framework of the ganglia (Shain et al. 2000). Moreover, ablation 

experiments indicate that the N lineage plays a critical role in ganglion morphogenesis 

(Blair and Weisblat 1982; Stuart et al. 1989). It has been suggested that proper ganglion 

formation depends on differences in the adhesivity of certain n blast cell sublineages 

(Shain et al. 2000), and it is interesting to note that Pax6 regulates cell adhesivity during 

development of the mammalian brain (Stoykova et al. 1997) and eye (Collinson et al. 

2000). The early segmental pattern of Hau-Pax6A expression in the n blast cell clones of 

the leech embryo may lead to changes in adhesivity that facilitate ganglion formation.  

 Some authors have argued that a small population of N-derived engrailed-

expressing cells may play a critical role in the formation of fissures between the 

segmental ganglia of the leech CNS (Lans et al. 1993; Ramírez et al. 1995). This 

hypothesis was later discounted by Shain et al. 2000, who showed that the formation of 

interganglionic fissures precedes en expression within the N lineage. This is in contrast to 
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Hau-Pax6A, whose expression begins at an earlier stage in the N lineage development 

and clearly precedes the cell rearrangements that bring about ganglion formation.  

Hau-Pax6A expression largely disappears from the segmental ganglia before the onset of 

neurotransmitter expression (Stuart et al. 1987; Shankland and Martindale 1989) or 

extensive axonal projections (Braun and Stent 1989). This timing suggests that Hau-

Pax6A has little function in the differentiation of segmentally iterated neurons, although it 

is still expressed in one bilateral pair of segmentally repeated cells in the mature CNS. 

Hau-Pax6A expression also persists through late embryonic development in neurons of 

the unsegmented supraesophageal ganglion and could be playing distinct developmental 

functions in that region of the CNS.  

 

Hau-Pax6A in eye primordia and other peripheral tissues  

 We also observed the expression of Hau-Pax6A outside the CNS. The most 

prominent peripheral expression surrounded the supraesophageal ganglion, including a 

bilateral cell population located at the site of eye formation. The expression of a Pax6 

gene in the developing eye of the leech Helobdella is in no way surprising given the 

comparable results from many other bilaterian animals (Callaerts et al. 1997; Pineda et al. 

2002).  

 Late Hau-Pax6A expression was also observed in an orthogonal array of 

integumental cells on the dorsal side of the body trunk. The distribution of these cells is 

similar to that of the sensillae described in adult leeches (Sawyer 1986), and they may 
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represent one particular type of sensillar neuron or neural precursor. Leech sensillae are 

primarily mechanosensory but can also detect light (Kretz et al. 1976). Additional studies 

will be needed to ascertain whether the Hau-Pax6A expression seen in the dorsal 

integument of Helobdella embryos is associated with the development of extraocular 

photoreceptors.  

 

Gene duplications in the Pax6 subfamily  

 The last common ancestor of protostomes and deuterostomes is thought to have 

had only a single Pax6 gene (Balczarek et al. 1997). However, duplications of Pax6 

appear to have occurred in a number of evolutionary lineages derived from that ancestor. 

For instance, arthropods have two Pax6 genes, eyeless and twin-of-eyeless, that play 

distinct roles in eye development (Kammermeier et al. 2001).  

 Two lines of evidence suggest that the gene duplication which gave rise to Hau-

Pax6A and Hau-Pax6B occurred after leeches had diverged from polychaete annelids. 

First, only a single Pax6 gene has been reported in the polychaete Platynereis dumerilii 

(Arendt et al. 2002) and in several other organisms from the superphylum 

Lophotrochozoa: two species of squid (Tomarev et al. 1997; Hartmann et al. 2003) and a 

nemertean (Loosli et al. 1996). Planaria have two Pax6 genes (Pineda et al. 2002); 

however, our phylogenetic sequence analysis failed to reveal any consistent alignment 

between the planarian and leech Pax6 gene pairs, suggesting that they arose from 

independent gene duplications.  
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 A second line of evidence consistent with a recent gene duplication is the 

observation that the Hau-Pax6A and Hau-Pax6B homeodomains grouped together in our 

phylogenetic analysis of lophotrochozoan Pax6 genes. However, this grouping was not 

seen for their paired domain sequences, possibly because the more highly diverged Hau-

Pax6A paired domain was attracted to a more basal position in that tree. Pax6 genes will 

need to be characterized in additional lophotrochozoan species before we can reconstruct 

the history of gene duplications with greater certainty.  
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Part II 

 

 

Hau-six1/2a is a marker of P specification in the leech embryo 
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INTRODUCTION 

 

 The leech ectoderm and mesoderm are segmented along the length of the embryo. 

The ectoderm, which makes up the epidermis and nervous system of the embryo, and the 

mesoderm, which generates muscle, the excretory nephridia, and other tissues, are both 

derived from large stem cells called teloblasts. It is these teloblasts that make the 

segmented ectoderm and mesoderm for the left and right halves of the embryo. There is 

one pair of teloblasts that generates the mesoderm, the M teloblasts. While there is a 

single pair of mesodermal teloblasts, there are four pairs of ectodermal teloblasts (N, O, 

P, and Q). The ectodermal teloblasts first divide from a common ecotdermal precursor 

cell, NOPQ, into N and OPQ, and then Q and OP, and finally O and P before these four 

teloblasts and the mesodermal teloblast begin a series of asymmetric divisions. These 

asymmetric divisions of the mesodermal and ectodermal teloblasts produce chains of 

primary blast cells named after their parent teloblast but with lower-case letters, i.e., m, n, 

o, p and q. Such chains of blast cells are called “bandlets”. This arrangement of 

asymmetric divisions produces an anteroposterior gradient of blast cells based on the 

order of their birth, with the first (oldest) blast cells making contributions to the anterior 

portions of the embryo, while increasingly younger blast cells contribute to more 

posterior regions (figure 1). As the anterior blast cells are older, their program of blast 

cell division and differentiation is more advanced than blast cells found in the posterior. 

These series of blast cell divisions have been found to be distinctive in both the size of 

the nuclei and the angle of the blast cell division (Zackson 1984), and are distinctive 
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enough in some cases that they may be used to determine  bandlet identity.  

 In the ectoderm and mesoderm of each side of the embryo, each of the five 

teloblast-derived bandlets align themselves together to form a germinal band (figure 1, 

figure 7). These teloblast bandlets are in stereotyped positions in the germinal band: from 

ventral to dorsal, n, o, p, and q; collectively, the ectodermal bandlets form the superficial 

layer of the germinal band, while the mesodermal bandlet lies beneath them. As the 

embryo proceeds through gastrulation, the germinal bands come together from the left 

and right halves of the embryo, forming the germinal plate, with the n bandlets fusing 

along the ventral midline. Throughout the latter stages of embryogenesis, the primary 

blast cells undergo a series of divisions and make highly stereotyped contributions to the 

ectoderm or mesoderm of the embryo.  

 Teloblast contributions to the mesoderm and ectoderm have been determined by 

detailed fate mapping, and the teloblasts are fairly large, allowing for relative ease in 

targeting lineage tracers. The  N teloblast lineages make significant contributions to the 

midbody ganglia that make up the central nervous system. The O teloblast lineage 

contributes to central and peripheral nervous system and epidermis, the P teloblast 

lineage contribute more to the peripheral nervous system and epidermis, and the Q 

teloblasts generate dorsal ectoderm. As the leech central nervous system is a ventral nerve 

cord, the differentiated descendants of these four ectodermal teloblasts may be considered 

to span the embryo from ventral (n) to medial (o and p) to dorsal (q), although there is a 

lot of overlap in the tissues they contribute. 

 The O and P teloblasts are developmental equivalents, and their bandlets are 
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specified by the place they take in the germinal band (Zackson 1984, Shankland and 

Weisblat 1984, Weisblat and Blair 1984). As the teloblasts themselves are unspecified, 

they are commonly called O/P to reflect this indeterminacy. While the precise mechanism 

of O/P specification is unknown, it is clear that  an o/p bandlet becomes specified from 

signals it receives, or is prevented from receiving, while in the o or p position in the 

germinal band. This conclusion has been reached from a series of experiments in which 

other bandlets in the germinal band were removed and the fates of the o/p bandlets were 

assessed by examining the distinctive o or p blast cell division pattern in the younger 

embryo (Zackson 1984), and by lineage tracing o/p bandlet contributions to the ectoderm 

of the older embryo (e.g., which specific neurons, epidermis, etc. differentiated from the 

labeled bandlet, Shankland and Weisblat 1984). If a P teloblast is ablated, the O teloblast 

lineage will transfate entirely into P within a few primary blast cells of the ablation. If the 

O teloblast is ablated, the P does not transfate. In the leech Helobdella robusta, if both Q 

lineages are ablated, both P lineages will transfate into O (Huang and Weisblat 1996). 

Together, these findings were interpreted as evidence for an inductive signal emanating 

from the Q teloblast lineage to the nearest O/P equivalent, and that this nearest O/P 

equivalent prevented the adjacent O/P from receiving the signal. Moreover, as one q 

bandlet was sufficient to induce P fate in both sides of the embryo, brief contact between 

an o/p bandlet and the contralateral Q bandlet was  thought sufficient to induce P fate 

(Huang and Weisblat 1996, see figure 7). More recently, in the leech Helobdella sp. 

Austin, it was shown that ablation of both Q teloblasts was not sufficient to direct a 

complete P-to-O transfating, and that such a transformation could only be accomplished 
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by ablating both Q lineages and the ipsilateral M teloblast lineage (Kuo and Shankland 

2004a). This hinted at additional cellular interactions, as both O/P equivalents are in 

contact with M, yet only the dorsal O/P is specified to become P. It is also difficult to 

imagine, given the tightly-compacted bandlets coalescing into germinal bands, that the 

contralateral Q always signals the dorsal (but not the adjacent ventral) O/P, further 

suggesting the possibility of signaling between O and P. 

 That there is such a striking difference in O/P specification between Helobdella 

robusta and the closely-related Helobdella sp. Austin suggests that there may be 

evolutionary lability in the sources of the presumptive P signal. In both Helobdella 

robusta and a second Helobdella species referred to as sp. Galt that is probably 

Helobdella europaea (Bely and Weisblat 2006), ablation of both Q teloblasts effectively 

removes the P specification signal (Kuo and Shankland 2004a). In Helobdella sp. Austin, 

P-inducing signals are produced by the Q teloblast lineage and redundantly by the 

neighboring mesodermal M teloblast lineage. Farther afield, the P lineage in the annelid 

Tubifex tubifex appears to be specified independently of extrinsic ectodermal signals, 

although in Tubifex P does induce the neighboring teloblast lineage to differentiate into an 

O fate (Arai et al. 2001). 

 Further suggesting that the mechanisms of O/P specification are labile is the 

finding that there is a different mechanism for producing O- and P-derived tissues in the 

rostral segments of Helobdella sp. Austin than that producing the same tissues in the 

midbody segments. The O- and P-derived tissues in the rostral segments of the leech are 

generated by a single proteloblast lineage, the OP (Shankland 1987a, Kuo and Shankland 
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2004b). The OP teloblast, called a proteloblast, produces a short bandlet four primary 

blast cells in length before cleaving into the two O/P teloblasts, which then continue their 

series of asymmetric divisions and subsequent contributions to the leech midbody 

ectoderm (figure 8). The four primary op blast cells contribute O and P derivatives to the 

four rostral segments of the leech. The first division from an op primary blast cell 

produces the cells op.a and op.p (for anterior and posterior), and each of these 

subsequently divides into op.aa and op.ap, and op.pa and op.pp (again, anterior and 

posterior). These four tertiary blast cells of the primary OP blast cell have been carefully 

fate mapped. One cell, op.pa, gives rise entirely to tissues seemingly identical to those 

produced by a subset of the midbody O teloblast lineage. Two others, op.pp and op.ap, 

give rise to all P-type tissues, and the last tertiary blast cell gives rise to a mix of O and P 

derivatives (op.aa). These cells do not appear to receive inductive signals from Q (Kuo 

2004), but they do appear to receive signals from one another: the O-type blast cells 

provide a repressive signal to the P-type blast cells (Kuo and Shankland 2004b). 

However, the molecular mechanisms underlying OP specification, as well as O/P 

specification, are unknown. The variation observed across annelid species and even in 

anterior versus posterior portions of the individual Helobdella embryo (Kuo and 

Shankland 2004b) suggests great mechanistic flexibility. 

 While little is known about the genetic mechanisms underlying O/P specification, 

modest strides have been made identifying candidate genes involved in the differentiation 

of other teloblast lineages. For example, various members of the Pax gene family are 

expressed in a teloblast lineage-specific manner. Hau-Pax3/7a is expressed in, and 
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necessary for, the mesodermal M lineage, and Hau-Pax6A  is expressed in the N and O 

lineages (Woodruff et al. 2007, Quigley et al. 2007). Other Pax genes are expressed in the 

early macromeres (Pax-β1 and -β2), central nervous system (Hau-Pax6B), in parts of the 

nervous system and the nephridia (Pax2/5/8), or in the prostomium (Pax1/9a) (M. 

Schmerer, I. Quigley, D. Sun, and M. Shankland, unpublished data).  

 Work in other animals and organ systems suggests that a suite of conserved 

transcription factors is often deployed in conjunction with Pax genes: one member each 

of the six gene family, the eyes absent gene family, and the dachshund gene family is 

coexpressed with, and required for, amphioxus gut and peripheral nervous system, the 

vertebrate kidney, the vertebrate ear, vertebrate muscle, the vertebrate lens and olfactory 

placodes, and the Drosophila eye (Kozmik et al 2007, Sajithlal et al 2005, Zou et al 2006, 

Heanue et al 1999, Purcell et al 2005, Niimi et al 1999). As Pax-six-eya-dach networks 

are seen in many animals and tissue types, we wondered whether they might also be 

acting in leech teloblast lineage specification. To test this possibility, we identified a 

member of the six gene family in the leech, and cloned and characterized it. To our 

surprise, this leech six gene, Hau-six1/2a, is not expressed in conjunction with any known 

leech Pax genes but rather in the P lineage immediately after the presumptive early fate 

choice made by an O/P equivalent. Given the large body of work examining O/P 

specification in the leech embryo, we then sought to determine if Hau-six1/2a expression 

was dependent upon interactions with neighboring teloblasts. To address this question, we 

conducted a series of teloblast lineage ablations and determined that both O/P teloblast 

lineages are competent to express Hau-six1/2a if given the appropriate signals, and that 
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Hau-six1/2a expression in P is independent of the influence of neighboring N, M, and O 

lineages. Moreover, unilateral and bilateral ablations of the Q lineage hint that the Q 

lineages induce Hau-six1/2a in P in a dose-dependent manner, and a bilateral ablation of 

Q coupled with an ipsilateral ablation of M may be sufficient to remove Hau-six1/2a 

expression entirely. Hau-six1/2a appears to be an early marker of P fate, and as a 

transcription factor, may prove instrumental in P differentiation. 
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MATERIALS AND METHODS 

Animals  

 Helobdella sp. (Austin) embryos were taken from a laboratory breeding colony 

established in 1997. While originally described as H. robusta on the basis of morphology 

(Seaver and Shankland, 2000), later analyses suggested that these animals are a distinct 

and as yet unnamed species (Bely and Weisblat, 2006). 

  Adult leeches were maintained in 1% artificial seawater  and fed on pond snails 

collected at Brackenridge Field Laboratory in Austin, Texas. Embryos were raised at 21-

26 deg C in a defined saline (Blair and Weisblat, 1984) and staged according to the Stent 

et al. (1992) system for staging H. triserialis. 

 

Identification and cloning 

 Hau-six1/2a was found by BLASTing Helobdella robusta whole genome 

sequence trace files with conserved regions of the six-type DNA binding domain and then 

was partially cloned with PCR. We then extended the mRNA sequence in the 5' and 3' 

directions via Rapid Amplification of cDNA Ends (RACE) with an Invitrogen GeneRacer 

kit. Primer sequences and PCR conditions are available on request. Other six genes were 

found by BLASTing or searching KOG gene models in the Helobdella robusta, Capitella 

sp. I, and Lottia gigantea genomes. 

 The phylogenetic relationship of Hau-six1/2a and other six genes was examined 

with PAUP 4.0b10. Phylograms were generated by the neighbor-joining method with 

1,000 replicates. 
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In situ hybridization 

 Temporal and spatial distribution of Hau-six1/2a was examined by whole mount 

in situ hybridization (Nardelli-Haefliger and Shankland 1992). DIG-labeled riboprobes 

were generated from a 1.0-kb clone (nt 590-1461), hybridized overnight at 60 deg, and 

visualized with NBT/BCIP. Stained embryos were cleared with glycerol and imaged with 

a Diagnostic Instruments Spot CCD camera on a Nikon E800 fluorescence microscope. 

 

Lineage tracing 

 To trace cell lineages, identified blastomeres were pressure injected with a 10-kDa 

tetramethylrhodamine-dextran amine (Molecular Probes) at 50 mg/ml, with 4% Fast 

Green FCF in 200 mM KCl added to monitor injection volume. Some injected embryos 

were counterstained with 2.5 ug/ml Hoechst 33258 (Sigma). 

 

Ablations  

 Teloblast ablation was accomplished by first pressure injecting the identified 

teloblast with rhodamine dextran, waiting 2-8 h, and then injecting the same teloblast 

with a 1:1 mixture of DNAse type IV (Sigma):4% Fast Green FCF in 200 mM KCl. In 

other cases, teloblasts or proteloblasts were injected with a 1:3:4 mixture of rhodamine 

dextran:Fast Green:DNAse. Ablations were judged successful if the teloblast ceased 

dividing. 
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RESULTS 

 

Cloning and molecular characterization 

 A novel transcription factor in the six family was identified in Helobdella sp. 

(Austin) by PCR and extended in the 5' and 3' directions with RACE. The final product, a 

predicted transcript of 1761 bp, included 5' and 3' UTRs and a poly-A tail. Conceptual 

translation of this transcript generated a protein 443 amino acids in length and revealed a 

six-type protein-binding domain (nt 970-1313) and a six-type homeodomain (nt 1314-

1593). Outside of these two domains, we did not detect any significant similarity to other 

known protein sequences. 3' RACE products indicated that there was a polyadenylation 

sequence at nt 1686-1692 followed by a poly-a tail.  

 

Phylogenetic analysis 

 There are three main subfamilies of six genes, and these three groups can be 

found in animals ranging from the vertebrates to the cnidarians, suggesting that they are 

evolutionarily ancient (Stierwald et al. 2004,Bebenek et al. 2004, Kawakami et al. 2000). 

Analysis of the protein-binding six domain and DNA-binding homeodomain with other 

six family members from several animals suggests that this leech gene is in the sine 

oculis/six1/2 subfamily, and we have correspondingly named it Hau-six1/2a (figs 9, 10). 

Seo et al. (1999) noted that a four amino-acid motif in the N-terminus of the 

homeodomain generally predicts its subfamily membership: ETSY belongs to the  six1/2 

subfamily, ETVY belongs to six4/5, and QKTH belongs to six3. Consistent with this 
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shorthand rule, Hau-six1/2a has ETSY in its homeodomain (nt 1141-52).  

 

In situ hybridization 

 The spatial expression of Hau-six1/2a in the embryo was examined with in situ 

hybridization. In situ hybridizations were performed exclusively on stage 7-8 embryos. 

 

The p bandlet 

 Hau-six1/2a was found most prominently in the P lineage, and appeared to be 

expressed in every primary blast cell in the P lineage as it passed through the proximal 

region of the germinal band (fig. 11). Hau-six1/2a expression in the P lineage appeared to 

begin immediately as the p bandlet entered the germinal band, i.e., no expression was 

seen in this bandlet inside the embryo prior to contact with the other bandlets of the 

germinal band. As the blast cells of the p bandlet moved up into the germinal plate and 

underwent cell divisions, Hau-six1/2a expression was lost in a subset of the p blast cell 

progeny (fig. 13). 

 

The op bandlet  

 In the rostral portion of the germinal bands, we observed an alternating pattern of 

Hau-six1/2a expression (fig. 11a). We suspected that this expression was in a subset of 

cells in the op bandlet. To determine if cells were expressing Hau-six1/2a in the op 

bandlet, we combined lineage tracing, in situ hybridization, and Hoechst counterstaining. 

