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Abstract 
Regulation of neural crest derived pigment cells and dermal cells that form skin appendages is 
broadly similar across vertebrate taxa. In zebrafish, organized pigment stripes and an array of 
calcified scales form simultaneously in the skin during post-embryonic development. 
Understanding mechanisms that regulate stripe patterning and dermal morphogenesis may lead 
to discovery of fundamental mechanisms that govern development of animal form. To learn 
about cell types and potential signaling interactions that govern skin patterning and 
morphogenesis we generated and analyzed single cell transcriptomes of skin with genetic or 
induced defects in pigmentation and squamation. These data reveal a previously undescribed 
population of ameloblast-like epidermal cells, suggest hormonal control of epithelial-
mesenchymal signaling, clarify the signaling network that governs scale papillae development, 
and identify the hypodermis as a crucial pigment cell support environment. These analyses 
provide new insights into the development of skin and pigmentation and highlight the utility of 
zebrafish for uncovering essential features of post-embryonic development in vertebrates. 
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Introduction 
The steady-state chemistry of biological life on earth occurs within compartments bounded from 
the rest of the cosmos. Sophisticated integuments serve as the ultimate boundary and primary 
interface between biological organisms and their environments. Vertebrates have marvelous 
and varied skins, decorated with pigment patterns and arrayed with appendages such as 
feathers, fur or scales. Understanding the mechanistic underpinnings of animal form and 
phenotypic diversity is an enduring goal of basic biology and studying skin patterning and 
morphogenesis can advance that goal. Additionally, while human skin is a major factor in our 
outward appearance, bears all our physical interactions, and detects all our tactile sensations, it 
remains an incompletely understood and failure prone organ system.  

Studying the skin of research organisms chosen based on phylogeny or experimental 
exigency can improve our understanding of regulatory mechanisms underlying its patterning 
and morphogenesis. Comparing developmental mechanisms across species can give insights 
into the origin and evolution of this important organ system and elucidate fundamental 
mechanisms of potential relevance to human dermatology. To this end, skin morphogenesis and 
patterning has been studied across a variety of organisms, yielding insights into both general 
and species-specific mechanisms (Duverger and Morasso, 2009; Chen et al., 2015; Patterson 
and Parichy, 2019; Aman and Parichy, 2020).  

 Zebrafish (Danio rerio) is an outstanding organism for studying vertebrate skin patterning 
and morphogenesis. Zebrafish skin, like all vertebrate skin, has a superficial epidermis 
composed of ectoderm-derived epithelial cells and an underlying dermis composed of 
mesoderm-derived mesenchymal cells and a collagenous stromal matrix (Le Guellec et al., 
2004; Aman and Parichy, 2020). During post-embryonic development, zebrafish skin 
simultaneously develops an array of calcified scales and pigmented stripes. Both form 
superficially on the surface of the animal and are dispensable for survival, making them readily 
amenable to imaging and experimental perturbation, enabling analyses of underlying cellular 
dynamics and molecular mechanisms (Aman et al., 2018; Cox et al., 2018; Iwasaki et al., 2018; 
Rasmussen et al., 2018; Patterson and Parichy, 2019; De Simone et al., 2021).  

To attain integrative insights into zebrafish skin patterning and morphogenesis we used 
single-cell transcriptional profiling and live imaging of skins from ectodysplasin a (eda) mutants, 
basonuclin 2 (bnc2) mutants, and hypothyroid fish (hypoTH) (Fig 1A). Eda-Edar-NF-κB 
signaling is a conserved pathway that is necessary for normal development of all tested 
vertebrate skin appendages (Kere et al., 1996; Srivastava et al., 1997; Kondo et al., 2001; 
Houghton et al., 2005; Harris et al., 2008; Di-Poï and Milinkovitch, 2016). Mutations in the 
signaling ligand Eda-A (Ectodysplasin-A), its receptor Edar, or downstream signal transduction 
molecules underlie the majority of human ectodermal dysplasias, hereditary disorders defined 
by loss of skin appendages and teeth (Cluzeau et al., 2011). Similarly, eda mutant zebrafish 
completely lack scales, though specific mechanisms linking Eda signaling to scale formation 
remain unclear (Harris et al., 2008). To learn more about potential interactions between pigment 
cells and their skin microenvironment, we profiled a mutant for bnc2, a conserved zinc finger 
containing protein implicated in human pigment variation and that acts through the tissue 
environment to promote pigment celll development in zebrafish (Lang et al., 2009; Patterson 
and Parichy, 2013; Visser et al., 2014; Endo et al., 2018; Ayoola et al., 2021). Finally, we 
profiled skins from hypothyroid fish (hypoTH), unable to synthesize thyroid hormone owing to 
transgene-mediated ablation of the thyroid gland (McMenamin et al., 2014). Thyroid hormone is 
a potent regulator of vertebrate skin development and thyroid dysfunction underlies debilitating 
skin pathologies (Mancino et al., 2021). TH is necessary for dermal morphogenesis and pigment 
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cell maturation and pattern formation (McMenamin et al., 2014; Saunders et al., 2019; Aman et 
al., 2021).  