The boundary between the posterior end of the op bandlet and the anterior end of the o 
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and p bandlets can be challenging to identify without the assistance of lineage tracer (Kuo 

and Shankland, 2004b). To properly visualize this boundary, we injected rhodamine 

dextran tracer into the OP teloblast, allowed the embryo to develop into stage 8, and then 

conducted in situ hybridization. Following in situ hybridization, we then counterstained 

with Hoechst. We sought to identify daughters of the most posterior OP blast cell clone, 

op4, with the lineage tracer, and then counted individual blast cell nuclei anteriorly into 

the op bandlet to identify which OP blast cells expressed Hau-six1/2a (see fig. 8).  

 Hau-six1/2a expression was first seen in alternating patterns in the op bandlet, 

shortly after the p bandlet enters the germinal band (fig. 12). We found that Hau-six1/2a 

was expressed in op.pa and op.pp. As mentioned above, together these cells give rise to 

some of the O-type and P-type ectodermal derivatives seen in the midbody segments, 

respectively. Notably, while Hau-six1/2a expression appears to be a marker of early P 

specification in the midbody, a cell in the op bandlet that expresses it, op.pa, does not 

give rise to P fates (see discussion). 

 

The Q bandlet 

 Prior to the formation of the germinal plate, we noticed additional cells outside 

the P lineage expressing Hau-six1/2a in the anterior portion of the ectoderm. To 

determine which ectodermal lineage was expressing Hau-six1/2a, we injected the OP 

ectodermal proteloblast with rhodamine dextran and performed in situ hybridization. We 

found Hau-six1/2a expression in the unlabeled q bandlet dorsal to the p bandlet well after 

both bandlets had entered the germinal band. Hau-six1/2a is expressed in an iterated 
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pattern of a subset of cells in the q bandlet at roughly the same anteroposterior position as 

Hau-six1/2a expression in P becomes restricted to p.pa and p.pp, shortly before the 

germinal bands fuse along the ventral midline to form the germinal plate. 

 

Regulation of Hau-six1/2a expression in the P lineage 

 After entering one of the germinal bands, the dorsal o/p bandlet on each side of 

the embryo becomes specified to develop into the P lineage, while the ventral o/p bandlet 

on that side is specified to become O. The developmental regulation of this equivalence 

group has been dissected in some detail. In Helobdella sp. Austin, the q bandlet provides 

a signal to a neighboring o/p bandlet to specify it to P  fate (figure 7, Kuo and Shankland 

2004a). The ipsilateral Q lineage is sufficient to provide the signal; however, it has been 

shown that transient contact with the contralateral Q lineage can also provide the signal 

(figure 7, see Introduction). Additionally, the ipsilateral M lineage provides a redundant 

signal for P specification in Helobdella sp. Austin (Kuo and Shankland 2004a). If both Q 

lineages and the ipsilateral M are missing, the cell division patterns of both o/p bandlets 

suggest that they are specified to the O fate. If the P lineage alone is removed, the 

ipsilateral O lineage will transfate into P, a result that has been variously interpreted as 

the removal of a repressive signal from P (Zackson 1984, Shankland and Weisblat 1984, 

Weisblat and Blair 1984) or positioning of the O lineage closer to short-range inductive 

signals from Q or M (Huang and Weisblat 1996, Kuo and Shankland 2004a). While the 

existence of a repressive P signal has not been definitively shown, it does appear that 

both Qs and one M are required for P specification and they act upon the dorsalmost o/p 
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bandlet, i.e., the o/p bandlet adjacent to the q bandlet. Ablation of the other teloblast 

lineage, N,  has no apparent effect on O/P specification. 

 Hau-six1/2a is expressed in the p bandlet as it enters the germinal band, consistent 

with the timing of Q-mediated P fate specification (Huang and Weisblat 1996). We 

therefore wondered whether Hau-six1/2a might also be regulated by inductive events 

from surrounding teloblast lineages. To test this possibility, we conducted a series of 

teloblast ablations, followed by in situ hybridizations, to determine what effect the 

presence or absence of certain teloblast lineages had on gene expression. To conduct 

ablations, we first labeled teloblasts with rhodamine dextran and waited several hours for 

the labeled teloblast to divide and produce labeled primary blast cells. We then injected 

DNAse into the labeled teloblast, raised the embryos to stage 7-8, and performed in situ 

hybridization. This operation truncated the labeled bandlet, which then passed into the 

germinal band. We thus had a germinal band with some portion of the intact bandlet, a 

rhodamine dextran label at the posterior end of that intact bandlet, and then the absence 

of the bandlet. The results of these experiments are in figures 14-21. 

 

Only OP and O/P equivalents are competent to express Hau-six1/2a 

 The earliest expression pattern of Hau-six1/2a suggested that it was an early 

marker of P fate in the midbody segments. As only o/p bandlets are competent to adopt P 

fate, we predicted that Hau-six1/2a would not be expressed in other bandlets as they 

entered the germinal band. To test this possibility, we labeled OP and then ablated it 

before it divided into two O/P teloblasts and then proceeded with in situ hybridization. 
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Hau-six1/2a expression was removed immediately posterior to the OP ablation and was 

not seen in any other tissues of the proximal germinal band on the ipsilateral side of the 

embryo (figure 14, n=16/16).  

 

The N teloblast lineage alone does not influence Hau-six1/2a expression 

 Previous studies have reported that depriving the germinal band of the N lineage 

does not affect o/p specification (Blair and Weisblat 1982, Blair 1983, Zackson 1984). We 

thus predicted that ablating the N lineage would not change Hau-six1/2a expression in 

the p bandlet. To test this possibility, we ablated the N lineage with the methods detailed 

above and performed in situ hybridization on stage 8 embryos. The N lineage does not 

affect Hau-six1/2a expression, either in the OP lineage or P lineage (figure 15, n=21/21).  

Additionally, ablating N in the OP region of the leech did not affect Hau-six1/2a 

expression in op.pa and op.pp.  

 

The M teloblast lineage alone does not influence Hau-six1/2a expression 

 Previous studies have reported that depriving the germinal band of the M lineage 

alone does not affect o/p specification (Zackson 1984, Huang and Weisblat 1996, Kuo 

and Shankland 2004b). This led us to ask whether the M teloblast lineage affected Hau-

six1/2a expression in the p bandlet. Moreover, investigations focusing on P-type and O-

type specification of the op bandlet in the rostral segments have largely been restricted to 

interactions between the OP blast cells themselves and have not asked if the mesodermal 

lineage contributes inductive events to OP specification (Kuo and Shankland 2004a). As 
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the M lineage, with the Q lineages, has been implicated in O/P specification in the 

midbody (Kuo and Shankland 2004a), we wondered whether the M lineage might have 

an effect on Hau-six1/2a expression in op blast cells. To test these possibilities, we 

labeled DM, the proteloblast that cleaves into the two M teloblasts that collectively 

generate all of the mesoderm in the embryo. After DM cleaved into the two M teloblasts, 

we ablated the left teloblast with DNAse, grew the embryo to stage 8, and performed in 

situ hybridization. Single M ablations did not affect Hau-six1/2a expression, either in the 

p bandlet or in op blast cells (figure 16, n=22/22).  

 

A transfated O lineage expresses Hau-six1/2a 

 In previous studies, ablating the presumptive P teloblast caused the ipsilateral O 

lineage to transfate into P posterior to the ablation. The criteria for judging if an O had 

transfated included a shift to P-type blast cell division patterns in the younger embryo 

(Zackson 1984) and a shift to P-type contributions to the ectoderm of the older embryo 

(Shankland and Weisblat 1984, Weisblat and Blair 1984). If Hau-six1/2a responds to the 

inductive signals from neighboring teloblasts that specify P fate in an o/p bandlet, its 

expression should shift to a transfated o bandlet following a P ablation. To test this 

possiblity, we labeled the OP proteloblast with rhodamine dextran, waited until it divided 

into two O/P equivalents with primary blast cells of their own, and then ablated one O/P 

teloblast. In embryos where we ablated the O/P equivalent that entered the germinal 

bands in the P position, we saw Hau-six1/2a expression shift to the presumptive 

transfated O (figure 17, n=22/27). This shift occurred over a distance of 0-3 primary blast 
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cell clones (data not shown). A subset of embryos did not show a visible shift of Hau-

six1/2a expression to the O bandlet, with detectable gene expression stopping at the point 

of P lineage ablation (n=5/27). Embryos with an ablated O continued to express Hau-

six1/2a in the extant P, although the p bandlet did shift over to occupy the space left by 

the missing o bandlet (figure 18, n=13/13). 

 

The Q teloblast lineage does influence Hau-six1/2a expression 

 In Helobdella robusta, a single Q teloblast lineage was found to be sufficient to 

induce the P fate in o/p bandlets on both sides of the embryo (Huang and Weisblat 1996, 

figure 7). To remove the signal entirely, bilateral Q ablations were required. In previous 

work performed on Helobella sp. Austin (Kuo and Shankland 2004a), bilateral Q 

ablations did not affect the differentiation of the p bandlet into the P-type ectodermal 

tissues of the older embryo, but in a subset (n=19/51), bilateral Q ablations caused a 

discrepancy in P-type blast cell division patterns (Kuo and Shankland 2004a). While 

there was no effect on P ectodermal contributions to the older embryo, previous studies 

suggest a multistep process in o/p specification that is flexible to different degrees 

dependent on individual blast cell age (Shankland 1987b). Thus, we wondered whether 

this division pattern discrepancy was evidence for abnormalities in early p bandlet 

specification in embryos with bilateral Q ablations. To test this possibility, we labeled the 

left and right Q teloblasts approximately twelve hours after their birth and then ablated 

them both with DNase after an additional 1-3 hours. We  found that this operation was 

correlated with an asbsence of Hau-six1/2a expression in one, but not both, p bandlets 
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immediately posterior to the lesion in a subset of operated embryos (figure 19, n=2/7). 

We note that this is roughly the proportion of blast cell division pattern discrepancies 

reported by Kuo and Shankland (2004b).  

 In another set of experiments, we injected both of the OPQ ectodermal 

proteloblasts with rhodamine dextran, waited for Q to cleave off, and ablated Q on one 

side of the embryo, either immediately after Q's birth (n=3) or approximately twelve 

hours later (n=9). This operation left the o and p bandlets labeled with rhodamine 

dextran. We noticed that while Hau-six1/2a expression persisted in the ipsilateral p 

bandlet, in a subset of embryos Hau-six1/2a expression was noticeably less intense 

posterior to the Q lesion, and also less intense than the Hau-six1/2a expression on the 

contralateral side at approximately the same location in the p bandlet (figure 20). This 

effect was particularly pronounced if the q bandlet was ablated early, and the embryo was 

fixed before the germinal bands were very long (n=3/3 for young embryos; n=5/9 for 

older embryos). 

 As the Q lineage plays a key role in O/P specification, we wondered whether it 

had any role in OP specification in the rostral segments of the leech. To test this 

possibility, we closely examined expression of Hau-six1/2a in the op bandlet in embryos 

where the ipsilateral Q lineage had been ablated immediately after its birth from OPQ 

(figure 20, n=3/3). While the op bandlet was not always straight, we were able to discern 

four iterated clusters of blast cells expressing Hau-six1/2a in the bandlet, suggesting that 

the ipsilateral Q lineage is not necessary for Hau-six1/2a expression in the op bandlet. 
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DISCUSSION 

Hau-six1/2a is an early marker of P specification 

 A fairly extensive series of teloblast lineage ablations have suggested that the p 

bandlet is specified from an o/p equivalent by interactions between an o/p bandlet and 

neighboring bandlets (Zackson 1984, Shankland and Weisblat 1984, Weisblat and Blair 

1984, Huang and Weisblat 1996, Kuo and Shankland 2004a). That an o/p bandlet does 

not become specified until it actually enters the germinal band (e.g., Weisblat and Blair 

1984) implies that the inductive interactions between the bandlets are short-range. Here, 

we show that a newly cloned transcription factor, Hau-six1/2a, is expressed in the p 

bandlet approximately when the bandlet enters the germinal band, and expression persists 

in p well into the germinal band before becoming restricted to a subset of P blast cells as 

the germinal bands approach one another to form the germinal plate. To our knowledge, 

this is the earliest  marker of P specification in the leech, given that blast cell division 

patterns do not become apparent until the bandlet has moved well into the germinal band. 

That Hau-six1/2a is expressed immediately after the p bandlet enters the germinal band 

suggested that it might be regulated by the same inductive events that specify the p 

bandlet. 

 

Hau-six1/2a is regulated by the same inductive interactions that specify P fate 

 Previous work suggests an inductive model of P specification. Experimentally, if 

an o/p bandlet is deprived of interactions with both q bandlets and the ipsilateral m 



41 
 

bandlet in the leech Helobdella st. Austin, it will take the O fate. Conversely, if an o 

bandlet is ectopically displaced to take the p bandlet position as it enters the germinal 

band by removing the extant p, the O lineage will transfate from O to P, presumably 

because the bandlet now has access to signals from Q (and possibly loses repressive 

signals from the absent p bandlet). As Hau-six1/2a appears to be an early marker of P 

fate, we tested each of these scenarios to see if Hau-six1/2a expression would respond as 

the model predicts. In each case, Hau-six1/2a proved to be an early marker of P fate in 

conditions previously shown to either shift P fate to the adjacent o/p bandlet or shift from 

P fate to O fate in the same bandlet. Moreover, ablations previously shown not to 

influence P specification did not perturb Hau-six1/2a expression in the p bandlet. Thus, 

we conclude that Hau-six1/2a is regulated by the same inductions that specify P. 

 

Hau-six1/2a is not an indicator of irreversible commitment to P fate 

 While Hau-six1/2a expression is regulated by the same inductive events that 

specify P, we noticed that there were additional ablation scenarios that affected 

expression but did not remove it entirely. If both Q lineages were ablated, a minority of p 

bandlets lost Hau-six1/2a expression. Using blast cell division patterns as a marker for P 

fate, Kuo and Shankland (2004b) showed that a bilateral Q ablation would cause some 

difficulties in P specification in a similar minority of their experiments, yet, when scoring 

P contributions to the older ectoderm of the embryo, they found that P was specified 

normally. Thus, blast cells in an an o/p bandlet may give early evidence of O 
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specification yet be “rescued” to P fate later in development under certain conditions. 

Other experiments have shown that there are multiple steps in O fate specification once 

the o bandlet has entered the germinal band, and that as the bandlet moves farther up the 

germinal band, it becomes increasingly committed to O fate (Shankland and Weisblat 

1984). Collectively, these results suggest that early indicators of o/p specification (e.g., 

blast cell division patterns) do not necessarily imply irreversible commitment under all 

conditions. Consistent with this notion, we found that Hau-six1/2a expression can be 

perturbed in p bandlets under conditions previously shown to not affect final P 

contributions to the ectoderm of the older embryo, albeit in a very small number of 

embryos. One such experimental condition was the removal a single Q teloblast, an 

operation not previously shown to affect o/p specification. Another such experimental 

condition was the removal of the p bandlet by teloblast ablation. In our hands, Hau-

six1/2a expression was lost, or perhaps severely dampened,  in a  minority of embryos. 

By contrast, transfating an o bandlet by p extirpation and assaying O/P fate with blast cell 

division patterns or contributions to maturing ectoderm is a classic experiment with very 

consistent results (Zackson 1984, Shankland and Weisblat 1984, Huang and Weisblat 

1996, Kuo and Shankland 2004b). It may be that there is a “refinement” phase of o/p 

commitment farther into the germinal band or the deployment of additional signals to the 

p bandlet that provide specification instructions not reflected by Hau-six1/2a expression. 

Moreover, these results hint that Hau-six1/2a may not be necessary for P lineage 

specification and/or differentiation under certain conditions. 
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Hau-six1/2a regulation is suggestive of a dosage-dependent model 

 P specification is thought to be mediated by Q and M inductive events on an o/p 

bandlet, and P will make the appropriate contributions to the ectoderm of the older 

embryo if given even cursory contact with a contralateral Q in the absence of the 

ipsilateral Q and M (Kuo and Shankland 2004a). When one transfates an O to P (by 

ablating the ipsilateral P teloblast) or P to O (by ablating both Q and one M teloblast), the 

contributions of the bandlet to the ectoderm of the older embryo are typically either all P 

or all O: apart from a possible brief transition across a few blast cells, there does not 

appear to be much allowance for a half-O, half-P lineage in the leech embryo under these 

conditions (Huang and Weisblat 1996, Kuo and Shankland 2004b, Shankland and 

Weisblat 1984, Zackson 1984). Given that specification of the o/p bandlet appears to be a 

binary choice, we predicted that Hau-six1/2a expression would either be fully present or 

fully absent under different experimental conditions. However, this was not the case. A 

single Q ablation caused a marked reduction in Hau-six1/2a expression in the ipsilateral p 

bandlet, even though single Q ablations have previously been shown not to have an effect 

on P specification (fig. 20, Huang and Weisblat 1996, Kuo and Shankland 2004b). This 

dampening of Hau-six1/2a expression was stronger in younger embryos, i.e., those with 

shorter germinal bands. To achieve wild-type levels of Hau-six1/2a expression in early 

stage 8 embryos, it appears as though the ipsilateral Q lineage is important. In the 

absence of the ipsilateral Q, the contralateral Q and/or ipsilateral M can provide some, but 

not all, of the signal to induce Hau-six1/2a expression. Thus, Hau-six1/2a expression 
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may respond to inductive signals in a dose-dependent manner. As previously noted, such 

operations do not affect final P contributions, again suggesting that the p bandlet is 

subject to refinement, that Hau-six1/2a is not necessary for P specification, or both. We 

do not know why younger embryos seem more suspectible to single Q ablations. We 

speculate that the contralateral bandlets in the younger germinal bands have less 

opportunities for close contact, thus, in the absence of an ipsilateral q, the contralateral q 

has difficulties providing the induction (see fig 7). However, we do not have direct 

evidence for this assertion, and are at a loss as to why M does not provide a stronger 

Hau-six1/2a-inducing signal in these younger embryos. To more fully test this 

phenomenon, we must do a series of subtractive ablations (i.e., ablate Q, Q and the 

ipsilateral M, both Qs, and both Qs and one M) and perform in situs on embryos of 

varying lengths of germinal bands. 

 

The OP lineage may be specified independently of M and Q 

 Previous work on the op bandlet largely focused on interactions between the OP 

blast cells (Kuo and Shankland 2004b), although Kuo has found that the OP lineage does 

not seem to require the ipsilateral Q lineage (DH Kuo, personal communication). Here, 

when we ablated either the ipsilateral M or Q teloblast, Hau-six1/2a expression could be 

observed in four clusters of OP blast cells. We interpret this as evidence that Hau-six1/2a 

expression is unchanged, and that OP specification may therefore be intact in the absence 

of these neighboring lineages. Moreover, we did not see dampening of Hau-six1/2a in the 
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ipsilateral op bandlet following Q ablation as we had seen in the p bandlet, further 

suggesting that Hau-six1/2a expression is independent of ipsilateral Q inductive events.  

  

Hau-six1/2a regulation is different, and its function may be different, in the rostral 

segments of the leech embryo 

 While Hau-six1/2a expression in the OP blast cell op.pp is consistent with that 

blast cell giving rise exclusively to P-type ectodermal fates, its absence in p.pa, a cell that 

also gives rise to P fates, is less easily explained. Moreover, op.pa, an OP blast cell that 

gives rise to both P and O derivatives, expresses Hau-six1/2a. If Hau-six1/2a plays an 

active role in P specification in the midbody, it may play a different role when expressed 

in OP blast cells that give rise to some O-type fates, and other OP blast cells that give rise 

to P-type derivatives appear to do so without Hau-six1/2a expression. 

 It is clear that the inductive events leading to the differentiation of O-type and P-

type derivatives are different in the anterior and posterior segments of the leech embryo 

(Kuo and Shankland 2004b), and coopting a transcription factor with potentially multiple 

roles in ectodermal differentiation may be one way to achieve this diversification of 

patterning processes. It is worth noting that six orthologs are required for a variety of 

different ectodermal derivatives in the same animal (Heanue et al. 1999, Schlosser et al 

2008), and are expressed in multiple ectodermal tissue types in deuterostomes, 

ecdysozoans, lophotrochozoans, and cnidarians (Stierwald et al 2004, Kozmik et al 2007, 

Seo et al. 1999, Pineda and Salo, 2002). Their conservation across the metazoa and 

redeployment in varied tissue types suggests that they are highly labile transcription 
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factors, and that minor adjustments to ectodermal developmental programs may generate 

diverse ectodermal accoutrements. 