Our analyses of transcriptomic states across wild-type and other backgrounds of zebrafish 
provide new evidence supporting homology of tissues forming scales in zebrafish with tissues 
forming teeth and scales of other vertebrates. They further point to a previously undescribed 
epidermal cell type that expresses transcripts encoding enamel matrix proteins, relevant to 
understanding the ancient origins of calcified tissues, and clarify the position of Eda within the 
signaling network that governs scale papilla induction. Finally, they identify a specialized 
population of dermal cell that supports pigment cells, thereby providing a permissive tissue 
environment for the self-organizing interactions of adult stripe formation.  

Results 

sci-RNA-seq of whole skin reveals cell type diversity during post-embryonic development 
Skin is a large and complex organ system, with contributions from multiple embryonic germ 
layers and a variety of distinct cell types. Conveniently, pigment pattern formation and 
squamation occur simultaneously during post-embryonic development, in different layers of the 
skin (Fig 1B) (Aman et al., 2021). To capture individual transcriptomes from a minimally biased 
sampling of skin cells, we performed single nucleus combinatorial indexing (sci)-RNA-seq (Cao 
et al., 2017; Cao et al., 2019) on nuclei from pooled, fresh-frozen whole skins at 9.6 SSL, a key 
developmental stage during skin patterning and morphogenesis. At this stage of wild-type fish, 
all stages of scale morphogenesis are represented and a “primary” pigment pattern is apparent 
with secondary pattern elements just beginning to form (Fig 1A,B; Fig 1-S1) (Aman et al, 2019; 
Parichy et al, 2009).  

To better understand the contributions of individual cell types and key factors involved in the 
major skin patterning events at this stage, we included 3 additional backgrounds representing 
distinct developmental perturbations: eda mutants, bnc2 mutants, and hypoTH fish. We 
processed all tissue in a single sci-RNA-seq experiment, barcoding each genotype by reverse 
transcription index during library preparation. In total, we recovered high quality transcriptomes 
from 144,466 individual nuclei with an average of 1,300 unique molecular identifiers (UMIs) and 
720 genes detected per cell (~60% duplication rate). Cell recovery, UMIs per cell, and numbers 
of genes detected were consistent across all sample groups (Fig 1-S2). We removed likely 
multiplets using Scrublet (11%) (Wolock et al., 2019) and further processed the data and 
performed dimensionality reduction and clustering with Monocle3 (Cao et al., 2019). To 
characterize the cell types and developmental trajectories, we focused on the wild-type data 
alone (35,114 cells). Unsupervised clustering identified 43 distinct clusters that we classified into 
22 major cell types by assessing expression of published markers for different skin and skin-
associated cell types. The majority of cells were from epidermal and dermal populations. We 
also recovered less abundant cell types including pigment cells, lateral line cells, ionocytes and 
resident immune cells (Fig 1C, Fig 1-S3). As expected based on our stage selection, we 
recovered a large number of dermal scale forming cells (SFCs) and their progenitors (pre-
SFCs). To assign cell types to all cells in the non-wild-type data, we used the Garnett software 
package (Pliner et al., 2019) to train a classifier using the wild-type cell type assignments and 
then apply that classifier to rapidly annotate cells from other backgrounds. We manually 
checked and corrected annotations where needed to fully resolve cell type assignments for all 
cells in the co-embedded space.    
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A heterogenous population of epidermal and dermal cells contributes to scale plate formation  
Like most extant fish species, zebrafish are adorned with a full coat of scales by juvenile stages. 
These scales represent one form of calcified, dermally derived skin appendages that cover the 
bodies of most fish species. Due to the preservation of these bony tissues in the fossil record, 
much is known about the evolutionary history of scale morphology and mineral content, yet the 
shared and divergent molecular mechanisms underlying the development of these appendages 
is just starting to be elucidated. Calcified dermal armor is an ancient vertebrate innovation, first 
appearing in the Ordovician 450 million years ago prior to the appearance of paired fins, jaws 
and teeth in the fossil record. Early calcified skin appendages were composed of unambiguous 
enamel, dentin and bone analogues, arranged in an overtly tooth-like histology (Smith et al., 
2002; Märss, 2006; Sire et al., 2009). These traits have been retained in the skin appendages 
and teeth of phylogenetically far-flung vertebrates. While certain fishes, like sharks and gar, 
have overtly tooth-like scales, zebrafish scales are highly derived relative to this ancestral state. 
Histological and ultrastructural studies have shown that the zebrafish elasmoid scale is 
composed of weakly calcified collagenous matrix capped by hypermineralized outer and limiting 
layers (Quan et al., 2020). This morphology is common among bony fish. Based on fate 
mapping experiments, histology and analysis of osteoblast reporter transgenics, dermal cells 
with osteoblast-like properties are thought to deposit the bony matrices of the scale (Sire et al., 
1997; Mongera and Nüsslein-Volhard, 2013; Shimada et al., 2013; Aman et al., 2018; Cox et al., 
2018; Iwasaki et al., 2018; Rasmussen et al., 2018).  

The evolutionary history of scales and teeth suggests that zebrafish scales—despite their 
highly derived morphology—might share features of their developmental anatomy with teeth and 
tooth-like skin appendages. In all overtly tooth-like protuberances of vertebrates, calcified 
matrices are deposited by two cooperating cell types, mesenchymal cells of dermal or neural 
crest origin that form dentin, bone or both, and overlying epithelial cells of epidermal origin that 
produce hypermineralized matrices like enamel (Sire, 1990; Sire and Huysseune, 2003). 
Hypothesizing that epidermis of zebrafish retains vestiges of this ancient function, we predicted 
that a subset of epidermal cells should express transcripts encoding enamel matrix proteins 
(EMPs) a conserved family of non-collagen matrix proteins that underly hypermineralization 
(Kawasaki, 2011; Kawasaki et al., 2021).   

Actinopterygian fish, including zebrafish, are known already to synthesize a 
hypermineralized enameloid that is similar in hardness and matrix composition to the true 
enamel of tetrapod teeth. This material is associated with expression of conserved EMP genes, 
ambn (encoding Ameloblastin), enam (Enamelin) and scpp5 (Secretory calcium-binding 
phosphoprotein 5), which facilitate the ordered formation of calcium hydroxyapatite crystals 
(Kawasaki, 2011; Braasch et al., 2016; Kawasaki et al., 2021). We therefore analyzed the 
distribution of these transcripts across the whole skin, predicting such cells might be found 
among basal epidermal cells, as the zebrafish scale plate forms at the interface between these 
cells and underlying dermal cells (Fig 2A,B; Fig 2-S1) (Sire and Akimenko, 2004). Consistent 
with our prediction, we identified a small, but transcriptionally distinct population of basal 
epidermal cells that expressed all three EMP genes, suggesting that the hypermineralized outer 
layers of the scale are indeed enamel-like and identifying EMP expressing epidermal cells as a 
novel skin cell type (Fig 2C,D).  

We next turned our attention to the dermal SFCs. These cells, frequently referred to as 
“scale osteoblasts,” are thought to resemble mammalian osteoblasts (Metz et al., 2012; Aman et 
al., 2018; Cox et al., 2018; Iwasaki et al., 2018; De Simone et al., 2021). To compare SFCs with 
cell types like osteoblasts and odontoblasts, we additionally assessed the expression of well-

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.12.443782doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.12.443782
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

characterized non-collagen matrix protein genes associated with various vertebrate calcified 
matrix types. Consistent with overall similarity among osteoblasts, odontoblasts and SFCs, we 
found expression of genes encoding bone specific matrix proteins including spp1 (Osteopontin), 
lum (Lumican), and chad (Chondroadherin) (Fig 2C,E) (Larsson et al., 1991; Raouf et al., 2002; 
Hessle et al., 2013; Venkatesh et al., 2014). Nevertheless, we failed to detect bone specific 
transcripts for ostn (Osteocrin) or bglap (Osteocalcin) (Fig 2C) (Thomas et al., 2003). In addition 
to bone specific transcripts, SFCs also expressed EMPs. We detected robust enam and weak 
scpp5 expression, but not ambn in SFCs (Fig 2C). These transcripts are not typically found in 
osteoblasts, including the cells that generate attachment bone underlying the tooth-like scales of 
the gar (Kawasaki et al., 2021).  

Transcripts of sparc (Osteonectin), most often associated with mineralized matrix formation, 
were expressed broadly in skin (Fig 2C), raising the possibility of additional roles beyond 
assembly of calcified matrix (Rosset and Bradshaw, 2016). Transcripts considered diagnostic 
for mammalian odontoblasts, Dmp1 (Dentin Matrix Protein 1) and Dspp (Dentinogenesis and 
Dentin Sialophosphoprotein), are not present in Actinopterygian genomes (MacDougall et al., 
1996; Jia et al., 2015; Kawasaki et al., 2021).  

Together, these analyses revealed the presence of epidermal EMP expressing cells and 
support a hypothesis of ancient homology between zebrafish scales and tetrapod teeth. 
Furthermore, our observations that SFC express a subset of genes associated with bone 
development, but also genes encoding EMP proteins, suggest the possibility of a unique 
calcified matrix, distinct from bone, dentin, or enamel. In humans, odontoblasts and osteoblasts 
are similarly regulated, form similar collagen-rich ossified matrices and may be capable of 
transdifferentiating (Kovacs et al., 2021). Similar to mammalian osteoblasts and odontoblasts, 
SFCs express sp7 and differentiate from runx2a/b+ progenitors (Fig 1A; Fig 2-S1) (Aman et al., 
2018; Cox et al., 2018; Iwasaki et al., 2018; Rasmussen et al., 2018). It is likely that of all these 
cell types are governed by similar fundamental regulatory mechanisms, while specific material 
properties of the matrices they produce vary as a function of adaptive evolution.   