 

Evolution of Pax-six-eya-dach networks in the leech 

 Pax-six-eya-dach networks are widely deployed in evolution. We considered six 

genes to be potential downstream targets of Pax genes, as they are in many other systems, 

and thought that cloning six orthologs might be informative. Hau-six1/2a expression in P 

was surprising, not least because of the many Pax genes in the leech the Shankland lab 

has characterized - Pax3/7A (Woodruff et al 2007), Pax3/7B (J. Woodruff and M. 

Shankland, unpublished), Pax6A (Quigley et al 2007), Pax6B, Pax2/5/8 (I. Quigley, 

unpublished), Pax1/9A, Pax1/9B (D. Sun and M. Shankland, unpublished), Pax-β1, and 

Pax-β2 (M. Schmerer and M. Shankland, unpublished) -  not a single one is expressed in 

P, and our extensive genomic searching has not revealed any additional Pax orthologs in 

the leech. Until new evidence suggests otherwise, it appears that Hau-six1/2a is 

expressed in P not as a downstream target of a Pax transcription factor, but instead in 

response to some other extracellular signal mediated by Q and/or M. It will be interesting 

to learn what that signal might be. 
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Appendix I. 

 

Pigment pattern evolution by differential deployment of neural 

crest and post-embryonic melanophore lineages in Danio fishes. 
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INTRODUCTION 

 

 Neural crest cells give rise to many of the shared, derived traits of vertebrates 

(Gans and Northcutt, 1983; Hall, 1999). These cells arise along the dorsal neural tube 

during neurulation and then disperse widely throughout the embryo (Knecht and Bronner-

Fraser, 2002; Halloran and Berndt, 2003). Among the cells and tissues derived from this 

transient, migratory population are pigment cells, glia and neurons of the peripheral 

nervous system, endocardial cushion cells, chromaffin cells of the adrenal gland, smooth 

muscle, and bone and cartilage of the craniofacial skeleton (Hörstadius, 1950; Le 

Douarin, 1999). Not surprisingly, in light of their many derivatives, neural crest cells are 

associated with a wide range of inherited and acquired disorders ranging from melanoma 

to neuroblastoma, Hirschsprung disease to Waardenburg syndrome, and Treacher Collins 

syndrome to craniofacial dysmorphogenesis following fetal ethanol exposure (Matthay, 

1997; Amiel and Lyonnet, 2001; Ahlgren et al., 2002; Chin, 2003; Widlund and Fisher, 

2003; Farlie et al., 2004). Changes in the patterning of neural crest cells and their 

derivatives are similarly thought to underlie much of vertebrate diversity, from variation 

in pigment pattern to variation in jaw morphology (Kelsh, 2004; Kulesa et al., 2004).  

 Given the biomedical and evolutionary significance of neural crest cells and their 

derivatives, it is of paramount importance to identify the mechanisms by which these 

cells are patterned to generate the particular forms expressed by juveniles and adults. 

Most studies have focused on the early patterning of neural crest cells during 

embryogenesis. Yet, recent studies have demonstrated post-embryonic neural crest-
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derived stem cells in peripheral nerves, gut and skin (Morrison et al., 1999; Bixby et al., 

2002; Kruger et al., 2002; Nishimura et al., 2002; Iwashita et al., 2003; Sieber-Blum and 

Grim, 2004; Sieber-Blum et al., 2004; Joseph et al., 2004). These findings suggest that 

the development and maintenance of adult traits, as well as the evolution of these traits, 

may depend on contributions from latent stem cells in addition to direct contributions 

from neural crest cells at embryonic stages.  

 A useful system for studying the development and evolution of neural crest-

derived traits is the pigment pattern of teleost fishes (Quigley and Parichy, 2002; Parichy, 

2003; Kelsh, 2004). In the zebrafish Danio rerio, an early larval pigment pattern develops 

during embryogenesis as neural crest cells differentiate into early larval melanophores 

and other pigment cell classes. This pattern is largely completed by 3 days post-

fertilization (dpf), and includes melanophore stripes along the dorsal and ventral edges of 

the myotomes, and along the horizontal myoseptum (Milos and Dingle, 1978a; Kelsh et 

al., 2000). The early larval pigment pattern remains essentially unchanged for about two 

weeks, until the onset of pigment pattern metamorphosis. At this time, new melanophores 

appear over the flank in regions not previously occupied by these cells, and during the 

following two weeks, the pigment pattern is transformed into that of the adult (Fig 22) 

(Kirschbaum, 1975; Johnson et al., 1995; Parichy et al., 2000b). Genetic and cellular 

analyses demonstrate that new melanophores arising at metamorphosis differentiate from 

latent precursors or stem cells of presumptive neural crest origin (Johnson et al., 1995; 

Parichy and Turner, 2003b); such melanophores also play a crucial role in pigment 

pattern regeneration (Goodrich and Nichols, 1931; Rawls and Johnson, 2000; Rawls and 
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Johnson, 2001). Although previous studies provide compelling evidence that 

metamorphic and regenerative melanophores are derived from post-embryonic latent 

precursors, specific markers for these cells have not been demonstrated, and their 

locations, potencies and developmental requirements remain largely unknown. Given 

these caveats, we refer to these post-embryonic melanophores simply as `metamorphic' 

melanophores. 

 The diversity of pigment patterns in species closely related to D. rerio allows the 

use of comparative and experimental approaches to understand pigment pattern 

development and evolution (Parichy and Johnson, 2001; Quigley and Parichy, 2002; 

Parichy, 2003). Besides horizontal stripes of varying width and number, these species 

exhibit vertical bars and uniform pigment patterns in which melanophores are dispersed 

evenly over the flank (Fig. 22). This interspecific variation provides an opportunity to 

dissect the genetic and cellular mechanisms underlying naturally occurring phenotypic 

variation in an adult trait of neural crest origin.  

 In this study, we ask whether adult melanophore stripes develop similarly across 

species, and in particular, whether the relative roles of neural crest-derived early larval 

melanophores and metamorphic melanophores have been maintained during evolution. To 

address this question, we first examine D. nigrofasciatus (Fig. 22), a species having fewer 

melanophores and stripes than D. rerio, but in which stripes that do develop are similar to 

those of D. rerio. Whereas stripes in D. rerio arise almost entirely from metamorphic 

melanophores, we show that stripes in D. nigrofasciatus arise from fewer metamorphic 

melanophores and an increased number of neural crest-derived early larval melanophores 
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that persist into the adult. This interspecific variation led us to test the relative roles of 

these melanophore lineages during pigment pattern development in several additional 

species. These analyses demonstrate that a primary role for metamorphic melanophores in 

adult pigment pattern formation is likely to be ancestral for Danio, and that D. 

nigrofasciatus exhibits a unique, derived reduction in these cells, with a corresponding 

increased contribution of early larval melanophores to the adult pigment pattern. We 

further demonstrate that evolutionary changes within D. nigrofasciatus are extrinsic (non-

autonomous) to the melanophore lineages, and we identify a candidate genetic pathway 

for mediating this change. These analyses highlight the potential for studies of D. rerio 

and its relatives to reveal basic mechanisms of post-embryonic neural crest development.  
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MATERIALS AND METHODS 

 

Fish stocks, crosses and genotyping 

 Fish were reared at 28.5°C (14 hours light: 10 hours dark). Wild-type D. rerio 

were the inbred mapping strain ABut, or an outbred wild-type stock representing mixed 

ABut, wikut, commercially derived `ekkwill', and other backgrounds. No differences in 

development were observed between wild-type D. rerio strains. D. nigrofasciatus, D. 

choprae, Devario shanensis and Tanichthys albonubes were derived from stocks 

purchased originally from a commercial pet supplier (Transship Discounts, Jamaica, NY). 

D. albolineatus and D. kerri were derived from stocks originally provided by M. 

McClure (Cornell University). D. `hikari' (used in phylogeny reconstruction) was 

obtained commercially and resembles D. kerri but has not been described formally. D. 

kyathit also was obtained commercially, but has more complete stripes than the type 

described (Fang, 1998), and may represent a variant or subspecies; for ease of 

presentation we refer to these fish simply as `D. kyathit' in the text, but to acknowledge 

the uncertainty of their precise taxonomic affinity, we refer to the fish as `D. aff. kyathit' 

in the phylogram. D. rerio mutants have already been described: albinob4 (Kelsh et al., 

2000), sox10 (colourless) (Dutton et al., 2001), endothelin receptor b1 (ednrb1, 

roseb140) (Parichy et al., 2000a), tfap2a (lockjawts213) (Knight et al., 2003; Knight et 

al., 2004, mitfa (nacrew2) (Lister et al., 1999), and pumaj115e1 (Parichy and Turner, 

2003b; Parichy et al., 2003). Additional D. rerio mutants were derived from on-going 
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mutagenesis screens (D.M.P., E.H.B. and E.L.M., unpublished). Interspecific 

complementation tests were performed as previously described (Parichy and Johnson, 

2001) by in vitro fertilization. Because of difficulties obtaining fertilizable eggs from 

heterospecific danios, most complementation tests were performed using D. rerio females 

and heterospecific males. When the identities or map positions of D. rerio mutant loci 

were known, heterozygotes were used for generating interspecific hybrids, to randomize 

effects across unlinked loci, and progeny were genotyped for the presence or absence of 

the mutant allele by PCR (primers and diagnostic single nucleotide polymorphisms 

available on request). Finally, puma mutant D. rerio are temperature-sensitive, with 

growth rate-dependent pigment pattern defects at 25°C, moderate pigment pattern defects 

at 28.5°C, and more severe defects at 33°C (Parichy et al., 2003); tester puma hybrids 

were reared at the intermediate temperature of 28.5°C to avoid mortality owing to 

stresses at the higher temperatures.  

 

Nomenclature for pigment pattern elements at larval and adult stages 

 Previous studies defined pigment pattern elements in D. rerio (Parichy and 

Johnson, 2001; Parichy and Turner, 2003b), including: early larval dorsal, lateral and 

ventral melanophore stripes (ELD, ELL, ELV); adult first-developing (primary) dorsal 

and ventral melanophore stripes (1D, 1V); and later-developing (secondary) dorsal and 

ventral melanophore stripes (2D, 2V). Additionally, between adult melanophore stripes 

are xanthophore-rich `interstripe' regions. For simplicity, we use the term `stripes' to refer 
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exclusively to the adult primary melanophore stripes (1D, 1V), unless indicated 

otherwise.  

 

Microscopy, imaging and quantitative analyses 

 To examine melanophore behavior, we repeatedly imaged individual larvae during 

pigment pattern metamorphosis, allowing us to follow the appearance, disappearance and 

migration of individual melanophores (Parichy et al., 2000b; Parichy and Turner, 2003b). 

Individually reared fish were anesthetized with MS222 (Sigma) and imaged every 24 

hours using an Olympus SZX-12 stereozoom microscope. To ensure that we could follow 

cells at the edges of the flank, all fish were imaged lying parallel to the camera, and also 

on a specially constructed stand providing an angle 30° from normal. Images were 

transferred to Adobe Photoshop CS for analysis, in some cases in conjunction with the 

FoveaPro 3.0 image processing and analysis package (Reindeer Graphics).  

 Individual melanophores were tracked as previously described (Parichy et al., 

2000b; Parichy and Turner, 2003b), with newly differentiated melanophores clearly 

distinguishable from pre-existing melanophores by their initially lighter melanization 

(and in some instances different color, see below). We identified individual melanophores 

present in the early larval pigment patterns, then examined the fates of these cells by 

examining their positions in sequential images. In following early larval melanophores 

through metamorphosis, we could not formally observe cell division in static image 

series, so we tracked only one presumptive daughter following likely mitoses. Thus, our 
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counts and estimated proportions of early larval melanophore contributions to later stages 

in D. nigrofasciatus are conservative and may underestimate true values to some degree. 

For comparisons of early larval and metamorphic melanophore numbers between species, 

we defined an area of interest bounded anteriorly by the anteriormost anal fin ray 

insertion and posteriorly at two myotomes anterior to the caudal peduncle. We counted 

individual early larval melanophores unilaterally within this region. We determined total 

adult melanophore numbers within this region, either within the adult ventral primary 

melanophore stripe, if present, or at an equivalent dorsoventral position as observed in D. 

rerio, with a height defined arbitrarily as one-quarter the flank height, as measured at the 

anterior boundary. In final images from each individual, all melanophores in the region of 

interest were marked and counted, either by eye or by the Count plug-in of FoveaPro 3.0. 

Numbers of metamorphic melanophores were thus calculated as the difference between 

the total numbers of melanophores identified in the final images, and the numbers of 

melanophores that had been followed into the region of interest from early larval stages. 

Statistical analyses were performed with JMP 5.0.1a Statistical Software (SAS Institute, 

Cary, NC). Additional information on quantitative image analyses is available on request.  

 

Cell transplantation and genetic mosaic analysis 

 We transplanted cells between mid-blastula stage [3.3-3.8 hours post-fertilization 

(hpf)] D. rerio and D. nigrofasciatus embryos, using a Narishige IM-9B micrometer-

driven microinjection apparatus mounted on a Narishige micromanipulator. We placed 
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embryos in agar-lined dishes containing 10% Hanks solution plus 1% 

penicillin/streptomycin, and dechorionated embryos with fine forceps. We transplanted 

20-100 cells into each recipient and reared chimeric individuals through adult stages. To 

identify donor D. rerio cells in D. nigrofasciatus hosts, we used donors that were 

transgenic for EGFP driven by a ubiquitously expressed D. rerio ß-actin promoter, kindly 

provided by Ken Poss (Parichy and Turner, 2003a; Parichy et al., 2003). To identify donor 

D. nigrofasciatus melanophores in D. rerio hosts, we used hosts mutant for albino or 

nacre (mitfa), which fail to develop melanin and melanophores, respectively. Both of 

these mutant loci normally act autonomously to the melanophore lineage, as revealed 

previously (Lin et al., 1992; Lister et al., 1999; Parichy and Turner, 2003a) and confirmed 

in control experiments performed for the present analyses (data not shown). Previous 

studies reveal minimal local correlation between the distributions of pigment cells and 

other tissues in genetic mosaics examined at metamorphic and adult stages 

(Maderspacher and Nusslein-Volhard, 2003; Parichy and Turner, 2003a; Parichy et al., 

2003). We confirmed that donor melanophores typically develop independently of other 

local donor tissues in a subset of chimeras in which donor embryos were injected with 

rhodamine dextran prior to the four-cell stage, then were examined for the distribution of 

melanophores and other tissues at 4 dpf (data not shown). We sorted chimeras at 3 dpf for 

the presence or absence of donor melanophores, and as larvae approached 

metamorphosis, we repeatedly imaged individual larvae to follow the behavior of early 

larval melanophores and to assess the distribution of metamorphic melanophores. 

Survival rates for interspecific chimeras were typically 5-10% of that observed for 
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comparable experiments involving only D. rerio (Parichy and Turner, 2003a; Parichy et 

al., 2003), suggesting some species incompatibilities; 1% of chimeras were informative 

for analyses of pigment pattern formation (see Results).  

 

In situ hybridization and histology 

 We used in situ hybridization to detect transcripts for melanophore lineage 

markers, as described previously (Parichy et al., 2000a; Parichy et al., 2000b; Parichy et 

al., 2003). Larvae were fixed briefly in 4% paraformaldehyde, 1% DMSO in PBS, 

decapitated, and then fixed overnight at 4°C. Larvae were transferred to methanol, 

rehydrated to PBST (PBS with 0.2% Tween-20), then treated for 20 minutes at room 

temperature with 20 µg/ml proteinase-K in PBST containing 1% DMSO. Larvae were 

postfixed for 20 minutes at room temperature in 4% paraformaldehyde, 0.005% 

glutaraldehyde, washed in PBST, then washed three times in hybridization solution 

lacking tRNA and heparin. Prehybridizations were performed overnight at 60°C in 

hybridization solution (50% formamide, 5xSSC, 500 µg/ml yeast tRNA, 50 µg/ml 

heparin, 0.2% Tween-20, 9.2 mM citric acid). Hybridizations were performed at 60°C 

over two nights, in fresh hybridization solution containing digoxigenin-labeled riboprobes 

fractionated to 300 nucleotides. Larvae were then washed twice, for 15 minutes each, in 

2xSSCT, and three times, for 2 hours each, in 0.2xSSCT at 60°C. After graded changes to 

PBST, larvae were blocked overnight at 4°C in 2 mg/ml BSA, 5% heat-inactivated calf 

serum in PBST, then incubated at 4°C over two nights in fresh blocking reagent 
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containing 1:5000 anti-digoxigenin alkaline phosphatase-conjugated Fab fragments 

(Roche). Larvae were washed over two nights in PBST, transferred to alkaline 

phosphatase buffer [100 mM Tris (pH 9.5), 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-

20], and the color developed with NBT/BCIP.  

 To assay for tyrosinase activity, larvae were fixed for 2 hours in 4% 

paraformaldehyde in PBS, rinsed three times in PBS, incubated in 0.1% L-dopa (Sigma) 

for 1 hour to overnight, rinsed in PBS, then stored in glycerol (Camp and Lardelli, 2001; 

McCauley et al., 2004). We verified the specificity of the assay for melanoblasts by the 

reduced staining on the flanks of metamorphosing nacre mutant D. rerio, which have 

defects in the melanophore lineage (Lister et al., 1999; Parichy et al., 2000b), and we 

verified that newly melanized (tyrosinase+) cells are not macrophages by Neutral Red 

staining (Herbomel et al., 1999) (data not shown).  

 

Phylogenetic analysis 

 We reconstructed phylogenetic relationships based on mitochondrial 12S and 16S 

rDNA sequences, obtained using standard methods and universal primers (Kocher et al., 

1989; Palumbi et al., 1991).  

12S: H1478, 5'-TGA CTG CAG AGG GTG ACG GGC GGT GTG T-3'; L1091, 5'-AAA 

AAG CTT CAA ACT GGG ATT AGA TAC CCC ACT AT-3'.  

16S: 16Sar-L, 5'-CGC CTG TTT ATC AAA AAC AT-3'; 16Sbr-H, 5'-CCG GTC TGA 

ACT CAG ATC ACG T-3'.  
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 Sequences were aligned using CLUSTAL-W, inspected by eye and edited as 

necessary. We then analyzed combined 12S and 16S sequences (784 nucleotides) using 

maximum likelihood estimation in PAUP* 4.0b10 for Macintosh (Swofford, 2002). 

Maximum likelihood analyses used a general time-reversible plus gamma model. 

Substitution rate matrix, nucleotide frequencies, and among site rate variation were 

estimated from the data by preliminary parsimony analyses using a heuristic search 

strategy. Maximum likelihood, parsimony and distance methods produced trees with the 

same topology. To estimate confidence values for reconstructed nodes, we performed two 

independent analyses. First, we performed 100 nonparametric bootstrap replicates using 

PAUP*. Second, we performed a Bayesian analysis of the data using MrBayes (Larget 

and Simon, 1999; Huelsenbeck and Ronquist, 2001; Wilcox et al., 2002), with 3000 

replicate trees from 300,000 generations following the approach to asymptotic likelihood 

values. Both approaches gave nearly identical confidence values, which we report as 

percentages of recovered trees in the phylogram (see Results). 
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RESULTS 

 

Different modes of pigment pattern metamorphosis in D. rerio and D. nigrofasciatus 

 To assess the generality of adult pigment pattern-forming mechanisms, we 

investigated whether stripes of different Danio species arise through similar underlying 

cellular behaviors. We chose to compare the closely related species D. rerio and D. 

nigrofasciatus (Parichy and Johnson, 2001), for which stripes on the flank are 

superficially similar (Fig. 22).  

 Closer inspection reveals about twice as many melanophores in D. rerio than in D. 

nigrofasciatus (Fig 23A, C; see below). Melanophore colors differ as well. In D. rerio, 

the dorsal and ventral stripes consist almost entirely of grey-black melanophores. Yet, 

occasional brownish melanophores occur at the ventral edge of the dorsal stripe (Fig. 

23A, B), where a few melanophores derive not from latent precursors at metamorphosis, 

but from the rearrangement of embryo-derived melanophores originally present in the 

early larval lateral stripe along the horizontal myoseptum (Parichy and Turner, 2003b). In 

D. nigrofasciatus, however, both dorsal and ventral stripes contain numerous brown 

melanophores (Fig. 23C, D), and melanophores are not present along the ventral 

myotome edge (where the early larval ventral stripe had been). Melanophore color 

variation is apparent transiently after metamorphosis, and is not equally pronounced in all 

families; whether this variation reflects the age of the melanin contained within the cells 

or some other biochemical difference is not clear. Nevertheless, the differences in 

melanophore colors and their relative frequencies in the adult pigment patterns of D. rerio 
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and D. nigrofasciatus led us to hypothesize that cryptic patterning variation might 

underlie the superficially similar stripes between these species. 