Eda-Edar-NF-kB and thyroid hormone regulate basal epidermal gene expression associated 
with dermal morphogenesis.  
Eda-Edar-NF-kB signaling plays conserved roles in regulating the patterning and 
morphogenesis of vertebrate skin appendages (Cui and Schlessinger, 2006; Lefebvre and 
Mikkola, 2014), whereas thyroid hormone (TH) regulates multiple aspects of skin development 
and homeostasis (Mancino et al., 2021). Both eda mutants and hypoTH fish completely lack 
scales at the stage sampled, allowing us to compare transcriptomic signatures and cell type 
complements associated with scale loss in these different backgrounds (Fig 1A). Analyses of 
cell type abundance revealed that both scale-free conditions were characterized by a complete 
lack of fully differentiated dermal SFCs (Fig 3A). These analyses further showed that hypoTH 
skins lacked all runx2+ dermal SFC progenitors, yet eda mutants—despite homozygosity for a 
presumptive null allele—retained a small subset of these cells (Fig 3A). We have shown that 
hypoTH fish lack superficial dermal cell types at the stage sampled for sequencing, though 
these cell types do appear later in development (Aman et al., 2021). To confirm the presence of 
residual, pre-SFC in eda mutants, we imaged live fish expressing ET37:EGFP, which enables 
visualization of all dermal cells (Parinov et al., 2004; Aman et al., 2021). Indeed, eda mutants 
exhibited a mat of ET37:EGFP+ dermal cells—presumptive pre-SFC—beneath the epidermis 
that was not present in hypoTH fish (Fig 3B).  

To further understand cutaneous roles of Eda and TH, we examined expression variation for 
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genes encoding ligands of major signaling pathways, as these molecules are excellent 
candidates for effecting epithelial mesenchymal interactions during scale development 
(Puthiyaveetil et al., 2016). This analysis revealed substantial differences in gene expression, 
particularly evident in basal epidermal cells of both eda mutants and hypoTH fish compared to 
the wild-type (Fig 3C,D). Given the common scaleless phenotype but differences in cell type 
abundance and tissue architecture, we hypothesized that TH and Eda regulate distinct basal 
epidermal signaling cues, with TH promoting accumulation of superficial dermal cells and Eda 
triggering papilla formation and SFC differentiation. Since both processes can be reasonably 
envisaged to depend on epidermal-derived cues, we focused on signaling ligands expressed by 
basal epidermal cells. We previously observed that global misexpression of an Fgf ligand 
rescued scale development in eda mutant fish, and that Edar expression in epidermal cells, but 
not dermal cells, was sufficient to drive scale formation (Aman et al., 2018). Those results 
suggested that Eda signaling drives SFC differentiation via epidermal expression of an Fgf 
ligand. Remarkably, our transcriptomic analysis revealed just a single differentially expressed 
Fgf ligand gene significantly downregulated in eda mutant basal cells, fgf24 (q-value = 5.49e-28; 
Fig 3E–G), despite these cells also expressing fgf12a, fgf13a, and fgf18a. Our analyses 
therefore point to Fgf24 as a likely critical Eda pathway target for scale development.  

Since hypoTH basal cells at this stage fail to recruit dermal cells (Aman et al., 2021), we 
further hypothesized that ligands previously implicated in dermal cell migration would be 
enriched among hypoTH differentially expressed genes. Closer inspection of differentially 
expressed signaling ligand genes in basal epidermal cells showed that, indeed, TH promotes 
expression of pdgfaa, pdgfba, and wnt6b, which encode orthologs of signaling ligands known to 
recruit dermal cells to epidermis in amniotes (Fig 3H) (Karlsson et al., 1999; Chen et al., 2012). 
This analysis also suggests several additional signaling ligands as excellent candidates for 
regulating epidermal signaling to dermal SFC progenitors (Fig 3I).  

These observations from scaleless skins suggest that basal epidermal cells are critical 
targets for both Eda and thyroid hormone, and that epidermally expressed fgf24 is a plausible 
mechanistic link between Eda signaling and dermal papillae development. Analysis of hypoTH 
skin revealed TH-dependent transcriptional regulation of paracrine factors implicated in amniote 
dermal morphogenesis. These findings are of potential clinical significance as pathophysiology 
underlying TH skin diseases remain unclear (Mancino et al., 2021).  

Hypodermal contribution to the stripe-forming pigment cell microenvironment and iridophore 
differentiation 
Zebrafish pigment pattern is a useful study system for elucidating principles that govern 
developmental patterning and post-embryonic developmental progression (Patterson and 
Parichy, 2019). The alternating dark stripes and light interstripes form deep in the skin, which 
remains remarkably transparent throughout the life of the animal (Fig 1A,B). Stripes include 
melanophores and sparsely arranged iridescent iridophores, where interstripes comprise 
densely packed iridophores with overlying yellow-orange xanthophores. Despite being an 
integral part of the skin and its major visual element, we know little about how these pigment 
cells interact with other cell types in this microenvironment. 

To better define how pigment cells are integrated with other skin cell types and identify 
tissue environmental factors that may influence pigment patterning, we included in our study the 
bonaparte mutant, homozygous for a presumptive loss of function mutation in basonuclin 2 
(bnc2) (Lang et al., 2009). bnc2 mutants have a very sparse complement of pigment cells as 
adults owing to reduced numbers of differentiating pigment cells and the progressive death of 
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pigment cells during the larva-to-adult transition, with iridophores especially affected (Lang et 
al., 2009; Patterson and Parichy, 2013).  

At the stage of tissue collection, fewer iridophores and melanophores were evident in bnc2 
mutants compared to wild-type controls, mirroring prior quantitative comparisons (Fig 4A). 
Previous analysis of genetic mosaics demonstrated that Bnc2 function is required in the 
hypodermis for survival and patterning of pigment cells (Lang et al., 2009). Accordingly, we 
predicted that bnc2 mutants should have substantial differences in gene expression in the 
hypodermis. Yet alignment of UMAP projections for wild-type and bnc2 mutants also suggested 
a profound deficiency of hypodermal cells themselves (Fig 4B). We therefore quantified the 
proportion of various cell types relative to wild-type controls and found marked deficits in 
hypodermal cells, as well as iridophores, melanophores, and xanthophores, whereas numbers 
of dermal mesenchyme cells were relatively unchanged (Fig 4C).  

Based on these findings, we predicted that hypodermis would be malformed or missing in 
live bnc2 mutants. To test this prediction and validate inferences from the single cell 
transcriptome data, we imaged the dermis of live animals expressing ET37:EGFP, expressed 
broadly across dermal cell types (Aman et al., 2021). In wild-type controls, the hypodermis 
appeared as a thin, nearly confluent cell layer deep in the dermis, whereas in bnc2 mutants no 
such layer was apparent, instead the deepest dermis appeared to contain only dermal 
mesenchyme (Fig 4D; Fig 4 S1A; Fig 1 S1B). Consistent with the hypodermis serving as a 
pigment cell support population, we observed iridophores, expressing pnp4a:palm-mCherry and 
melanophores, expressing tyrp1b:palm-mCherry, in close proximity to ET37:EGFP+ hypodermal 
cells in wild-type skin. These analyses showed that, as predicted, iridophores and 
melanophores resided in close contact with hypodermal cells in both backgrounds (Fig 4E).   

Given the intimate association between wild-type pigment cells and hypodermal cells, 
together with their stark deficiences in bnc2 mutant fish, we hypothesized that factors important 
for pigment cell development and patterning are supplied particularly by hypodermal cells, as 
opposed to other non-pigment cells of the tissue environment (i.e., non-hypodermal stromal 
cells, developing SFCs, or superficially located muscle progenitor cells, also present in our data 
set). To test this idea, we examined the expression of genes encoding signaling ligands and 
adhesion factors implicated previously in pigment pattern development.  

These analyses showed that hypodermal cells are likely to be an important driver of 
iridophore development as they were the principal dermal cells to express endothelin 3b 
(edn3b) (Fig 4F; Fig 4 S1B), encoding a secreted protein that is processed to an active 21 
amino acid peptide required by iridophores. Diminished expression of edn3b is associated with 
reduced numbers of iridophores and attenuated interstripes and stripes both in zebrafish 
mutants and the naturally occurring pattern of D. nigrofasciatus (Spiewak et al., 2018). Edn3 
acts directly on iridophores, but only indirectly on melanophores through an interaction between 
these cells and Edn3-dependent iridophores (Parichy et al., 2000; Krauss et al., 2014; Spiewak 
et al., 2018). Pigment cells themselves expressed edn3b as well, suggesting the possibility of 
supportive roles in the self-organizing interactions of pigment cells during pattern formation 
(Patterson and Parichy, 2019). 