 To determine whether stripes develop differently in D. rerio and D. 

nigrofasciatus, we imaged larvae repeatedly through pigment pattern metamorphosis, 

allowing us to follow the appearance, disappearance and movements of individual 

melanophores (Parichy et al., 2000b; Parichy and Turner, 2003b). These analyses 

demonstrate that D. rerio stripes depend almost entirely on melanophores that 

differentiate from latent precursors at metamorphosis. By stark contrast, the superficially 

similar stripes of D. nigrofasciatus arise by the reorganization of early larval 

melanophores, with far fewer metamorphic melanophores.  

 In D. rerio, the onset of pigment pattern metamorphosis is marked by the 

differentiation of single `pioneer' metamorphic melanophores over the middle of most 

ventral myotomes (Fig 24A). Subsequently, metamorphic melanophores differentiate 

widely over the myotomes, between the early larval stripes (Fig. 24B, C). The adult 

primary stripes become increasingly apparent (Fig. 24D), as initially dispersed 

metamorphic melanophores migrate short distances to the sites of stripe formation, and as 

additional metamorphic melanophores differentiate within the stripes themselves (Fig 

24C, D). A few early larval melanophores migrate from the horizontal myoseptum to join 

the dorsal adult primary melanophore stripe (Fig. 24D, E), but most remain in place and 

eventually are lost (Parichy and Turner, 2003b). As fish approach the end of 

metamorphosis, a juvenile pattern emerges, with adult dorsal and ventral primary 

melanophore stripes consisting almost entirely of melanophores that have differentiated 
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from latent precursors during metamorphosis (Fig. 24E, E'). 

 In D. nigrofasciatus, pioneer metamorphic melanophores are absent and the onset 

of pigment pattern metamorphosis is marked by a loss of cohesiveness within the early 

larval stripes (Fig. 24F). Gradually, early larval melanophores are visible more laterally 

over the myotomes; rearrangements of melanophores relative to one another indicate that 

movements result in part from migration (as opposed to passive movement due to 

growth; Fig. 25). A few metamorphic melanophores differentiate but these are drastically 

reduced in number compared with in D. rerio (Fig. 24G). As metamorphosis proceeds, 

early larval melanophores are increasingly observed at sites of adult stripe formation, and 

additional metamorphic melanophores differentiate at these sites (Fig. 24H). As 

compared with D. rerio, the D. nigrofasciatus dorsal stripe occurs at approximately the 

same dorsal-ventral location, whereas the ventral stripe lies closer to the ventral edge of 

the myotomes (Fig. 24E', J'). By the end of pigment pattern metamorphosis, the pattern 

consists of dorsal and ventral stripes comprising a relatively high proportion of early 

larval melanophores (Fig. 24I, J). 

 

 Our analyses demonstrate that superficially similar stripes in two closely related 

species develop in markedly different ways: in D. rerio, stripes arise almost entirely by 

the differentiation of melanophores from latent precursors during metamorphosis; in D. 

nigrofasciatus, stripes arise largely through the reorganization of early larval 

melanophores, with metamorphic melanophores playing a smaller role.  
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Ancestral role for metamorphic melanophores in adult pigment pattern development and 

derived patterning mechanisms in D. nigrofasciatus 

 The relative contributions to adult pigment patterns of early larval melanophores 

and metamorphic melanophores could vary continuously across species. Alternatively, 

either the D. rerio or the D. nigrofasciatus mode could be typical. To distinguish between 

these possibilities, and to determine which, if either, mode is ancestral and which is 

derived, we sought to examine pigment pattern metamorphosis in additional species.  

Because danio relationships remain poorly understood, we first sequenced 12S and 16S 

rDNA from additional taxa to infer phylogenetic relationships (Fig. 26). These analyses 

confirm the close relationship between D. rerio and D. nigrofasciatus, as well as D. 

kyathit (Fig. 22). The phylogeny also supports a split between Danio and Devario 

[formerly within Danio (Fang, 2003)]. Moreover, these data reveal additional pigment 

pattern diversity within Danio (as defined in Fig. 26): these fish have been known to have 

horizontal stripes, spots, uniform patterns, and more complex pigment patterns; Danio 

choprae adds vertical barring to the repertoire (Fig. 22). 

 Our analyses of additional species demonstrate that adult pigment patterns form 

primarily by the recruitment of metamorphic melanophores, rather than by the 

reorganization of early larval melanophores. Using inferred phylogenetic relationships as 

a guide (Fig. 26), we chose additional species representing Danio and more distant 

groups, as well as a range of adult pigment patterns, and we repeatedly imaged larvae 

through metamorphosis. Fig. 27 shows the ventral flank for representative larvae of D. 
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nigrofasciatus, D. rerio, D. kyathit, D. kerri, D. albolineatus, D. choprae, and Tanichthys 

albonubes. In each species, the early larval pigment patterns are nearly identical (Fig. 27, 

row 1). Subsequently, melanophores differentiate from latent precursors during 

metamorphosis to generate the adult pigment pattern (Fig. 27, rows 2-8). Only in D. 

nigrofasciatus do large numbers of early larval melanophores become incorporated into 

adult stripes; a few early larval melanophores move small distances from their initial 

positions in D. kerri, D. albolineatus, D. choprae, D. shanensis (data not shown) and T. 

albonubes, but these do not contribute substantially to the adult pattern.  

 The greater persistence of early larval neural crest-derived melanophores into the 

adult pigment pattern of D. nigrofasciatus compared with other species is shown 

quantitatively in Fig 28A. Total numbers of early larval melanophores do not differ 

dramatically across the species, yet many more of these cells contribute to the adult 

pigment pattern in D. nigrofasciatus. Variation in the total numbers of adult 

melanophores across species is shown in Fig. 28B. D. nigrofasciatus and D. albolineatus 

(and to a lesser extent D. kerri) each have reduced numbers of metamorphic 

melanophores compared with other species. However, only in D. nigrofasciatus is this 

deficit in metamorphic melanophores partly compensated by a significantly greater 

contribution from early larval neural crest-derived melanophores.  

 Adult pigment patterns of these species thus arise principally from metamorphic 

melanophores with little contribution from early larval melanophores. This finding 

supports a model in which Danio adult pigment patterns depend ancestrally on 

metamorphic melanophores, with D. nigrofasciatus exhibiting an evolutionarily derived 
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reduction in metamorphic melanophores and a correspondingly greater role for neural 

crest-derived early larval melanophores in generating the adult pigment pattern.  

 

D. rerio mutants identify a candidate pathway for metamorphic melanophore reduction 

and early larval melanophore morphogenesis in D. nigrofasciatus 

 D. rerio mutants can identify genes and pathways that contribute to interspecific 

pigment pattern differences (Parichy and Johnson, 2001). Given the reduced number of 

metamorphic melanophores in D. nigrofasciatus compared to D. rerio, we investigated 

whether genes isolated as D. rerio mutants with defects in melanophore development also 

contribute to the difference between species. We used interspecific hybrids to test for 

complementation of D. rerio mutant alleles by crossing mutant D. rerio to D. 

nigrofasciatus and comparing these tester (mutant) hybrids to control (wild-type) hybrids. 

Tester hybrids exhibiting fewer melanophores than controls identify genes that may 

contribute to the interspecific difference, whereas tester hybrids that have similar 

melanophore numbers to controls identify genes less likely to have major effect roles.  

Control hybrids between wild-type D. rerio and D. nigrofasciatus have phenotypes 

intermediate between species. Whereas melanophore numbers in primary adult stripes are 

increased over D. nigrofasciatus and are closer to D. rerio, melanophore numbers in 

secondary adult stripes, and the total numbers of stripes, are closer to D. nigrofasciatus 

than D. rerio (Fig. 29A) (Parichy and Johnson, 2001). Comparing adult hybrid 

phenotypes does not reveal gross non-complementation of the recessive melanophore 



66 
 

mutants sox10ut.r13e1, tfap2ats213, bonaparteut.r16e1, cezanneut.r17e1, degasut.r18e1, 

oberonj198e1, pissarrout.r8e1, picassout.r2e1, primrosej199, pumaj115e1 or seuratut.r15e1 (e.g.    

Fig. 29), adding to the previously excluded loci ednrb1, fms, kit, mitfa, leopard, fritz and 

jaguar (Parichy and Johnson, 2001). Thus, genes contributing to the differences in the 

final numbers of adult melanophores between species either are not likely to be 

represented in this collection of 18 D. rerio pigment pattern mutants, or differences in 

allelic strengths are not sufficient to reveal non-complementation. 

 Although the preceding analyses tend to exclude loci from roles in reducing the 

total numbers of adult melanophores in D. nigrofasciatus, they did not explicitly address 

differences in early larval melanophore morphogenesis or contributions to the adult 

pigment pattern. To identify genetic pathways that might be responsible for interspecific 

differences in early larval melanophore fate and adult stripe composition, we further 

surveyed D. rerio mutants for morphogenetic similarities to D. nigrofasciatus.  

We first investigated whether any of several D. rerio mutants exhibiting stripes dorsally 

and spots ventrally, as in D. nigrofasciatus, might have similar modes of pigment pattern 

metamorphosis to D. nigrofasciatus. Examination of one of these mutants, ednrb1 

(Parichy et al., 2000a), revealed little contribution of early larval melanophores to the 

adult pigment pattern, unlike in D. nigrofasciatus (Fig 30A-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. 
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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 30E-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. 30M-P; n=9), tester picasso hybrids, or tester 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 30Q-T), similar to 

puma mutants and D. nigrofasciatus (Fig 30E-L, Fig. 24F-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 
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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 



69 
 

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. 31). 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. 32). 

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.  
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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 
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repeatedly imaged these individuals through metamorphosis.  

 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. 33A-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. 25). 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. 25). 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. nigrofasciatus hosts, although we frequently observed 
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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. 33F-

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 
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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 34).  

 

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; 
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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. 34). 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 
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patterning, maintenance, and repair after injury.  

 The comparative approach we have taken also implicates 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  

(Fig. 28A). 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 – 



76 
 

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 
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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. 34). 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 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 
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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 
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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 
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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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Appendix II. 

Evolutionary diversification of pigment pattern in Danio fishes: 

differential fms dependence and stripe loss in D. albolineatus 
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INTRODUCTION 

 An outstanding challenge for developmental biology is to elucidate the 

mechanisms underlying adult form, and how changes in these mechanisms produce 

variation within and between species. Over the last few years, substantial progress has 

been made in identifying genes associated with major morphological differences (Galant 

and Carroll, 2002; Tanaka et al., 2002; Shapiro et al., 2004). Nevertheless, determining 

how genetic differences are translated into morphological differences will require a 

thorough understanding of how cellular behaviors are altered in different genetic 

backgrounds. Of particular interest are the mechanisms underlying variation in traits that 

have relevance to human health and disease, clear adaptive significance in nature, or both.  

 One useful system for studying the genetic and cellular bases for variation in adult 

form is the pigment pattern expressed by Danio fishes (Parichy, 2003; Kelsh, 2004; 

Quigley et al., 2004). These patterns differ dramatically across species, and include 

horizontal stripes, vertical bars, spots, and uniform patterns resulting from the 

arrangements of several classes of pigment cells, including black melanophores, yellow-

orange xanthophores and reflective iridophores. Pigment cells in teleosts and other 

vertebrates are derived from neural crest cells, which also contribute to neurons and glia 

of the peripheral nervous system, bone and cartilage of the craniofacial skeleton, adrenal 

chromaffin cells, endocardial cushion cells, and other tissues (Hörstadius, 1950; Smith et 

al., 1994; Le Douarin, 1999). Neural crest-derived lineages are associated with a variety 

of human disease syndromes (Matthay, 1997; Amiel and Lyonnet, 2001; Ahlgren et al., 

2002; Widlund and Fisher, 2003; Farlie et al., 2004) and have had major roles in the 



83 
 

diversification of vertebrates (Gans and Northcutt, 1983; Hall, 1999). Besides serving as a 

potential model for development and evolution of other neural crest-derived traits, 

pigment patterns are especially interesting because of their ecological and behavioral 

significance, with teleost pigment patterns having roles in shoaling, mate recognition, 

mate choice and predator avoidance (Endler, 1983; Houde, 1997; Couldridge and 

Alexander, 2002; Allender et al., 2003; Engeszer et al., 2004).  

 One approach to identifying the genetic and cellular bases for pigment pattern 

diversity in danios has used hybrids between zebrafish, D. rerio, and other danio species 

(Parichy and Johnson, 2001; Quigley et al., 2004). Wild-type D. rerio exhibit four to five 

melanophore stripes (Fig. 1A,D). When crossed with other danios, hybrid offspring 

develop pigment patterns that typically resemble D. rerio more closely than the 

heterospecific danio. This finding suggested that complementation tests could be used to 

screen loci identified as recessive D. rerio pigment pattern mutants for contributions to 

pigment pattern differences between species: mutants for which hybrids have pigment 

patterns different from controls identify genes that may differ between species and thus 

identify candidates for further analyses.  

 

 A previous study used interspecific hybrids to investigate the genetic bases for the 

evolutionary loss of stripes in D. albolineatus, in which pigment cells are nearly 

uniformly dispersed (Fig 35B, E) (Parichy and Johnson, 2001). Hybrids between wild-

type D. rerio and D. albolineatus develop stripes similar to D. rerio but unlike D. 
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albolineatus. By contrast, one of ten mutant loci tested yielded a non-complementation 

phenotype in which hybrids lacked stripes like D. albolineatus. This locus was identified 

as fms, which encodes a type III receptor tyrosine kinase (Parichy et al., 2000b) known 

previously for roles in hematopoiesis and osteoclast development (Yoshida et al., 1990; 

Stanley et al., 1997; Dai et al., 2002; Scheijen and Griffin, 2002; Barreda et al., 2004). 

Analyses of D. rerio fms mutants (Fig. 35C) demonstrate that fms promotes the 

development of a late-appearing population of adult melanophores that differentiates 

from latent stem cells during the larval-to-adult transformation, or metamorphosis 

(Parichy et al., 2000b). fms also is essential for melanophore survival and migration into 

stripes, although melanophores themselves do not detectably express fms. Rather, fms is 

expressed by cells of the xanthophore lineage and is essential for recruiting xanthophores 

from latent precursors. In turn, interactions between melanophores and fms-dependent 

cells of the xanthophore lineage are required for melanophore stripe formation (Parichy 

and Turner, 2003a).  

 In this study, we test whether changes in fms or fms-dependent cell lineages 

underlie pigment pattern differences between D. rerio and D. albolineatus, as well as 

other danios (Parichy and Johnson, 2001). We first identify additional species for which 

pigment patterns of hybrids depend on fms, and show that stripe loss in D. albolineatus 

hybrids depends on fms and other modifier loci. We next ask whether pigment pattern 

development in D. albolineatus resembles that of fms mutant D. rerio, as would be 

predicted by the simplest model in which a loss of fms activity has contributed to the 

evolutionary loss of stripes in D. albolineatus. We find that melanophore deficits and 
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behaviors in D. albolineatus are similar to fms mutant D. rerio, yet D. albolineatus 

exhibit a dramatic increase - rather than a decrease - in xanthophore numbers. These 

findings reject the simplest model in which stripe loss in D. albolineatus depends on a 

loss of fms activity and a corresponding loss of the xanthophore lineage. Finally, we use 

interspecific hybrids to test an alternative model in which evolutionary changes in 

pigment cell interactions are responsible for stripe loss. Together these results identify 

interspecific variation in the fms pathway or cellular requirements for fms activity, and 

support a model in which evolutionary changes in pigment patterns depend in part on 

alterations in melanophore interactions. 
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MATERIALS AND METHODS 

Fish stocks and rearing conditions 

 Fish were reared at 28.5°C (14 hour light: 10 hour dark). Danio rerio were the 

inbred mapping strain ABut or a mixed genetic background comprising ABut, wikut, 

ekkwill and other stocks. Danio aff. albolineatus, D. choprae, D. aff. dangila, D. `hikari' 

and D. aff. kyathit were from Transship Discounts (Jamaica, NY, USA). The precise 

taxonomic status of the stocks is uncertain. Danio albolineatus were derived from stocks 

provided by M. McClure (Cornell University).  

 Complementation tests between D. rerio and heterospecific danios were 

performed as described (Parichy and Johnson, 2001). When mutant loci were mapped, we 

examined hybrid phenotypes in crosses segregating the mutant allele to control for allelic 

variation at other unlinked loci, and we genotyped hybrid offspring by PCR. Danio rerio 

mutants used for interspecific complementation tests have been described: sox10 

(colourless) (Dutton et al., 2001); endothelin receptor b1 (ednrb1, roseb140) (Parichy et 

al., 2000a); tfap2a (lockjawts213) (Knight et al., 2003; Knight et al., 2004); mitfa 

(nacrew2) (Lister et al., 1999); jaguarc7 (Fisher et al., 1997); and pumaj115e1 (Parichy and 

Turner, 2003b; Parichy et al., 2003). Additional mutants were derived from on-going 

mutagenesis screens (D.M.P., unpublished).  

 

Nomenclature for pigment pattern elements 

 Previous studies defined elements of the adult pigment pattern in D. rerio (Parichy 
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and Johnson, 2001; Parichy and Turner, 2003b), including the first developing or 

`primary' melanophore stripes (1D, 1V) that develop dorsal and ventral to the horizontal 

myoseptum, as well as later-developing `secondary' dorsal and ventral melanophore 

stripes (2D, 2V). We refer to the xanthophore-rich areas between melanophore stripes as 

`interstripe' regions.  

 

Genotyping 

 fms genotyping was accomplished by primer extension assays using conditions 

described (Parichy and Turner, 2003a). A 100 bp product was amplified from genomic 

DNA using forward and reverse primers flanking the fmsj4e1 mutant lesion (fms-j1f, ACT 

CTT GGT GCT GGT GCG TTT G; fms-j1r, CTT TGA GCA TTT TCA CAG CC) 

(Parichy et al., 2000b). Wild-type D. rerio or D. albolineatus fms alleles result in the 

addition of two nucleotides (ddCA), whereas the D. rerio fmsj4e1 allele results in addition 

of four nucleotides (ddCTTA) to the extension primer (fms-j1r). Genotyping methods for 

other loci used in interspecific complementation tests are available on request.  

 

In situ hybridization and histology 

 Methods for in situ hybridization, as well as tyrosinase assays and controls 

followed those described previously (Quigley et al., 2004).  

 

Imaging and quantitative analysis 
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 We examined melanophore behaviors by imaging individual larvae once-daily or 

twice-daily beginning when melanophores first appear outside of early larval 

melanophore stripes (14 days post-fertilization, dpf) (Parichy et al., 2000b; Parichy and 

Turner, 2003b), through development of the adult pigment pattern (46 dpf; once-daily 

series) or middle stages of pigment pattern metamorphosis (35 dpf; twice-daily series). 

Images were acquired with a Zeiss Axiocam HRc digital camera mounted on an Olympus 

SZX12 stereozoom microscope then transferred to Adobe Photoshop for analysis with 

FoveaPro 3.0 (Reindeer Graphics).  

 To quantify melanophore numbers, three regions of the anterior flank in both D. 

rerio and D. albolineatus were defined to represent the location of the ventral primary 

melanophore stripe, the primary interstripe, and the region populated by dorsal and scale-

associated melanophores in D. rerio. Regions were defined by measuring the height (h) of 

the flank at the anterior margin of the anal fin; the measurement areas were then placed 

0.5 h anterior from this location, and extending 0.25 h further anteriorly. Regions were 

located dorsoventrally as functions of h, according to preliminary analyses of D. rerio and 

dorsoventral margins of each region were 0.1 h. All melanophores were counted within 

these regions for each day of imaging using semi-automated feature recognition. 

Melanophore densities were calculated according to the areas of each region. We 

examined three to six individuals of each species per image series.  

 To examine melanophore behaviors, we followed individual melanophores 

throughout pigment pattern metamorphosis (Parichy et al., 2000b; Parichy and Turner, 

2003b). This approach allows quantification of new melanophores that arise by 
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differentiation or proliferation ('births') and loss of melanophores by death or de-

differentiation; we refer to losses as `deaths' based on additional histological evidence, 

although we cannot formally exclude the possibility that some melanophores disappear 

by de-differentiation.  