Roles for hypodermal cells in regulating melanophore development were suggested by 
expression of other factors, including agouti signaling protein 1 (asip1) (Fig. 4F), which encodes 
a secreted protein that represses melanophore differentiation in ventral regions of the flank (Cal 
et al., 2019), though our dataset does not allow us to segment cells spatially. Interestingly, kit 
ligand a (kitlga), encoding a melanogenic factor that promotes survival, migration, and 
differentiation, was expressed at only moderate levels by hypodermal cells, despite its broad 
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expression in the much simpler skin of embryos and early larvae (Hultman et al., 2007; Budi et 
al., 2011; Dooley et al., 2013). Nevertheless, kitlga was expressed at higher levels by 
melanophores themselves, whereas junctional adhesion molecule 3b (jam3b), encoding a 2-
Immunoglobulin like domain adhesion receptor (Powell and Wright, 2012; Ebnet, 2017), was 
expressed by both hypodermal cells and melanophores. Jam3b mediates homophilic and 
heterophilic adhesive interactions, and is required autonomously by melanophores for an 
adherent phenotype; a Jam3b fusion protein accumulates at sites of overlap between mature 
melanophores (Eom et al., 2021). In the absence of jam3b function, melanophores tend to be 
hypopigmented, fail to acquire their mature, well-spread morphology and orderly arrangement, 
and many die. Together with prior studies, our observations suggest a model in which Jam3b 
and other factors (Eom et al., 2012) enable interactions between immature melanophores and 
hypodermis, with hypodermally derived Asip1 helping to maintain the immature state, and 
subsequent Jam3b-mediated interactions between melanophores promoting terminal maturation 
and survival in stripes through Kitlga provided by melanophores  themselves (Fig 4H). 

Our analyses further point to a role for hypodermal cells in regulating xanthophore 
differentiation. Xanthophores require signaling through Colony stimulating factor-1 receptor-a 
(Csf1ra) for their migration, survival and differentiation (Parichy and Turner, 2003; Patterson and 
Parichy, 2013). One source of Csf1 is iridophores, which express csf1a (Fig 4F), and, indeed, 
xanthophores are at first tightly associated with residual iridophores in bnc2 mutants (Patterson 
and Parichy, 2013). Nevertheless, xanthophores eventually cover the flank of bnc2 mutants, as 
well as other iridophore-deficient mutants in which their differentiatation is delayed initially, 
suggesting an alternative source of Csf1 in the skin. Consistent with this idea we found that 
hypodermal cells express the csf1a paralogue csf1b (Fig 4F,G,H; Fig 4 S1C), encoding a ligand 
that is similarly potent to Csf1a in its ability to induce xanthophore differentiation (Parichy et al., 
2000; Parichy and Turner, 2003), and melanophores and xanthophores themselves express low 
levels of Csf1 genes.  

Finally, because bnc2 mutants are particularly deficient for iridophores at early stages 
(Patterson and Parichy, 2013) we asked whether transcriptomic states of these cells are more 
more severely affected by loss of bnc2 than transcriptomic states of melanophores or 
xanthophores. Consistent with this idea, we found more differentially expressed genes in 
iridophores than either xanthophores or melanophores (Fig 4 S1D). This disproportionality may 
be a consequence of the markedly fewer hypodermal cells and attendant loss of Edn3b or other 
iridogenic signals. Or, bnc2 may have more pronounced activities within iridophores, as these 
cells express bnc2, and at levels greater than melanophores or xanthophores (Fig 4F). Though 
further study will be needed to parse autonomous and non-autonomous (Lang et al., 2009) roles 
for bnc2 itself, our analyses of gene expression and cell-type abundance identify hypodermal 
cells as a key source of factors permissive, and possibly instructive, for adult interstripe and 
stripe development. 

Discussion 
Skin is a large, heterogenous and biomedically important organ and the skin of zebrafish is a 
useful system in which to elucidate mechanisms of skin patterning and morphogenesis. We 
have generated a minimally biased singe-cell resolution transcriptional atlas of zebrafish skin at 
a key stage during the larva-to-adult transition during squamation and pigment patterning. 
These data include transcriptomes for all major epidermal and dermal skin cell types in addition 
to numerous skin associated cell types including pigment cells.  
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Zebrafish is structurally dominated by the scales, thin plates of calcified extracellular 
material deposited in the skin from dermal papillae that aggregate at the interface of dermis and 
epidermis. Calcified skin appendages in extant fish are diverse, encompassing various and 
sundry spines, plates and scales. These forms are composed of extracellular matrices that 
range from among the hardest material in biology to some of the most flexible (Sire and 
Huysseune, 2003). We systematically assessed the expression of genes encoding non-collagen 
calcified matrix proteins throughout the skin during squamation, leading to the discovery of a 
transcriptionally distinct population of basal epidermal cells that express EMP transcripts, likely 
corresponding to secretory cells proposed to participate in scale matrix formation based on 
ultrastructure (Sire et al., 1997). Additionally, the complements of genes expressed by dermal 
SFC suggests that, although these cells may share a fundamental regulatory machinery with 
mammalian osteoblasts and odontoblasts including regulation by runx2 and sp7 transcription 
factors, they likely produce a unique form of calcified matrix, distinct from bone or dentin. 
Independent patterning of epidermal EMP-expressing cells and dermal SFCs might underlie 
some of the morphological diversity among fish skin appendages. For example, it is possible 
that hard spines, as in pufferfish and armored catfish, are formed by epidermal EMP attached to 
material deposited by underlying SFC-like cells. 

Scales develop from dermal papillae that form under the epidermis. The regulatory 
underpinnings of scale papillae patterning and morphogenesis depend on signaling interactions, 
including contributions of Eda-A-Edar-NFkB signaling, that are widely conserved across 
vertebrate skin appendages (Cui and Schlessinger, 2006; Harris et al., 2008; Aman et al., 
2018). Analysis of scale development therefore affords a relatively accessible approach to 
understanding epithelial mesenchymal signaling interactions that underlie dermal 
morphogenesis. To this end, we generated and analyzed single cell transcriptomes for two 
scaleless conditions, eda mutants and hypoTH fish (Harris et al., 2008; McMenamin et al., 
2014). Eda is a paracrine factor knows to signal exclusively within the epidermis during 
squamation and thyroid hormone is an endocrine factor with potential to regulate transcription in 
any cell (Cui and Schlessinger, 2006; Brent, 2012). Despite widely different spatial ranges over 
which signals are transmitted, our transcriptomic analysis suggests that both molecules regulate 
transcription of signaling ligands in basal cells that ultimately affect dermal morphogenesis. 

The eponymous striped pattern of zebrafish arises from neural crest derived pigment cells 
that reside deep within in the skin, beneath the concurrently forming scales (Le Guellec et al., 
2004; Hirata et al., 2005), and depends on interactions among all three pigment cell types 
(Watanabe and Kondo, 2015; Irion et al., 2016; Patterson and Parichy, 2019; Parichy, 2021). 
Although much has been learned about stripe pattern formation from analysis of mutants lacking 
one or more pigment cell types, much less is known about how pigment cells integrate into the 
skin microenvironment. Analyses of genetic mosaics have hinted at an important role for skin 
cells (Lang et al., 2009; Krauss et al., 2014; Patterson et al., 2014; Eskova et al., 2017); still, this 
aspect of pigment patterning remains largely unexplored empirically or computationally 
(Volkening and Sandstede, 2015; Watanabe and Kondo, 2015; Volkening and Sandstede, 2018; 
Owen et al., 2020). Using single cell transcriptomics and live imaging of wild-type and bnc2 
mutant fish, we have identified a discrete population of dermal cells expressing genes that 
regulate differentiation and morphogenesis of pigment cells, including edn3b, which is required 
for iridophore population expansion.  

Our analyses have focused on scales and pigmentation, however, zebrafish skin is a fruitful 
study system for many areas of biology including regeneration and wound healing (Richardson 
et al., 2016; Cox et al., 2018; Iwasaki et al., 2018; Morris et al., 2018; Pfalzgraff et al., 2018); 
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innate immunity (Lü et al., 2015; Wurster et al., 2021), stem cell regulation (Lee et al., 2014; 
Chen et al., 2016; Brock et al., 2019), sensory physiology and developmental neuroscience 
(Rasmussen et al., 2015; Rasmussen et al., 2018; Peloggia et al., 2021) and human disease 
modeling (Feitosa et al., 2011; Li et al., 2011). Additionally, considerable insight into general 
mechanisms of development can emerge from comparing developmental mechanisms across 
species or between organ system. We expect the transcriptome data presented here to 
generate useful markers for cross-species comparisons enabling a deeper understanding of the 
molecular basis of phenotypic evolution.    

Methods 

Zebrafish lines and husbandry 
Fish were maintained in the WT(ABb) background at 28.5°C. Lines used were 
Tg(sp7:EGFP)b1212 abbreviated sp7:EGFP (DeLaurier et al., 2010). Et(krt4:EGFP)sqet37 
abbreviated ET37:EGFP (Parinov et al., 2004). bnc2utr16e1 (Lang et al., 2009). edadt1261 (Harris et 
al., 2008). Tg(tg:nVenus-v2a-nfnB) abbreviated tg:Venus-NTR (McMenamin et al., 2014). 
Thyroid ablation and rearing hypoTH fish were done as previously described (McMenamin et al., 
2014).  

Imaging  
Alizarin-Red-S vital dye, MS-222 anesthesia and mounting for microscopy as previously 
described (Aman et al., 2021). Images in Fig 1 – Supp 4B; Fig 2A; Fig 3B; Fig 4A,D,E; Fig 4 – 
Supp 1A were acquired on a Zeiss LSM880 in fast Airyscan mode. Images in Fig 1 – Supp 4C, 
Fig 4A were acquired on a Zeiss LSM880 in conventional confocal mode. Images in Fig 1A,  Fig 
1 – Supp 4A were acquired on a Zeiss Observer equipped with Yokogawa CSU-X1 spinning 
disc. Orthogonal views were produced using FIJI (Schindelin et al., 2012). Brightness and 
contrast were adjusted in Adobe photoshop.  