 We assessed melanophore movements in twice-daily image series by determining 

the relative dorsal-ventral position of each melanophore followed, with the dorsal edge of 

the flank receiving a value of 0, and the ventral edge of the flank receiving a value of 1. 

We then examined the distances moved by melanophores relative to flank height, and 

calculated net dorsal-ventral changes in melanophore position as the difference between 

final and initial positions. Negative dorsal-ventral changes reflect dorsal movements, 

whereas positive dorsal-ventral changes reflect ventral movements. Total movements 

were calculated as the absolute values of these displacements. In once-daily image series, 

we overlayed sequential images that had been rescaled to correct for growth and aligned 

to minimize overall melanophore displacements and we calculated changes in 

melanophore position in any direction as proportions of flank height. In both approaches, 

using relative as opposed to absolute distances controls to some degree for passive 

movements due to growth, but cannot control entirely for potential differences in growth 

pattern between species. Thus, we further verified the magnitude of melanophore 

movements between species by examining relative changes in melanophore position that 

cannot be accounted for simply by passive movements. These rearrangements are 

consistent with quantitative analyses and are most easily viewed in animations (see 

below).  
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 Statistical analyses were performed with JMP 5.0.1a for Macintosh (SAS Institute, 

Cary NC, USA). Residuals were examined for normality and homoscedasticity (Sokal 

and Rohlf, 1994). Total melanophore numbers, melanophore births and melanophore 

deaths were examined by nested analyses of variance, in which individuals were nested 

within species and day of development was treated as a categorical variable and main 

effect. Births and deaths were square-root transformed prior to analyses to normalize 

residuals. Melanophore movements were examined by nested analyses of variance or 

covariance in which species differences were tested after controlling for variation among 

individuals (nested within species). To assess species differences in absolute movements 

of melanophores, we calculated absolute values for net directional movements. To assess 

species differences in directional melanophore movements, we controlled additionally for 

variation among anteroposterior regions (anterior, middle, posterior; nested within 

individuals), and we treated melanophore starting position as a covariate; dorsal and 

ventral regions of the flank were analyzed separately owing to differences suggested by 

preliminary analyses. Absolute and directional movements were arcsine-transformed prior 

to analyses. Least squares means from these analyses are reported below. Alternative 

parameterizations of statistical models yielded qualitatively similar results.  

 

Phylogenetic analysis 

 Phylogenetic relationships were reconstructed from mitochondrial 12S and 16S 

rDNA sequences (12S: H1478, 5'-TGA CTG CAG AGG GTG ACG GGC GGT GTG T-
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3'; L1091, 5'-AAA AAG CTT CAA ACT GGG ATT AGA TAC CCC ACT AT-3'; 16S: 

16Sar-L, 5'-CGC CTG TTT ATC AAA AAC AT-3'; 16Sbr-H, 5'-CCG GTC TGA ACT 

CAG ATC ACG T-3') (Kocher et al., 1989; Palumbi et al., 1991). Analyses were 

performed as described (Quigley et al., 2004) using PAUP* 4.0b10 and MrBayes 

(Huelsenbeck and Ronquist, 2001; Swofford, 2002). 

RESULTS 

Comparative fms dependence of hybrid pigment patterns 

 Hybrids between wild-type D. rerio and D. albolineatus develop stripes, whereas 

hybrids between fms mutant D. rerio and D. albolineatus lack stripes (Parichy and 

Johnson, 2001). Given this association between fms and hybrid stripe loss in D. 

albolineatus, and the critical role for fms in melanophore stripe formation in D. rerio, we 

examined the fms dependence of hybrid pigment patterns for other danios. For each 

species, melanophore patterns of control hybrids with wild-type D. rerio resembled D. 

rerio more closely than the heterospecific danio (Fig. 36).  

 Our analyses reveal fms-dependent hybrid pigment patterns for additional taxa 

(Fig. 36A). For both D. albolineatus and D. aff. albolineatus, fmsj4e1 hybrids lacked 

stripes (Fig 36B-G). For D. `hikari', fmsj4e1 hybrids developed normal melanophore 

stripes but fewer xanthophores than controls (Fig. 36B-J, Fig. 37A, B). Within the clade 

that includes D. rerio, D. kyathit and D. nigrofasciatus, fmsj4e1 hybrids did not differ 

consistently from controls (Fig. 36K-M) (Parichy and Johnson, 2001) (data not shown). 

Finally, D. choprae fmsj4e1 hybrids exhibited disrupted adult stripes and a severe 
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xanthophore deficit (Fig. 36N-P, Fig. 37C-H), but D. dangila fmsj4e1 hybrids were not 

discernibly different from controls (Fig. 36Q-S).  

 Thus, four out of seven danios exhibited noncomplementation phenotypes with 

fmsj4e1 mutant D. rerio (Fig. 36A); one of these was mild (D. `hikari') and three were 

severe (D. albolineatus, D. aff. albolineatus, D. choprae). Whether mild non-

complementation for D. `hikari' represents a unique derived change for this species, or a 

basal change within the D. `hikari'-D. albolineatus clade is uncertain without deeper 

taxonomic sampling. Given the close phylogenetic relationship of D. albolineatus and D. 

aff. albolineatus, these results imply at least two evolutionary changes resulting in severe 

noncomplementation phenotypes, one separating D. albolineatus-D. aff. albolineatus 

from other danios, and another separating D. choprae from other danios.  

 

fms-dependent hybrid stripe disruption in D. albolineatus 

 Given the broader variation in fms-dependence across danios, we sought to further 

test evolutionary roles for fms and fms-dependent pathways, focusing on D. albolineatus 

because of the simplicity of its pattern. Previous analyses tested D. albolineatus hybrids 

for non-complementation of fmsj4e1, fmsj4e3 and fmsj4blue, all of which are recessive in D. 

rerio and exhibit presumptive null phenotypes (Parichy et al., 2000b; Parichy and 

Johnson, 2001). Hybrids for fmsj4e1 and fmsj4e3 lacked stripes, whereas hybrids for 

fmsj4blue developed stripes. Since fmsj4e1 and fmsj4e3 were maintained in the inbred AB* 

(ABut) genetic background, whereas fmsj4blue was maintained in a different background, 
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the formal possibility exists that other loci in the ABut background were responsible. 

Alternatively, modifier loci affecting the penetrance of a fms effect could differ across 

backgrounds. Thus, we asked whether pigment pattern variation in hybrids with D. 

albolineatus segregates with alleles at the fms locus.  

 Our analyses support a model in which stripe disruption in hybrids depends on 

fms, with the magnitude of this effect determined by additional modifier loci. We 

generated heterozygous fms mutant D. rerio by crossing fmsj4e1, maintained in the inbred 

background ABut, with another inbred mapping strain, wikut. We then crossed these 

fmsj4e1(AB)/fms+(wik) D. rerio to D. albolineatus. Hybrid offspring segregated two 

phenotypes in 1:1 ratios: either well-organized, `strong' melanophore stripes, or a poorly 

organized, `weak' stripe pattern, with significantly fewer melanophores and xanthophores 

(Fig. 38A-F). We categorized fish into alternative `strong' and `weak' stripe classes, then 

asked whether individuals carried the fms+(wik) wild-type D. rerio allele or the fmsj4e1(AB) 

mutant D. rerio allele. Primer extension genotyping for the fmsj4e1 lesion demonstrates 

that, in every instance, hybrids with `strong' stripes carried the wild-type allele whereas 

hybrids with `weak' stripes carried the mutant allele (n=105; Fig 38G, H). 

 These data confirm that a hybrid non-complementation phenotype segregates with 

fms. Yet, this phenotype is less severe than that of fmsj4e1 (Fig. 36D) and fmsj4e3 in the 

ABut background, and more severe than that for fmsj4blue in a different background 

(Parichy and Johnson, 2001). This suggests that modifier loci contribute to the phenotype, 

and that these modifiers differ across genetic backgrounds.  
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 Segregation analyses thus place the non-complementing locus in the vicinity of 

fms, and suggest roles for modifier loci in determining hybrid pigment patterns.  

 

Temperature-sensitive fms allele confirms role in hybrid stripe loss 

 We used a temperature-sensitive fms allele to further confirm the requirement for 

fms in D. albolineatus hybrid pigment pattern development. Segregation analyses placed 

the non-complementing locus within 1 cM of fms, a region likely to include several other 

genes. We reasoned that a fms allele demonstrated previously to exhibit temperature 

sensitivity could be used to exclude roles for these neighboring loci: a fms-specific effect 

should be manifested as a complementation phenotype at the permissive temperature, and 

a noncomplementation phenotype at the restrictive temperature. Thus, we used the 

temperature-sensitive allele fmsut.r4e174A (fms174), which exhibits a wild-type phenotype 

at 24°C and a fms null phenotype at 33°C (Parichy and Turner, 2003a). We crossed 

homozygous fms174 mutant D. rerio to D. albolineatus and reared hybrid siblings at either 

24°C or 33°C. Tester fms174 hybrids reared at 24°C were indistinguishable from control 

hybrids (Fig. 5A,B), as were wild-type hybrids reared at 33°C (data not shown). By 

contrast, fms174 hybrids reared at 33°C developed poorly organized melanophore stripes 

and fewer xanthophores (Fig. 39C, D). These results provide compelling additional 

evidence that hybrid non-complementation phenotypes depend on fms, rather than on 

other closely linked loci. 

 Finally, D. albolineatus hybrids did not reveal noncomplementation phenotypes 
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for any of 16 other recessive D. rerio mutants affecting pigment cell numbers and 

arrangements (ednrb1b140, kitb5, mitfaw2, sox10ut.r13e1, tfap2ats213, cezanneut.r17e1, 

degasut.r18e1, jaguarc7, leopardt1, oberonj198e1, pissarrout.r8e1, picassout.r2e1, 

primrosej199, pumaj115e1, or seuratut.r15e1), including bonaparteut.r16e1, which has 

melanophore and xanthophore defects similar to fms mutants (D.M.P. and E.L.M., 

unpublished). Thus, D. albolineatus hybrid pigment patterns are uniquely fms-dependent 

within this broader collection of loci required for pigment pattern development.  

 

Altered melanophore lineage development during D. albolineatus adult pigment pattern 

formation 

 Genetic analyses above reveal a strong fms dependence of hybrid pigment pattern 

development for D. albolineatus (as well as D. choprae) but do not indicate how this 

dependence reflects natural variation between species. Given the noncomplementation 

phenotype of fms hybrids, we reasoned initially that D. albolineatus might exhibit a loss 

of fms activity relative to D. rerio. This simple model predicts that pigment pattern 

metamorphosis in D. albolineatus should resemble that of fms mutant D. rerio. By 

comparison to wild-type D. rerio, fms mutants have fewer metamorphic melanophores, 

increased melanophore death, decreased melanophore movement into stripes, and an 

absence of xanthophores (Parichy et al., 2000b; Parichy and Turner, 2003a). We thus 

asked whether D. albolineatus pigment pattern metamorphosis entails some or all of these 

differences relative to wild-type D. rerio. Our analyses reveal dramatic differences 

between wild-type D. rerio and D. albolineatus (Fig. 40). Although some similarities are 
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seen between D. albolineatus and fms mutant D. rerio, there are major differences as well 

(next section). 

 We first examined the temporal accumulation of melanophores. Daily image 

series show that D. albolineatus exhibited only 67% as many melanophores as D. rerio 

(F1,142=245.56, P<0.0001) across the entire image series. The deficit was most evident 

where melanophore stripes form in D. rerio, and became increasingly severe at later 

stages (Fig 40, Fig. 41A). Only where the primary interstripe forms in D. rerio were 

melanophore numbers greater in D. albolineatus, reflecting the more uniform pattern of 

melanophores (Fig. 41B).  

 Fewer metamorphic melanophores in D. albolineatus could reflect a change in 

melanophore specification, increased rates of melanophore or melanoblast death, or both. 

To distinguish among these possibilities, we first quantified the appearance and 

disappearance of melanophores in a temporally higher resolution series of images taken at 

12-hour intervals. Averaged over entire series, the D. albolineatus larvae exhibited 91% 

as many melanophore `births' as the D. rerio larvae, but 376% as many `deaths' (Fig. 

41C); suggesting that fewer melanophores in D. albolineatus does not reflect a failure to 

recruit stem cells into the melanophore lineage, but to some extent a reduction in the 

subsequent survival of these cells. Consistent with this inference, numbers of 

melanophore precursors were not obviously reduced in D. albolineatus, as revealed by 

molecular markers (Fig. 42A-H) and tyrosinase activity (Fig. 42I-L). Moreover, D. 

albolineatus melanophores frequently appeared, then disappeared, over short time 
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intervals (Fig. 42M-O) and these cells, as well as L-dopastained, tyrosinase+ melanophore 

precursors, were common within the epidermis and in `extrusion bodies' at the epidermal 

surface, characteristic of teleost melanophore death (Parichy et al., 1999; Sugimoto, 

2002; Parichy and Turner, 2003a) (Fig 42P, R-T); only 10% as many epidermal, 

melanized cells occurred in D. rerio larvae (Fig. 42Q). These results indicate that fewer 

melanophores in D. albolineatus result, at least in part, from the death of these cells and 

their immediate precursors.  

 Finally, we examined melanophore migration. Total distances moved by 

melanophores were reduced in D. albolineatus larvae compared with D. rerio larvae (Fig. 

41D). Moreover, stripes in D. rerio develop in part through the directional migration of 

initially more dispersed melanophores to sites of stripe formation, and such movements 

were significantly reduced in D. albolineatus (Fig. 41E, F). 

 Melanophore morphogenesis in D. albolineatus thus resembles melanophore 

morphogenesis in fms mutant D. rerio, with fewer melanophores, increased death of cells 

in the melanophore lineage, and reduced melanophore migration as compared with wild-

type D. rerio.  

Enhanced xanthophore development in D. albolineatus 

 Melanophore morphogenesis in D. albolineatus is consistent with a model in 

which this species has evolved a loss of fms activity relative to wild-type D. rerio. This 

model also predicts that D. albolineatus should have fewer xanthophores, consistent with 

the reported absence of xanthophores in adult D. albolineatus (McClure, 1999). Yet, our 
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analyses reject this notion: instead, we find that D. albolineatus actually have many more 

xanthophores than wild-type D. rerio.  

 During pigment pattern metamorphosis, D. albolineatus had greater numbers of 

xanthophores and these cells were distributed more widely than in D. rerio, in which 

xanthophores initially occur only near the horizontal myoseptum, and the dorsal and 

ventral margins of the flank (Fig. 43A-D, F, G). Xanthophores persist in older larvae and 

adult D. albolineatus, and are interspersed with melanophores. Moreover, control hybrids 

between D. albolineatus and wild-type D. rerio had an intermediate number of 

xanthophores relative to parental species (Fig. 43E, H), in contrast to the severe 

xanthophore deficiency of fmsj4e1 mutant hybrids (Fig. 38D). Thus, xanthophore 

development is enhanced in D. albolineatus and this trait is dominant in hybrids but 

highly sensitive to reduced fms activity. Interestingly, D. choprae similarly exhibit 

enhanced xanthophore development and a strong fms noncomplementation phenotype 

(Fig 36P). 

 To further assess xanthophore development in D. albolineatus, we examined the 

distributions of cells expressing molecular markers of the xanthophore lineage. Between 

the epidermis and myotomes, where the adult pigment pattern develops, precursor 

distributions were similar between species (Fig. 43I, K). These data suggest that species 

differences in xanthophore development reflect differences in terminal differentiation of 

widely distributed precursors, rather than differences in the abundance or patterning of 

precursors themselves. In medial locations, however, precursors were more abundant in 

D. albolineatus than D. rerio (Fig. 43J, L).  
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 The many xanthophores and xanthophore precursors in D. albolineatus suggest 

that fms continues to be functional in this species. Consistent with this possibility, we 

could not detect differences in fms expression between D. rerio and D. albolineatus 

during or after pigment pattern metamorphosis (Fig. 43M, N), and gross lesions are not 

apparent in the fms coding sequence (Parichy and Johnson, 2001).  

 These results show that D. albolineatus develop xanthophores in greater numbers 

and over a broader area than D. rerio, tending to exclude a model in which the 

evolutionary loss of stripes in D. albolineatus results simply from a loss of fms activity. 

  

Evolutionary changes in cell-cell interactions during pigment pattern formation 

 The persistence of xanthophores in D. albolineatus led us to seek other 

explanations for the similarity of melanophore behaviors between this species and fms 

mutant D. rerio. In wild-type D. rerio, melanophore survival and organization into stripes 

depends on interactions between melanophores and fms-dependent cells of the 

xanthophore lineage (Parichy and Turner, 2003a), as well as interactions among 

melanophores. For example, the D. rerio leopard gene mediates both heterotypic 

interactions between melanophores and xanthophores, and homotypic interactions 

between melanophores (Maderspacher and Nusslein-Volhard, 2003), which we refer to 

collectively as `melanophore interactions'. The nature of these interactions is not yet 

known, but could include direct contacts between melanophores, xanthophores, or their 

precursors; alternatively, interactions could be indirect, involving secreted signaling 
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molecules, trophic factors, or even intermediary cell types. Whatever their mechanism(s), 

the nearly uniform pigment pattern of D. albolineaneatus with interspersed melanophores 

and xanthophores (Fig. 35D)  and the irregular stripes of wild-type D. rerio x D. 

albolineatus hybrids (compared with other danios, Fig. 2) resemble different D. rerio 

mutant alleles of leopard (Asai et al., 1999), as well as jaguar (obelix), which contribute 

to homotypic interactions among melanophores (Maderspacher and Nusslein-Volhard, 

2003). Thus, we hypothesized that instead of a loss of xanthophores, stripe absence in D. 

albolineatus might reflect changes in melanophore interactions. In principle, a species 

difference in melanophore interactions could be revealed with genetic mosaics (Parichy 

and Turner, 2003a; Quigley et al., 2004), but incompatibilities during early 

embryogenesis have so far precluded cell transplantations between D. albolineatus and D. 

rerio (D.M.P., unpublished). Thus, we used an alternative approach.  

 We reasoned that variation in melanophore interactions would be revealed if 

melanophore numbers were reduced (by analogy with reduced xanthophores in fms 

mutant D. rerio and hybrids with D. albolineatus): with fewer melanophores, strong 

interactions should allow the emergence of an organized pattern of stripes or spots, 

whereas weak interactions should result in a failure to organize such pattern elements. To 

achieve this, we used the D. rerio mutant, duchamput.r19e1. A single mutant allele for 

duchamp reduces melanophores in heterozygous D. rerio to 45% that of wild-type, yet 

the remaining melanophores form well-organized spots (Fig. 44A, B); D. rerio 

homozygous for duchamp exhibit more dispersed melanophores. We predicted that for 

species with melanophore interactions equivalent to D. rerio, duchamp hybrids should 
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develop spots similar to heterozygous duchamp mutant D. rerio. For species with weaker 

melanophore interactions than D. rerio, tester duchamp hybrids should fail to generate 

organized pattern elements and could exhibit more severe melanophore deficiencies. 

 Phenotypes of tester duchamp hybrids support a model in which variation in 

melanophore interactions contributes to pigment pattern differences among danios. 

Within the clade that includes D. rerio, duchamp hybrids for both D. kyathit and D. 

nigrofasciatus developed spots or stripes of melanophores (Fig. 44C-F). By contrast, 

duchamp hybrids for D. albolineatus failed to develop organized spots or stripes and also 

had a reduction in melanophore numbers that became increasingly severe as fish grew 

(Fig. 44G, H, Fig. 45C, D). duchamp hybrids with D. `hikari' developed an intermediate 

phenotype between D. albolineatus and other danio hybrids, in which melanophores 

failed to organize into spots and remained either dispersed or in a reticulated pattern (Fig. 

44I, J). Finally, duchamp hybrids for D. choprae and D. dangila developed clusters of 

melanophores similar to D. rerio (Fig. 44K-N, Fig. 45A, B).  

 These analyses demonstrate that hybrid pigment patterns exhibit differential 

sensitivity across species to the duchamp mutant defect, with the greatest sensitivity in D. 

albolineatus. These findings are consistent with a model in which variation in 

melanophore interactions contribute to pigment pattern variation among danios.  
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DISCUSSION 

 Danio pigment patterns are emerging as a useful system for understanding both 

the development and evolution of adult form in vertebrates. Our study suggests a model 

for how evolutionary changes in pigment cell development have generated naturally 

occurring variation in this ecologically and behaviorally significant trait.  

 

Evolution of melanophore patterning in Danio 

 Melanophore patterns vary markedly among danios, and our analyses demonstrate 

dramatic differences in melanophore morphogenesis underlying the uniform pattern of D. 

albolineatus and the striped pattern of D. rerio. Fewer melanophores accumulate during 

pigment pattern metamorphosis in D. albolineatus, largely due to increased death of 

melanophores and their immediate precursors. This late block in melanophore 

development resembles that seen in Astyanax cavefish (McCauley et al., 2004), but 

contrasts with an early block affecting melanophore specification in D. nigrofasciatus, 

which accounts for an equivalent total melanophore deficit as compared with D. rerio 

(Quigley et al., 2004). Interestingly, the mode of melanophore loss in D. albolineatus 

resembles that of kit mutant D. rerio (Parichy et al., 1999), raising the possibility of a 

difference in kit signaling between species. Finally, we also demonstrate that D. 

albolineatus melanophores move little and thus do not coalesce into distinctive stripes as 

in D. rerio. In these respects, pigment pattern metamorphosis of D. albolineatus 

resembles that of fms mutant D. rerio. However, this is where the similarities end, as D. 
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albolineatus retain large numbers of xanthophores, in stark contrast to fms mutant D. 

rerio.  

 We propose a model in which changes in melanophore interactions underlie the 

evolutionary loss of stripes in D. albolineatus. In D. rerio, stripe formation depends on 

interactions between melanophores and fms-dependent cells of the xanthophore lineage, 

as well as on interactions among melanophores; in the absence of such interactions, 

initially dispersed melanophores fail to migrate into stripes and melanophore death is 

increased (Maderspacher and Nusslein-Volhard, 2003; Parichy and Turner, 2003a). 

Genetic analyses of D. albolineatus initially suggested that changes in melanophore 

behaviors might result from a fms-dependent loss of xanthophores. Yet, the persistence of 

xanthophores excludes this model. Rather, we favor an alternative scenario involving 

changes in interactions between melanophores and xanthophores, or between 

melanophores themselves. This model does not exclude the possibility that differences 

outside of pigment cell lineages also influence species differences in melanophore 

morphogenesis, either directly, or by modulating the competence of pigment cells to 

interact with one another.  

 Several lines of evidence support a model in which the loss of stripes in D. 

albolineatus results at least partly from changes in melanophore interactions. First, we 

find an interspersed arrangement of D. albolineatus melanophores and xanthophores, 

which resembles leopard mutant D. rerio that are defective for melanophore-

melanophore and melanophorexanthophore interactions, as well as jaguar (obelix) mutant 

D. rerio that are defective for melanophore-melanophore interactions (Maderspacher and 
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Nusslein-Volhard, 2003). Moreover, hybrids between D. albolineatus and semi-dominant 

jaguarc5 mutant D. rerio develop uniform pigment patterns like D. albolineatus that are 

qualitatively more severe than the heterozygous jaguarc5 pigment pattern (Parichy and 

Johnson, 2001), suggesting a difference between species in the jaguar pathway or in 

jaguar-dependent cellular interactions. However, hybrids between D. rerio carrying a 

recessive jaguarc7 deficiency and D. albolineatus are indistinguishable from control 

hybrids, suggesting the jaguar gene of D. albolineatus is not grossly hypomorphic 

compared to wild-type D. rerio (this study, data not shown).  

 Second, phenotypes of hybrids between fms mutant D. rerio and D. albolineatus 

are consistent with evolutionary changes in melanophore interactions. In these hybrids, 

melanophore patterns more closely resemble the uniform pattern of D. albolineatus. fms 

acts autonomously to the xanthophore lineage in promoting melanophore stripe 

organization in D. rerio (Parichy and Turner, 2003a). Thus, the dramatically fewer 

xanthophores in hybrids between D. albolineatus and fms mutant D. rerio may 

phenocopy the actual difference between species; i.e. melanophore interactions likely to 

have been lost evolutionarily are restored in the control hybrid, but abrogated by the 

reduced xanthophore number of the fms mutant hybrid (14% of control; Fig. 4).  

Third, phenotypes of hybrids between D. albolineatus and duchamp mutant D. rerio are 

consistent with interspecific changes in melanophore interactions. When we use the 

duchamp mutant allele of D. rerio to reduce melanophore numbers in hybrids, clusters of 

melanophores form on the flank of D. rerio and hybrids of four other species, but not D. 
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albolineatus. The failure of D. albolineatus hybrids to organize melanophore spots does 

not reflect phylogenetic distance from D. rerio, as spots were formed in hybrids of the 

more distantly related D. dangila and D. choprae. Nor does the absence of spots result 

merely from a low starting number of melanophores in D. albolineatus, as the adult 

melanophore number is indistinguishable between this species and D. nigrofasciatus 

(Quigley et al., 2004). Finally, the lack of spots does not result from a higher growth rate 

that might carry melanophores passively away from one another, as D. dangila hybrids 

develop spots, despite growing more rapidly than D. albolineatus hybrids (D.M.P., 

unpublished). Our finding that duchamp hybrids for D. `hikari' have a phenotype 

intermediate to D. albolineatus and the other danios suggests that changes in 

melanophore interactions may have contributed to overall differences between the 

albolineatus-'hikari' clade and other danios, with a more extreme difference in D. 

albolineatus conceivably responsible for the absence of stripes in this species. 

Identification of the duchamp gene product will allow a fuller analysis of roles for this 

gene and pathway in melanophore interactions and their evolution.  

 Our analyses and previous studies of D. rerio highlight the potentially important 

role that intercellular interactions are likely to play in the development and evolution of 

neural crest derivatives. Such interactions have started to be characterized within 

melanocyte, neurogenic and rhombomeric lineages as well (Aubin-Houzelstein et al., 

1998; Hagedorn et al., 1999; Trainor and Krumlauf, 2000; Paratore et al., 2002; Hou et 

al., 2004). In principle, melanophore interactions could involve factors secreted or 

presented at the cell surface (Wehrle-Haller, 2003; Hou et al., 2004), or adhesive or 
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junctional contacts among pigment cells or their precursors (Twitty, 1945; Tucker and 

Erickson, 1986; Parichy, 1996), although increased stratification of skin and pigment cell 

locations may preclude some direct contacts in adults (Hirata et al., 2003). By extension, 

evolutionary changes could reflect modifications to the interactions, if the competence to 

provide or receive signals is altered. Or, the same outcome could be effected by changes 

to the cellular context in which these interactions occur. For instance, simply the 

increased number of xanthophores in D. albolineatus may interfere with melanophore-

melanophore interactions. In support of this notion, melanophores that become isolated 

within xanthophore-rich interstripe regions typically are lost in D. rerio (Goodrich et al., 

1954; Parichy and Turner, 2003b), whereas in the anal fin of D. albolineatus, 

melanophores and xanthophores appear in temporally and spatially distinct waves, and a 

narrow melanophore stripe develops (Goodrich and Greene, 1959). Whatever their 

mechanisms, interactions within and among pigment cell classes suggest a rich source of 

variation for the evolutionary diversification of pigment patterns, without the necessity of 

correlated changes in other cell and tissue types. Such an independence of pigment 

pattern variation from other traits may in turn explain rapid and extensive pigment pattern 

evolution across species that are otherwise relatively similar in form.  

 

Evolution of fms activity and function during xanthophore development 

 Interspecific complementation tests initially suggested that D. albolineatus could 

have reduced fms activity compared with D. rerio, as hybrids between wild-type D. rerio 

develop well-organized stripes, whereas hybrids with fmsj4e1 mutant D. rerio either lack 
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stripes or have poorly formed stripes, depending on genetic background (this study) 

(Parichy and Johnson, 2001). Despite this non-complementation phenotype, our analyses 

do not support a model in which D. albolineatus have evolved a loss of fms activity. 

Rather, these data suggest that species differ in their dosage sensitivity for fms during 

xanthophore development, or that evolutionary changes have occurred that affect 

molecular interactions within the fms pathway.  

 Despite a reported absence of xanthophores in adult D. albolineatus (McClure, 

1999), we find that larvae develop more xanthophores, these cells and their precursors 

arise in a broader range of locations than in D. rerio, and also persist into the adult. These 

observations contrast with the simplest loss-of-function model, in which xanthophores 

should be absent or reduced.  

 The excess of xanthophores in wild-type control D. rerio xD. albolineatus 

hybrids, and the reduction of xanthophores in tester fms mutant D. rerio xD. albolineatus 

hybrids reveals a genetic interaction not predicted by the recessive fms mutant phenotype 

in D. rerio. We envisage at least two complementary explanations for this interaction. 

First, xanthophore development may differ between species in its sensitivity to changes in 

Fms signaling. Genetic background effects are well known for mouse melanocyte 

mutants, including the structurally and functionally similar Kit locus, and variable degrees 

of haploinsufficiency have been associated with modifier loci for mutants affecting neural 

crest derivatives more generally (Lamoreux, 1999; Ingram et al., 2000; Rhim et al., 2000; 

Nadeau, 2001; Cantrell et al., 2004). Conceivably, the more rapid and extensive 

development of xanthophores in D. albolineatus (and D. choprae) could entail a greater, 
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continuous requirement for fms, such that any deficit results in pigment pattern defects.  

A second explanation for fms hybrid non-complementation phenotypes lies in 

interspecific structural differences in fms, its ligand, csf1, or both. As fms and csf1 each 

act as dimers (Li and Stanley, 1991; Carlberg and Rohrschneider, 1994; Ingram et al., 

2000), signaling could be reduced if interspecific receptors or ligands dimerize less 

efficiently, or if structures of receptors and ligands co-evolve so that mismatched 

receptor-ligand pairings function less efficiently. To illustrate this point, we can imagine 

an extreme model in which any species mismatch in a receptor-ligand pairing ablates 

signaling. In a wild-type hybrid, functional receptor-ligand pairings would drop to one-

eighth that of parental species (i.e. each species' pairing would comprise one-sixteenth of 

all combinations in the hybrid individual). In the tester fms mutant hybrid, functional 

receptor-ligand interactions would drop to one-sixteenth that of parental species. Given a 

fixed threshold of dosage sensitivity (here, between one-eighth and one-sixteenth of 

maximal), this model can easily account for the noncomplementation phenotype of tester 

fms mutant hybrids.  

 By extension, our analyses suggest evolution of cellular requirements for fms or 

rapid evolution of genes within the fms pathway. In fms hybrids, we observed strong 

noncomplementation phenotypes for D. albolineatus, D. aff. albolineatus and D. choprae, 

a weak non-complementation phenotype for D. `hikari', but complementation 

indistinguishable from wild-type D. rerio for D. kyathit, D. nigrofasciatus and D. dangila. 

These findings suggest most parsimoniously that: (1) changes have occurred that 

differentiate the D. albolineatus-D. `hikari' clade from the D. rerio-D. kyathit-D. 
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nigrofasciatus clade; and (2) additional changes have occurred in the lineages leading 

either to D. choprae or D. dangila. This interspecific variation is striking, as similar tests 

across danios have failed to reveal noncomplementation for more than a dozen other D. 

rerio pigment pattern mutants, including the structurally and functionally similar kit locus 

(Parichy and Johnson, 2001) (D.M.P., unpublished). Thus, the fms pathway may be 

particularly useful for investigating the evolution of genetic dominance and 

developmental robustness, as well as the co-evolution of gene products within molecular 

pathways (Meir et al., 2002; Nijhout, 2002; Kondrashov and Koonin, 2004).  

 Finally, this study reveals enhanced xanthophore development in both D. 

albolineatus and D. choprae compared with wild-type D. rerio. These findings raise the 

possibilities of differences in the distribution or abundance of csf1, or quantitative (as 

distinct from constitutive) gains of fms function in D. albolineatus and D. choprae 

compared with other danios. The latter possibility is opposite to initial predictions of 

allelic strengths (Parichy and Johnson, 2001), but is not inconsistent with the models 

proposed above. Immunohistochemical, transgenic, and other approaches should allow 

distinguishing between these models.  
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Fig. 1. Schematic overview of the formation of the leech germinal band. The M, N, O, P, 
and Q teloblasts are a set of bilaterally symmetric embryonic stem cells, here shown for 
only one side. Each teloblast undergoes an iterated sequence of highly asymmetric cell 
divisions, producing a linear column of primary blast cell daughters. The five ipsilateral 
columns merge in parallel to form the germinal band. The individual teloblast lineages 
adopt specific positions in the band, with the ectodermal N, O, P, and Q lineages arrayed 
in the ventral-to-dorsal order over the surface of the mesodermal M lineage (inset). The 
right and left germinal bands fuse along the ventral midline to form the germinal plate. 
The midline is marked with an arrowhead. 
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Fig. 2. Expression of Hau-Pax6A RNA. a Northern blot analysis of total embryonic RNA 
detected a single prominent band. b RT-PCR detected a low level of Hau-Pax6A RNA in 
oocytes but not in zygotes or early cleavage stage embryos. Zygotic expression was first 
detected at embryonic stage 7 and increased at later stages. Sample loading was 
normalized by parallel amplification of 18S rRNA. 
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Fig. 3. Sequence alignment of the paired domain (a) and homeodomain (b) of the leech 
genes Hau-Pax6A and Hau-Pax6B with Pax6 homologs from other species. Amino acids 
identical to Hau-Pax6A are marked with a period. Sequences were taken from polychaete 
Platynereis dumerilii (AM14770), squid Euprymna scolopes (AF513712), nemertean 
Lineus sanguineus (X95594), planarian Dugesia japonica (AB017632 and AJ311310), 
fruitfly Drosophila melanogaster (NM_079889), and mouse Mus musculus 
(NM_013627). 
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Fig. 4. The Helobdella genes Pax6A and Pax6B clustered with other Pax6 genes in 
phylogenetic analyses of paired domain (a) and homeodomain (b) protein sequences. 
Phylograms were generated by the neighbor-joining method with branch lengths 
reflecting levels of sequence divergence. Numbers represent bootstrap percentages from 
1,000 replicates, and branch nodes incompatible with the 50% majority rule were 
collapsed. The paired domain tree was rooted with mouse Pax2 (P32114) and Drosophila 
Pax258 (NP_524633) as outgroups. The homeodomain tree was rooted with mouse Pax3 
(AAH48699) as the outgroup. In addition to mouse Pax4 (NM_011038), other sequences 
used were the same as for Fig. 3. 
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Fig. 5. Expression of Hau-Pax6A visualized by whole mount in situ hybridization. a 
Ventral view of stage 8 embryo showing the fusion of the right and left germinal bands 
(cf. Fig. 1) with anterior to the top. At this stage, there was a segmental pattern of Hau-
Pax6A expression, including numerous cells in the N lineage (arrowheads) and a single 
segmentally repeated cell in the O lineage (arrows). b Anterior view of a stage 8 embryo 
with dorsal to the top. At this stage, there were bilateral clusters of stained cells 
(arrowheads) in the prostomial head domain. Hybridization was also visible more 
ventrally in the segmental nervous system. c, d Side views of a stage 9 embryo (c) and 
stage 10 embryo (d) with anterior to the left and dorsal to the top. Expression of Hau-
Pax6A RNA disappeared in an anterior-to-posterior wave during the maturation of the 
segmental nerve cord but persisted in the supraesophageal ganglion (arrowheads) 
throughout embryogenesis. Arrows point to a single mature cell in each segmental 
ganglion that also retained Hau-Pax6A expression. e The head of a stage 11 embryo in 
the same orientation as parts c and d. The ventral surface of the rostral sucker is marked 
by a bracket. At this stage, there were clusters of Hau-Pax6A-expressing cells in the 
supraesophageal ganglion (outlined by dashes) and at the site of eye formation (arrow). 
Longitudinal rows of single Hau-Pax6A-expressing neurons appeared in the dorsal 
integument at this stage; the two most dorsal rows are in focus (arrowheads). f 
Transverse section of a stage 10 embryo in the plane of the supraesophogeal ganglion, 
which is outlined by dashes. The empty proboscis sheath (asterisk) passes through the 
center of the ring-shaped ganglion. Arrows mark Hau-Pax6A-expressing cells in the 
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dorsal integument; arrowheads mark cells located in the anterior segments of the ventral 
nerve cord. Dorsal is to the top. Scale bars–50 μm.  
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Fig. 6.  Colocalization of the Hau-Pax6A RNA expression with injected cell lineage 
tracers. Anterior to the top. a, b RNA expression (arrowhead) first appeared in a 
segmentally repeated cell of the N teloblast lineage, here labeled with rhodamine dextran 
(a). Individual cells can be identified by nuclear size, seen by Hoechst staining (b). The 
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ns and nf blast cells have completed their first divisions, and their paired daughter cells 
are marked. At this stage, the hybridization product was restricted to cell ns.a, the anterior 
daughter of an ns blast cell. An undivided ns blast cell can be seen at the bottom. Future 
medial to the right. c–e In this embryo, the O teloblast lineage was injected with 
fluorescein-dextran in such a way that a single primary blast cell clone showed a distinct 
pattern of faint labeling (asterisk; see Bissen and Weisblat 1987). The clone shown here 
contained nine progeny cell nuclei (arrowheads, d), including a single large cell that 
expressed Hau-Pax6A (outlined arrowhead) as seen by partial occlusion of Hoechst 
fluorescence (d) and brightfield illumination (e). Future medial to the right. f, g 
Brightfield view of the Hau-Pax6A expression along the ventral midline of the germinal 
plate (f) in a stage 8 embryo whose left N teloblast lineage had been labeled with 
rhodamine dextran (g). By this stage, the labeled cell lineage has adopted a segmental 
pattern of lateral bulges and was a mosaic of cells that do and do not express Hau-Pax6A. 
Four nonexpressing cells are marked with arrowheads. Segmental expression of Hau-
Pax6A in the O lineage could be seen more laterally on both sides. Scale bars–10 μm (a, 
b), 20 μm (c–e), and 50 μm (f, g).  
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Fig 7. Schematic of potential inductive events in the leech ectoderm. In the ectoderm of 
the leech Helobdella sp. Austin, the p bandlet receives inductive signals from the 
ipsilateral Q and M. It also receives inductive signals from the contralateral Q in the brief 
moment of contact when the bandlets are coming together to form the two germinal 
bands. Additionally, there may be repressive signaling between the o and p bandlets (see 
text for details).  
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Fig 8. Development of the op bandlet. (a) The OP teloblast asymmetrically divides to 
produce a short bandlet of op blast cells. (b) The OP teloblast cleaves into two O/P 
teloblasts after producing the final op primary blast cell, op4. (c) Each op blast cell 
subsequently divides and makes contributions to the rostral ectoderm. The tertiary blast 
cells make contributions to O-type fates, P-type fates, or a mix of both. Adapted from 
Kuo and Shankland 2004b.  
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Fig. 9. Sequence alignment of the six domain and six-type homeodomain of the leech 
gene Hau-six1/2a with six1/2 homologs from other species. Amino acids identical to Hau-
six1/2a  are marked with a period. The distinctive tetrapeptide ETSY is marked with a 
box. Sequences were taken from Girardia tigrina (AJ251660), Dugesia japonica 
(AJ557022), Danio rerio (NM_207095), Homo sapiens (BC008874), Platynereis 
dumerlii (AJ316542), Drosophila melanogaster (NM_057385) and Cladonema radiata 
(AAT11873). 
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Fig 10. Phylogenetic analysis of the Hau-six1/2a six protein-binding domain and six-type 
homeodomain demonstrate that Hau-six1/2a is a six1/2 ortholog. Phylograms were 
generated by the neighbor-joining method with branch lengths reflecting levels of 
sequence divergence. Numbers represent bootstrap percentages, and branch nodes 
incompatible with the 50% majority rule were collapsed. Sequences were taken from 
cnidarians (Cladonema radiatum six4/5, AAT11875; six3, AAT11874), Drosophila (optix, 
NM_079956; myotonix, AF247709), zebrafish (six3a, NM_131362; six4.3 NM_131720), 
and human (six3, NM_005413; six4 NM_017420). Other sequences are the same as those 
in figure 8. 
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Fig 11. Hau-six1/2a in the p bandlets of the leech embryo. (a) Dorsal view of the early 
stage 8 embryo. anterior is towards the top. Early in the formation of the germinal bands, 
there was intense staining of Hau-six1/2a in the p bandlet. There were also obvious spots 
at the anterior end of the p bandlet, which we took to be expression in the op bandlet (see 
figure 11). (b) Dorsal view of the later stage 8 embryo. Anterior is towards the top. As the 
germinal bands elongated, we continued to see Hau-six1/2a expression in the p bandlet at 
the base of the germinal band. Hau-six1/2a expression was not observed in the portion of 
the p bandlet that was deeper in the embryo and had not yet entered the germinal band. 
Scale bar, 50 μm. 
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Fig 12. Hau-six1/2a is expressed in the op bandlet. Dorsal view of the left op bandlet of 
the early stage 8 embryo (compare with figure 11). We observed Hau-six1/2a expression 
in an iterated pattern in the op bandlet. To determine which cells were expressing Hau-
six1/2a, we labeled the OP lineage with rhodamine dextran to identify the location of the 
posterior boundary of blast cell daughters of op4, the most posterior op primary blast cell 
(arrow). We observed Hau-six1/2a expression in the two most posterior tertiary blast 
cells of the op bandlet, op.pa and op.pp (arrowheads). This expression pattern was 
consistent throughout the op bandlet. Scale bar, 50 μm. 
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Fig 13. Hau-six1/2a expression becomes restricted to a subset of P blast cells and also is 
expressed in the Q lineage far into the germinal band. (a) Brightfield dorsal image of a 
mid-stage 8 embryo; anterior is to the bottom. Hau-six1/2a was expressed in each cell in 
the posterior portion of the p bandlet, towards the dorsal aspect of the embryo. Farther 
into the germinal band, Hau-six1/2a became restricted to a subset of cells in the p bandlet 
(arrowheads). To the right of the p bandlet, there was an iterated pattern of Hau-six1/2a 
expression in the presumptive q bandlet. (b) Visualization of rhodamine dextran injected 
into the OP teloblast. The restriction of Hau-six1/2a expression to some cells in the p 
bandlet colocalizes with the rhodamine dextran (arrowheads); expression in the q bandlet 
is unlabeled. Scale bar, 50 μm. 
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Fig 14. Only the op and the o/p bandlets are competent to express Hau-six1/2a early in 
stage 8. Dorsal view of a mid-stage 8 embryo, anterior is to the top. The OP teloblast was 
ablated soon after its birth with a mixture of rhodamine dextran and DNAse (arrow). 
Expression of Hau-six1/2a was not observed posterior to the ablation, and was not 
expressed by any ipsilateral bandlets (n=16/16). Scale bar, 50 μm. 
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Fig 15. The ipsilateral N teloblast lineage does not influence Hau-six1/2a expression. (a) 
Dorsal view of the early stage 8 embryo, anterior is to the top. In an embryo that received 
a rhodamine dextran injection in the right N teloblast shortly after its birth and then 
ablated after 1-2 blast cell clones had been born, Hau-six1/2a expression was identical in 
the left and right germinal bands in both the p and op bandlets (n=22/22). (b) Rhodamine 
dextran labeling of a few clones in the n bandlet anterior of the ablation (arrowhead). 
Diffuse rhodamine dextran staining in the embryo's posterior is the ablated N teloblast. 
Scale bars, 50 μm. 
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Fig 16. The ipsilateral M teoblast lineage does not influence Hau-six1/2a expression. (a) 
Dorsal view of the early stage 8 leech embryo, anterior is to the top. In an embryo that 
received a rhodamine dextran injection into the DM proteloblast and then M left ablated 
immediately after birth, Hau-six1/2a expression is identical in the left and right germinal 
bands, in both the p and op bandlets (n=21/21). (b) Rhodamine dextran tracing of the 
intact m bandlet under the ectodermal bands (right side) and an absence of the bandlet on 
the left. Diffuse rhodamine dextran staining deep in the embryo on the left side is the 
DNAse-injected left M teloblast. Scale bar, 50 μm. 
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Fig 17. Hau-six1/2a is expressed in a transfated O. (a) Dorsal view of a mid-stage 8 
embryo, anterior is to the top. OP teloblasts were injected with rhodamine dextran, and an 
O/P teloblast was ablated with DNAse. In cases where we ablated the p bandlet, we 
observed a gap in Hau-six1/2a expression in the germinal band of the embryo on the 
manipulated side (arrow). (b) Dorsal view of the right germinal band. We saw that Hau-
six1/2a expression appeared to shift from the ablated p bandlet (arrowhead) to the o 
bandlet. (c) Rhodamine dextran colocalization confirmed that the p bandlet was ablated, 
and that the o bandlet was expressing Hau-six1/2a posterior to the lesion (n=22/27). 
Scale bars, 50 μm. 
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Fig 18. The o bandlet does not influence Hau-six1/2a expression in p. (a) Dorsal view of 
the right germinal band of the mid-stage 8 embryo. The OP proteloblast was labeled with 
rhodamine dextran, and an O/P teloblast was later ablated with DNAse. In cases where 
we ablated the o bandlet, we observed the p bandlet shifting over to the o position in the 
germinal band but continue to express Hau-six1/2a (n=13/13). (b) Confirmation of o 
bandlet ablation (arrow). Scale bars, 50 μm. 
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Fig. 19. The Q lineage does influence Hau-six1/2a expression. (a) Posterior view of the  
late stage 8 embryo, ventral is to the right. The left and right Q teloblasts were labeled 
with rhodamine dextran and ablated a few hours later. While Hau-six1/2a expression 
continued in one p bandlet posterior to the double Q ablation (arrowhead), expression 
stopped in the other p bandlet at the site of ablation (arrow, n=2/7). (b) Rhodamine 
dextran confirmation of Q label and ablation. Scale bar, 50 μm. 
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Fig 20. The Q lineage does influence Hau-six1/2a expression. (a) Dorsal view of the 
early stage 8 embryo, anterior is to the top. The left and right proteloblasts OPQ were 
labeled with rhodamine dextran, and the right Q teloblast was ablated immediately after 
birth. Expression of Hau-six1/2a appeared to be identical in the op bandlet (arrowheads), 
although the bandlet on the ablated side did appear to be twisted in some cases. Hau-
six1/2a expression in the p bandlet on the ablated side was markedly fainter than 
expression on the control side (arrows, n=3/3). (b) Rhodamine dextran confirmation of Q 
ablation on the right side.  
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Fig. 22. Diverse pigment patterns of Danio fishes and their relatives. D. rerio, D. 
nigrofasciatus and D. kyathit all exhibit well-defined horizontal stripes of melanophores, 
although D. kyathit adults develop breaks and irregularities in the stripes both anteriorly 
(shown) and posteriorly. D. kerri exhibits a few broad and relatively diffuse melanophore 
stripes. D. albolineatus adults lack horizontal stripes and melanophores are evenly 
distributed, although larvae exhibit a transient pattern of stripes posteriorly. D. choprae 
have vertical bars of melanophores as adults and transient horizontal stripes at earlier 
stages. Devario (formerly Danio) shanensis adults have vertical bars of melanophores 
anteriorly, with horizontal stripes posteriorly. Tanichthys albonubes exhibit a narrow 
horizontal melanophore stripe with a broader pattern of evenly dispersed melanophores. 
Yellow coloration in fish derives from neural crest-derived xanthophores, whereas red 
pigment in some species derives from neural crest-derived erythrophores. Adult fish are 
25-30 mm standard length. Images taken by David Parichy and the author.  
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Fig. 23. Similar stripes with different melanophore numbers and colors in D. rerio and D. 
nigrofasciatus juveniles. (A,B) D. rerio; (C,D) D. nigrofasciatus. (A) The ventral primary 
melanophore stripe of D. rerio consists of numerous gray-black metamorphic 
melanophores (arrow). Melanophores persisting from embryonic stages at the site of the 
early larval ventral melanophore stripe (arrowhead) are browner than metamorphic 
melanophores. (B) In the D. rerio dorsal primary melanophore stripe, a few 
melanophores at the ventral edge are brown in color (arrowhead), where a few 
melanophores are derived from the early larval stripe pattern. (A',B') Schematics of fish 
shown in A and B, showing black and brown melanophores. No attempt is made to 
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precisely delineate individual melanophore boundaries. (C) Unlike in D. rerio, the ventral 
primary melanophore stripe of D. nigrofasciatus includes numerous brown melanophores 
(arrowhead), in addition to black melanophores (arrow). (D) Detail showing D. 
nigrofasciatus brown melanophores (arrowhead) and black melanophores in the ventral 
primary melanophore stripe. (C',D') Schematics of fish shown in C and D. Images taken 
by the author, cartoon tracings generated by David Parichy. 
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Fig. 24. Pigment pattern metamorphosis differs between D. rerio (A-E') and D. 
nigrofasciatus (F-J'). Panels shown are of selected days from a complete image series for 
individual, representative larvae. In A and F, the 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 D. rerio, pigment pattern metamorphosis 
begins with the differentiation of pioneer metamorphic melanophores over the ventral 
myotomes (A, arrow), with additional metamorphic melanophores (B, arrow) appearing 
both dorsally and ventrally over a period of several days (B-D). Adult primary stripes 
become evident as dispersed melanophores migrate to sites of stripe formation and 
additional metamorphic melanophores differentiate within the stripes (D,E). A few early 
larval melanophores move from the horizontal myoseptum to join the adult dorsal 
primary melanophore stripe (C-E, arrowheads). Near the end of pigment pattern 
metamorphosis the larvae have developed an adult dorsal primary melanophore stripe and 
an adult ventral primary melanophore stripe (1D, 1V, respectively, in panel E). The adult 
ventral primary melanophore stripe develops just ventral to the level of the aorta (a, in 
panel E), about halfway between the horizontal myoseptum and the ventral margin of the 
myotomes (E'). In D. nigrofasciatus, pigment pattern metamorphosis begins with early 
larval melanophores becoming displaced from the larval stripes (F, melanophores 1-6). 
Whereas some metamorphic melanophores differentiate de novo (G,H, arrows), these are 
markedly fewer than in D. rerio. As metamorphosis proceeds, melanophores initially 
present in the ventral early larval stripe (H, arrowheads) become increasingly distant 
from the ventral margin of the myotomes. By late stages of pigment pattern 
metamorphosis, a complete adult ventral primary melanophore stripe has formed (J), and 
both dorsal and ventral stripes contain numerous early larval melanophores. The D. 
nigrofasciatus ventral primary melanophore stripe develops further ventrally relative to 
the level of the aorta (a, J), and closer to the ventral margin of the myotome (J'), 
compared to D. rerio. Inset (J) shows brownish cast of an adult stripe melanophore (6) 
that originated in the early larval stripe. (E',J') Schematics of fish shown in E and J, 
showing melanophores associated with the adult primary melanophore stripes, and 
residual melanophores from the early larval stripes dorsally and ventrally, as determined 
by following individual melanophores from early larval stages throughout the image 
series (i.e. by analyzing cell lineage rather than by examination of final melanophore 
colors). For consistency with Fig. 23, melanophores that originated in the early larval 
pattern are shown in brown, and melanophores that differentiated during metamorphosis 
are shown in black. Dorsal metamorphic melanophores that will cover the dorsum and 
dorsal scales are omitted for clarity. Double arrowheads in B and F indicate deep, internal 
melanophores that are ventral to the notochord, or dorsal to the neural tube, respectively, 
and that do not contribute to pigment patterns beneath the skin. Standard lengths of larvae 
(mm): A, 6.7; B, 7.4; C, 8.6; D, 10.3; E, 11.5; F, 6.7; G, 7.1; H, 8.6; I, 9.4; J, 10.3. 
Imaging and image analysis conducted by the author, cartoon tracings generated by 
David Parichy. 
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Fig. 25. Migration of melanophores during D. nigrofasciatus pigment pattern 
metamorphosis. Early larval melanophores (1, 2, 4, 5) and newly differentiating 
metamorphic melanophores (3) change positions as stripes form. Some changes in 
position are likely to reflect passive movements due to growth (e.g. increasing dorsal-
ventral separation of melanophores 4 and 5), whereas others can be explained only by 
active rearrangements (e.g. relative dorsal-ventral positions of melanophores 1 and 2). 
Only selected days from the complete image series are shown. To maintain the same 
region of interest, images in this figure and in Figs 27, 30, and 33 are rescaled across 
days.  
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Fig. 26. Phylogenetic relationships of danios inferred from 12S and 16S rDNA sequences. 
Shown is a maximum-likelihood tree (branch lengths proportional to estimated 
divergence). Support values are percentages from Bayesian analysis followed by 
nonparametric bootstrapping. Taxa in red and green were chosen for analyses of pigment 
pattern metamorphosis based on phylogenetic position and embryo availability. The 
analysis supports the division of the danios into two genera, Danio and Devario, based on 
morphological criteria (Fang, 2003), and is in general agreement with previous molecular 
analyses of fewer taxa (Zardoya et al., 1996; Parichy and Johnson, 2001). GenBank 
Accession numbers for 12S and 16S sequences are (top to bottom):AY707450, 
AY707456; U21372, U21381; AF3226h58, AF322663; AY707446, AY707452; 
AF322663; AY707449, AY707455; AY707447, AY707453; AF322656, AF322661; 
U21376, U21384; AF322659, AF322664; U21377, U21377; U21375, U21370; 
AY707448, AY707454; U21553, U21554; AF322660, AF322665; U21378, 
U21386; AY707445, AY707451. Published sequences for D. aff. tweediei and D. 
pulcher were excluded owing to their limited length and the resulting loss of 
phylogenetic resolution. Data generated by Richard J. Nuckels and Erine Budhi, 
phylogenetic analysis conducted by David Parichy. 
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Fig. 27. Primary role for metamorphic melanophores in adult pigment pattern formation 
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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). Images and images analysis 
conducted by the author, cartoon tracings generated by David Parichy. 
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Fig. 28. 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 
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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. Analyses 
performed by the author, statistics performed by David Parichy. 
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Fig. 29. Adult hybrid phenotypes exclude major-effect roles for genes isolated as D. rerio 
melanophore mutants. (A) Control (wild-type) D. rerio x 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. Data generated by Richard J. Nuckels and David Parichy. 
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Fig. 30. 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. 
Images and image analysis conducted by the author, cartoon tracings generated by David 
Parichy.   
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Fig. 31. 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. 24B), primary 
metamorphic melanophores (arrowhead) differentiate over the middle of each ventral 
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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. 24C,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. 
Experiments performed by Erin L. MacDonald. 
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Fig. 32. 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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Fig. 33. Non-autonomous factors underlying the differences in pigment pattern 
metamorphosis between D. rerio and D. nigrofasciatus, revealed by interspecific genetic 
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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. 
24E). (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. Experiments 
and analysis performed by the author and Jessica M Turner; cartoon tracings generated by 
David Parichy. 
 
 



152 
 

 
 
 
Fig. 34. 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. Analysis by the author and Dave Parichy; illustration 
generated by David Parichy. 
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Fig. 35. Adult stripe development and loss in danios. (A) Adult D. rerio exhibit dark 
stripes of melanophores and iridophores (with few xanthophores), alternating with light 
stripes of xanthophores and iridophores (with few melanophores). (B) Adult D. 
albolineatus lack distinctive melanophore stripes and exhibit only a weak interstripe 
region posteriorly. (C) fms mutant D. rerio exhibit disrupted stripes in which 
metamorphic melanophores are reduced and xanthophores are absent. (D) Detail of 
stripes and interstripes in D. rerio. Dark cells are melanophores and yellow-orange cells 
are xanthophores (arrow). Reflective iridophores are found throughout, but are organized 
differently in interstripe regions (arrowheads); under this illumination, iridophores 
outside of the interstripe region are evident only by their blue iridescence over some 
melanophores. (E) Detail of pigment pattern in D. albolineatus adult. Melanophores are 
widely distributed over the flank. Adults exhibit reddish erythrophores (arrow) 
distributed widely over the flank and interstripe iridophores (arrowheads) form only a 
narrow, irregular band over part of the flank. Erythrophores are present in several other 
danios as well, although not in D. rerio. Adult fish are 25-30 mm in length. Scale bars in 
D: 200 µm for D,E. Images taken by the author and Dave Parichy. 
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Fig. 36. Comparative analyses reveal fms-dependence of hybrid pigment pattern 
formation across Danio species. (A) Phylogenetic relationships. The traditional grouping 
of danios comprises at least two major clades, `Danio' and `Devario' (Kullander, 2001; 
Fang, 2003). Heterospecific danios with names in color were used for interspecific 
complementation tests with fmsj4e1 mutant D. rerio. Colors of names indicate fms-
dependence of hybrid (or heterozygous) pigment pattern: red, strong fms-dependence; 
green, mild fms-dependence; blue, no apparent fms-dependence (see text). (B,E,H,K,N,Q) 
Danio wild-type pigment patterns. (C,F,I,L,O,R) Control hybrids between wild-type D. 
rerio and heterospecific danios. (D,G,J,M,P,S) Hybrids between fmsj4e1 mutant D. rerio 
and heterospecific danios. (B-D) Danio albolineatus lack distinctive stripes whereas 
control hybrids develop stripes with irregular borders; fms mutant hybrids lack stripes. 
(E-G) Danio aff. albolineatus resembles D. albolineatus but has a reduced interstripe 
region posteriorly and the anal fin lacks a melanophore stripe; these fish may represent a 
divergent population of D. albolineatus or a closely related species (Fang and Kottelat, 
2000). Control hybrids develop stripes with irregular borders like D. albolineatus control 
hybrids; fms mutant hybrids lack distinctive stripes. (H-J) Danio `hikari' resembles D. 
kerri (Parichy and Johnson, 2001): melanophore stripes are broad and diffuse and include 
very few xanthophores; interstripe regions are narrow and irregular by comparison with 
D. rerio (Fig. 1A). Control hybrids develop distinctive melanophore stripes and 
interstripes with regular borders. Tester fms mutants have fewer xanthophores than 
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controls. (K-M) Danio aff. kyathit resembles D. rerio initially but develops fissures in 
melanophore stripes as the fish grows; D. aff. kyathit also exhibit red erythrophores, 
particularly in the fins. Control hybrids lack stripe fissures, and fms mutant hybrids are 
not discernibly different (minor differences between control and tester hybrids are within 
the range of variation exhibited by different families within genotypes). (N-P) Danio 
choprae transiently develop horizontal stripes, then lose these stripes as a uniform pattern 
of melanophores emerges; vertical bars of melanophores arise in adults. Control hybrids 
develop and maintain horizontal stripes resembling those of D. rerio whereas fms mutant 
hybrids have fewer melanophores and xanthophores and less organized patterns. (Q-S) 
Danio aff. dangila adults have melanophore stripes interrupted by lighter spots and 
interstripes, and are morphologically indistinguishable from D. dangila (Parichy and 
Johnson, 2001). Control hybrids resemble D. rerio, and fms mutant hybrids exhibit no 
clear difference from controls. Data not shown: Danio nigrofasciatus exhibit well-defined 
stripes and control hybrids are intermediate between D. rerio and D. nigrofasciatus 
parental species (Parichy and Johnson, 2001; Quigley et al., 2004); tester hybrids do not 
differ from controls for either fmsj4blue (Parichy and Johnson, 2001) or fmsj4e1. Tester 
fmsj4e1 hybrids could not be obtained for D. kerri; tester fmsj4blue hybrids resemble 
control hybrids, similar to tester fmsj4blue hybrids with D. albolineatus, likely reflecting 
modifier loci in the fmsj4blue background (see text). Hybrids with species outside of the 
Danio clade (A) were not viable, consistent with previous observations (Parichy and 
Johnson, 2001). All fish are between 25-35 mm standard length, except D. dangila and its 
hybrids, which are 50-80 mm. GenBank accession numbers for 12S and 16S sequences 
used in phylogeny reconstruction were: AY707450, AY707456; U21372, U21381; 
AF322658, AF322663; AY707446, AY707452; AF322663; AY707449, AY707455; 
AY707447, AY707453; AF322656, AF322661; U21376, U21384; AF322659, AF322664; 
U21377, U21377; U21375, U21370; AY707448, AY707454; U21553, U21554; 
AF322660, AF322665; U21378, U21386; AY707445, AY707451; AY37481, AY37482; 
AY37483, AY37484. DNA cloning and sequencing performed by Richard J Nuckels and 
Emily R. Herrington, phylogeny generated by David Parichy, imaging and crosses 
conducted by the author. 
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Fig. 37. Mild and strong fms-dependence of hybrid pigment patterns for D. `hikari' and 
D. choprae. (A,B) Danio `hikari' hybrids. (A) Wild-type control hybrids develop 
distinctive melanophore stripes and interstripe regions (arrow, A), whereas fms mutant 
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hybrids have about half as many xanthophores as controls (B). (C-F) Danio choprae 
hybrids at larval stages. (C,E) Wild-type control hybrids have numerous xanthophores 
both on the body (arrow, C) and in the fins (arrowheads, E). (D,F) fms mutant hybrids 
have fewer xanthophores than controls. (G,H) Adult D. choprae control hybrids (G) have 
more xanthophores (arrows) than tester fms mutant hybrids (H). Scale bars: in A, 500 µm 
for A,B,G,H); in C, 150 µm for C-F.  
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Fig. 38. Segregation analysis supports an essential role for fms in D. albolineatus x D. 
rerio hybrid stripe development. (A,B,D,E) Tester fmsj4e1/+ hybrids exhibit either of two 
easily distinguishable phenotypes, one in which stripes are well organized (A,B), and 
another in which stripes are weakly organized with irregular borders and fewer 
xanthophores (D,E). Differences are evident during pigment pattern metamorphosis 
(A,D) but are most apparent in adults (B,E). Details showing well-organized (C) and 
weakly organized (F) stripes in hybrid adults. Pigment cell complements in hybrids with 
weak stripes were significantly reduced compared with hybrids with strong stripes, with 
84% of the number of melanophores (F1,16=8.76, P<0.01) and only 14% of the number 
of xanthophores (F1,16=20.85, P<0.0005). The reduction in melanophore numbers is 
comparable to that observed in homozygous fmsj4e1 mutant D. rerio and fms174 mutant D. 
rerio at restrictive temperature; however, neither D. rerio mutant allele retains 
xanthophores (Parichy et al., 2000b; Parichy and Turner, 2003a). (G,H). Primer extension 
genotyping for fms alleles. (G) In D. rerio, an extension primer adjacent to the fmsj4e1 
lesion yields additions of two nucleotides in homozygous wild-type individuals, additions 
of four nucleotides in homozygous fmsj4e1 individuals, and additions of both two and four 
nucleotides in heterozygous fms+/fmsj4e1 individuals. (H) Primer extension genotyping 
for tester fmsj4e1/+ hybrids that have been classified as having `strong' or `weak' stripes. 
All hybrids with strong stripes carry the D. rerio fms+(wik) wild-type allele and the D. 
albolineatus fms allele, resulting in two nucleotide additions to the extension primers. All 
hybrids with weak stripes carry the D. rerio fmsj4e1 mutant allele and a D. albolineatus 
fms allele, resulting in the addition of four and two nucleotides to the extension primer, 
respectively. Scale bars: in A, 200 µm for A,D; in B, 500 µm for B,E; in C, 200 µm for 
C,F. Images taken by the author, segregation analysis performed by Richard J. Nuckels 
and David Parichy. 
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Fig. 39. A temperature-sensitive allele uniquely implicates fms in melanophore stripe 
disorganization and xanthophore reduction in hybrids. Tester fms174 mutant D. rerio x D. 
albolineatus hybrids were reared at 28.5°C through middle metamorphosis, then were 
transferred either to 24°C or 33°C until adult pigment patterns had formed. (A,B) fms174 
hybrids reared at 24°C develop well-organized stripes and numerous xanthophores on the 
body (A) and fins (B, arrows). (C,D) fms174 hybrids reared at 33°C develop poorly 
organized melanophore stripes and have fewer xanthophores on the body (C) and fins (D, 
arrows). Pigment patterns of control wild-type hybrids do not differ between 24°C and 
33°C (data not shown). Scale bars: in A, 1 mm for A,C; in B, 150 µm for B,D.  
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Fig. 40. Development of adult pigment patterns in D. rerio (A-F) and D. albolineatus (G-
L). Panels shown are of selected days from a complete image series for individual, 
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representative larvae. (A) In D. rerio, pigment pattern metamorphosis is marked by the 
differentiation of metamorphic melanophores (arrow, showing one of many) over the 
myotomes. The white box in each image delineates the horizontal myoseptum; the single 
arrowhead in A indicates one of several early larval melanophores that have persisted 
along the horizontal myoseptum through the beginning of metamorphosis. Double 
arrowhead indicates deep melanophores along the dorsal aspect of the neural tube; triple 
arrowhead, deep melanophores lining the dorsal surface of the peritoneum. sb, swim 
bladder. (B) As metamorphosis proceeds, additional metamorphic melanophores (small 
arrows) develop over the myotomes, and iridophores and xanthophores differentiate 
ventral to the horizontal myoseptum in the prospective primary interstripe region (large 
arrow). (C) By middle stages of pigment pattern metamorphosis, melanophores have 
started to organize into stripes in the region of the prospective dorsal primary 
melanophore stripe (p1D) and prospective ventral primary melanophore stripe (p1V). (D) 
As the dorsal and ventral melanophore stripes become increasingly distinctive, additional 
late metamorphic melanophores differentiate already within these stripes (e.g. arrow). (E) 
Near the completion of pigment pattern metamorphosis, distinctive dorsal and ventral 
primary melanophore stripes (1D, 1V) border a well-defined interstripe region. (F) 
Pigment pattern metamorphosis is completed with the development of scales and scale-
associated melanophores (s). In D. albolineatus, melanophores typically do not persist 
along the horizontal myoseptum from earlier stages, and instead melanophores, initially 
deeper between the myotomes, migrate to the surface (arrowhead, data not shown). (H) 
Metamorphic melanophores (e.g. small arrow) differentiate widely scattered over the 
myotomes, as in D. rerio, but fewer iridophores (large arrow) develop ventral to the 
horizontal myoseptum. (I,J) As metamorphosis proceeds, additional metamorphic 
melanophores appear over the myotomes, yet these cells typically do not migrate far from 
their site of differentiation. Relatively few late metamorphic melanophores appear within 
the regions where stripes form in D. rerio (compare with D). (K) Near the completion of 
metamorphosis, melanophores remain relatively dispersed compared with D. rerio, and 
only a weak pattern of melanophore stripes (arrowheads) borders an irregular and narrow 
interstripe region on the posterior trunk. (L) At the end of metamorphosis, D. albolineatus 
have far fewer sub-dermal melanophores than D. rerio, and these cells are widely 
distributed where the interstripe region develops in D. rerio. The interstripe region 
extends only to the middle of the flank (arrow) and reddish erythrophores have started to 
differentiate within this region. Images shown have been rescaled across stages to 
maintain the same approximate field of view. Larval standard lengths in mm, (A-F) 7.1, 
7.7, 8.3, 9.5, 12.0, 13.3, (G-L) 8.1, 9.3, 10.1, 11.0, 12.8, 13.4. Scale bars: in A, 500 µm 
for A,G; in F, 1 mm for F,L. Imaging and analysis by Joan L Manuel. 
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Fig. 41. Quantitative analyses of melanophore morphogenesis in D. rerio and D. 
albolineatus. (A) In regions where melanophore stripes develop in D. rerio, melanophore 
numbers are dramatically reduced in D. albolineatus and this deficit becomes more 
pronounced through pigment pattern metamorphosis. (B) In the middle of the flank, 
where the first interstripe region forms in D. rerio, melanophore numbers are increased in 
D. albolineatus, reflecting the absence of a distinctive and persistent melanophore-free 
region in the anterior of the flank. Despite the increased melanophore numbers, the 
overall complement of melanophores is dramatically reduced overall compared with D. 
rerio. (C) Analyses of twice daily image series reveal differential appearance ('births') and 
disappearance ('deaths') of melanophores between species. Shown are cumulative mean 
births and deaths recorded in each of three developing larvae through middle stages of 
pigment pattern metamorphosis, with `births' defined as the appearance of new 
melanophores (either by differentiation or proliferation) and `deaths' defined by the 
unambiguous loss of melanophores (see Materials and methods). Melanophore births 
were not significantly different between species (F1,107=1.87, P=0.2) after controlling for 
variation among individuals (F4,107=2.72, P<0.05) and across days (F21,107=5.43, 
P<0.001). By contrast, melanophore deaths were significantly greater in D. albolineatus 
than D. rerio (F1,81=3.04, P<0.005) after controlling for variation among individuals 
(F4,81=2.10, P=0.09) and across days (F29,81=2.47, P<0.001). Error bars are omitted for 
clarity. (D) Total melanophore movements are reduced in D. albolineatus compared with 
D. rerio, both during early and middle metamorphosis (left), and through later 
metamorphosis (right). Shown are mean (±s.e.m.) distances moved by individual 
melanophores, with distances expressed as percentages of the flank height. Left, species 
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differences were significant (F1,696=14.23, P<0.0005; n=368, 344 melanophores in D. 
rerio and D. albolineatus) after controlling for variation associated with individuals 
(nested within species: F4,696=2.60, P<0.05), and anteroposterior region nested within 
individuals (F10,696=5.19, P<0.0001). Right, species differences were significant 
(F1,708=8.45, P<0.005; n=291, 419 melanophores in D. rerio and D. albolineatus) 
whereas inter-individual differences were not significant (P=0.2). (E,F) Directional 
movements of melanophores were significantly reduced in D. albolineatus compared 
with D. rerio. Each point represents a single melanophore followed from its first 
appearance to its final position at the end of the series or until it was lost (n=368, 344 
melanophores in D. rerio and D. albolineatus, respectively). Plots show the initial 
dorsoventral positions at which melanophores first appeared, and the subsequent changes 
in dorsoventral positions by the end of the images series. The dorsal-most position on the 
flank is assigned a relative value of 0, and the ventral-most position on the flank is 
assigned a value of 1. Regression slopes are estimated separately for dorsal and ventral 
regions of the flank because of differences in shape and growth. (E) In D. rerio, 
melanophores that initially appear in more dorsal regions of the flank tend to move 
ventrally whereas melanophores that initially appear in more ventral regions of the flank 
tend to move dorsally (partial regression coefficients±s.e.m. for relationship between 
starting dorsoventral position and arcsine-transformed movements for dorsal and ventral 
regions of the flank, respectively: -0.17±0.02, -0.14±0.04). (F) In D. albolineatus, 
directional movements were significantly reduced compared with D. rerio in dorsal 
regions of the flank (F1,399=6.43, P<0.05), although species differences were not 
detectable in ventral regions (F1,399=1.40, P=0.2), as assessed by the magnitude of 
starting position xspecies interactions [partial regression coefficients for dorsal and 
ventral, respectively: -0.10±0.02, -0.10±0.02; after controlling in both dorsal and ventral 
analyses for variation among individuals (nested within species, both P<0.005), variation 
among the three examined anteroposterior regions of the flank nested within individuals 
(both P<0.0005), main effects of species (P=0.7, P<0.005, respectively), and starting 
position independent of species (both P<0.0001)]. Image analysis by Reid A Roberts, 
statistics by David Parichy. 
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Fig. 42. Altered melanophore lineage development in D. albolineatus. (A-H) 
Melanophore precursor abundance does not differ dramatically between species as 
revealed by distributions of cells expressing tyrosinase, dopachrome tautomerase (dct) 
and mitfa (Lister et al., 1999; Kelsh et al., 2000; Camp and Lardelli, 2001). tyrosinase 
and dct encode enzymes required for melanin synthesis, whereas mitfa encodes a 
transcription factor essential for melanophore specification. (A-D) In situ hybridization 
for tyrosinase mRNA in D. rerio (A,B) and D. albolineatus (C,D) during middle stages of 
pigment pattern metamorphosis (equivalent to larvae shown in Fig. 40C,I). (A) In D. 
rerio, numerous tyrosinase+ melanophores and unmelanized melanophore precursors 
(arrowhead) are observed in the region of the prospective dorsal primary melanophore 
stripe. (B) Higher magnification image of a different larvae showing tyrosinase+ 
melanophores (arrow) and melanophore precursors (arrowhead). (C) In D. albolineatus, 
fewer melanophores are present but tyrosinase+ melanophore precursors (arrowhead) are 
not obviously reduced in number. (D) Higher magnification of a different larva showing 
tyrosinase+ melanophores (arrowhead) and unmelanized melanophore precursor 
(arrowhead). (E-H) Expression of other melanophore lineage markers also is similar 
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between D. rerio and D. albolineatus. (E,F) Danio rerio exhibit unmelanized cells 
(arrowheads), and some melanized cells (arrow) expressing dct (E) and mitfa (F). (G,H) 
In D. albolineatus, the numbers of unmelanized cells expressing dct (G) and mitfa are 
similar to D. rerio. Results for kit and sox10-expressing cells were similar (data not 
shown) (Parichy et al., 1999; Dutton et al., 2001). (I-L) Tyrosinase-expressing 
melanophore precursors revealed by treating fixed larvae with the essential precursor for 
melanin synthesis, L-dopa (Camp and Lardelli, 2001; McCauley et al., 2004). Images in I 
and K are prior to L-dopa incubation, and images in J and L are the same fields of view 
after treatment with L-dopa for 5 hours. (I,J) In D. rerio, only a few tyrosinase+ 
melanophore precursors are revealed by L-dopa incubation (arrowheads). (K,L) In D. 
albolineatus, however, numerous tyrosinase+ melanophore precursors are revealed by L-
dopa treatment (arrowheads show only a few of these cells). These cells exhibit 
morphologies typical of melanoblasts and recently differentiated melanophores (inset). 
The increased number of L-dopa stained, tyrosinase+ cells as compared with molecular 
markers in D. albolineatus may reflect perduring protein in the absence of transcriptional 
activity. (M-T). Melanophores and melanophore precursors frequently are lost in D. 
albolineatus. (M-O) The same region of a D. albolineatus larvae imaged at 12-hour 
intervals reveals the transient appearance of several melanophores (arrowheads). Yellow-
orange cells are xanthophores; these and other melanophores do not change positions 
between images. (P) High magnification image of D. albolineatus reveals melanin-
containing debris (arrow) typical of melanophore death. Arrowhead, melanophore 
precursor that acquired melanin following L-dopa incubation of this larva. (Q-S) Cross-
sections reveal the locations of melanophores and tyrosinase+ melanophore precursors in 
D. rerio (Q) and D. albolineatus (R,S). (Q) In D. rerio, few melanophores or 
melanophore precursors are located within the plane of the epidermis; one such 
melanophore is indicated by the arrowhead. e, epidermis; m, myotome. Arrow indicates 
iridophores of the developing interstripe region. (R) In D. albolineatus, numerous 
melanophores and tyrosinase+ melanophore precursors occur within the plane of the 
epidermis (arrowheads), although some melanophores are found subdermally, as in D. 
rerio (arrow). (S) Higher magnification of bracketed region in R, showing a melanin-
containing extrusion body typical of teleost melanophore death. Arrowhead indicates 
bounding membrane. n, neuromast. Melanin-containing debris in P also is superficially 
located, as revealed by hexagonal outlines of adjacent epidermal cells. (T) High 
magnification image of whole-mount larva, showing extrusion body containing melanin 
granule (arrow) and staining for dct mRNA (arrowhead). Scale bars: in A, 80 µm for 
A,C; in B, 40 µm for B,D; in E, 60 µm for E-H; in I, 80 µm for I-L; in P, 20 µm for P; in 
Q, 60 µm for Q,R; in S, 20 µm for S,T. In situ hybridization performed by Erin 
MacDonald, L-DOPA staining, larval sectioning, and imaging performed by the author. 
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Fig. 43. Excess xanthophores in D. albolineatus compared with D. rerio. (A-H) 
Xanthophores in D. rerio (A,B,F), D. albolineatus (C,D,G), and wild-type D. rerio xD. 
albolineatus hybrids (E,H). (A) In D. rerio, few xanthophores (arrowhead) are visible 
during early stages of metamorphosis (stage equivalent to Fig. 40A) and most initially are 
found ventral to the horizontal myoseptum (box). Arrow indicates iridophores in the 
prospective primary interstripe region. (B) During middle stages of pigment pattern 
metamorphosis in D. rerio (e.g. Fig. 40C), xanthophores occur in the developing 
interstripe region (arrow) and a few faint xanthophores can be seen along the dorsal 
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myotomes. (C) In D. albolineatus, xanthophores (arrowheads) are widely dispersed over 
the flank during early pigment pattern metamorphosis (e.g. Fig. 40G). (D) During later 
pigment pattern metamorphosis in D. albolineatus (e.g. Fig. 40I), xanthophores 
(arrowheads) persist widely scattered over the flank. Reddish erythrophores have started 
to develop in the interstripe region (arrow) and persist into the adult. Lineage 
relationships of erythrophores to xanthophores are unclear. (E) In hybrids between wild-
type D. rerio and D. albolineatus, excess xanthophores (arrowheads) develop over the 
flank compared with D. rerio, and reddish erythrophores develop in the interstripe region 
(arrow). (F-H) Higher magnification images of larval D. rerio, D. albolineatus, and D. 
rerio xD. albolineatus hybrids shown in B-E. (I-L) In situ hybridization for early markers 
of the xanthophore lineage (Parichy et al., 2000b; Ziegler et al., 2000). Shown is GTP 
cyclohydrolase I (gch), which encodes an enzyme required for synthesizing pteridine 
pigments of xanthophores. Results for xanthine dehydrogenase (xdh), encoding a second 
pteridine synthesis enzyme were similar (data not shown). (I,J) D. rerio larvae; (K,L) D. 
albolineatus larvae. (I,K) In both species, gch+ cells occur over the myotomes during 
early metamorphosis. (J,L) At an optical plane medially within the same larvae shown in 
I and K, relatively few gch+ cells are observed in D. rerio (J), whereas many gch+ cells 
are present in D. albolineatus (L). (M,N) In situ hybridization for fms mRNA does not 
reveal clear differences in the numbers or distributions of fms+ cells between D. rerio (M) 
and D. albolineatus (N). Scale bars: in A, 100 µm for A,C; in B, 160 µm in B,D,E; in F, 
60 µm for F-H; in I, 60 µm for I-L; in M, 80 µm for M,N. In situ hybridization performed 
by Eric L. MacDonald, imaging by the author. 
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Fig. 44. Differential sensitivities across danios to melanophore reduction during hybrid 
pigment pattern development. An abbreviated phylogeny is shown on the left and wild-
type danio pigment patterns are shown in A,C,E,G,I,K,M. Representative duchamp 
mutant hybrids are shown in B,D,F,H,J,L,N; schematics illustrate melanophore 
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distributions (dorsal scale-associated melanophores are omitted for clarity). (A,B) 
Heterozygous duchamp mutant D. rerio (B) exhibit spots and fewer melanophores than 
wild type (A). Xanthophore and iridophore deficits are not apparent. (C,D) duchamp 
hybrids for D. kyathit develop spots of melanophores, although these are somewhat less 
regular than in D. rerio, as is the wild-type D. kyathit stripe pattern. (E,F) duchamp 
hybrids for D. nigrofasciatus develop well-organized spots or even complete stripes. 
(G,H) duchamp hybrids for D. albolineatus exhibit a more severe melanophore reduction 
than observed in heterozygous duchamp mutant D. rerio or other hybrids, and these 
melanophores remain widely dispersed over the caudal flank. As in duchamp mutant D. 
rerio, gross deficits in xanthophore numbers were not apparent during pigment pattern 
metamorphosis (data not shown). (I,J) duchamp hybrids for D. `hikari' develop 
intermediate patterns, in which more melanophores are present than in D. albolineatus 
hybrids, but melanophore patterns range from weak clustering, to reticulation, to more 
uniform dispersion. (K-M) duchamp hybrids for the more distantly related D. choprae 
and D. dangila develop spots similar to the D. rerio species group. Scale bars: in A, 1 mm 
for A-L; in M, 0.5 mm for M,N. Crosses performed by the author and David Parichy, 
imaging and cartoon tracing by David Parichy. 
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Fig. 45. Melanophore and iridophore patterns in tester duchamp mutant hybrids. (A,B) 
Different illumination of the same fields of view reveals melanophore organization (A,C) 
and iridophore organization (B,D). (A,B) Tester duchamp hybrids for D. dangila exhibit 
clusters of melanophores (arrows) with iridophores (arrowheads) organized around these 
clusters, as for hybrids of the D. rerio species group. (C,D) Tester duchamp hybrids for 
D. albolineatus typically do not form clusters of melanophores (arrows), and iridophores 
(arrowheads) are poorly organized. Scale bars: in A, 200 µm for A,B; in C, 200 µm for 
C,D. 
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