Tissue dissection and storage 
Fish were staged according to (Parichy et al., 2009) and 9.6 SSL individuals were selected for 
dissection, euthanized with MS-222 and immediately processed. Following removal of the head 
and fins, skins of wild-type controls, eda homozygotes, bnc2 homozygotes and hypoTH fish in 
an sp7:EGFP transgenic background zebrafish were removed with forceps and immediately 
flash frozen in LN2 and stored at -80°C prior to isolation of nuclei (n = 300).  

Nuclei isolation and sci-RNA-seq2 library preparation 
Separately for each background, frozen skins (n = ~60) were thawed over ice in cold lysis buffer 
(10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630) (Cao et al., 2019)  
supplemented with 5% Superase RNA Inhibitor and minced with a razorblade until no visible 
pieces remained (< 1min). The cell suspension was then pipetted a few times and put through a 
50 μM filter into 10 mL of fixation buffer (5% Paraformaldehyde, 1.25X PBS) (Srivatsan et al., 
2020). Nuclei were fixed on ice for 15 minutes then centrifuged at 700 x g for 10 minutes. Fixed 
nuclei were subsequently rinsed twice with 1 mL of nuclei resuspension buffer (NSB; (10 mM 
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 1% Superase RNA Inhibitor, 1% 0.2mg/mL 
Ultrapure BSA)), spun down at 750 x g for 6 minutes and incubated in 400 μL of 
permeabilization buffer (NSB + 0.25% Triton-X) for 3 minutes on ice. Permeabilized nuclei were 
spun down, resuspended in 400 ul of NSB and sonicated on ‘low’ for 12 seconds. Following 
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sonication, nuclei were spun down once more, resuspended in 400 μL of NSB, and nuclei from 
each sample were DAPI-stained and counted on a hemocytometer. Sci-RNA-seq2 libraries 
were then prepared as previously described (Cao et al., 2017). Briefly, 1,200 nuclei in 2 μL of 
NSB and 0.25 μL of 10 mM dNTP mix (Thermo Fisher Scientific, cat no. R0193) were 
distributed into each well of 12 96-well plates – 4 per background (LoBind Eppendorf). Then 1 
μL of uniquely indexed oligo-dT (25 μM) (Cao et al., 2017) was added to every well, incubated 
at 55C for 5 minutes and placed on ice. 1.75 μL of reverse transcription mix (1μL of Superscript 
IV first-strand buffer, 0.25 μL of 100 mM DTT, 0.25 μL of Superscript IV and 0.25 μL of 
RNAseOUT recombinant ribonuclease inhibitor) was then added to each well and plates 
incubated at 55ºC for 10 minutes and placed on ice. Wells were pooled, spun down and 
resuspended in 500 μL NSB and transferred to a flow cytometry tube through a 0.35 μm filter 
cap; DAPI was added to a final concentration of 3 μM. Pooled nuclei were then sorted on a 
FACS Aria II cell sorter (BD) at 300 cells per well into 96 well LoBind plates containing 5 μL of 
EB buffer (Qiagen). After sorting, 0.75 μL of second strand mix (0.5 μL of mRNA second strand 
synthesis buffer and 0.25 μL of mRNA second strand synthesis enzyme, New England Biolabs) 
were added to each well, second strand synthesis performed at 16ºC for 150 minutes. 
Tagmentation was performed by addition of 5.75 μL of tagmentation mix (0.01 μL of a N7-only 
TDE1 enzyme (in-house) in 5.74μL 2x Nextera TD buffer, Illumina) per well and plates 
incubated for 5 minutes at 55ºC. Reaction was terminated by addition of 12 μL of DNA binding 
buffer (Zymo) and incubated for 5 minutes at room temperature. 36 μL of Ampure XP beads 
were added to every well, DNA purified using the standard Ampure XP clean-up protocol 
(Beckman Coulter) eluting with 17 μL of EB buffer and DNA transferred to a new 96-well LoBind 
plate. For PCR, 2 μL of indexed P5, 2 μL of indexed P7 (Cao et al., 2017) and 20 μL of 
NEBNext High-Fidelity master mix (New England Biolabs) were added to each well and PCR 
performed as follows: 75ºC for 3 minutes, 98ºC for 30 seconds and 19 cycles of 98ºC for 10 
seconds, 66ºC for 30 seconds and 72ºC for 1 minute followed by a final extension at 72ºC for 5 
minutes. After PCR, all wells were pooled, concentrated using a DNA clean and concentrator kit 
(Zymo) and purified via an additional 0.8X Ampure XP cleanup. Final library concentrations 
were determined by Qubit (Invitrogen), libraries visualized using a TapeStation D1000 DNA 
Screen tape (Agilent) and libraries sequenced on a Nextseq 500 (Illumina) using a high output 
75 cycle kit (Read 1: 18 cycles, Read 2: 52 cycles, Index 1: 10 cycles and Index 2: 10 cycles). 

Pre-processing of sequencing data 
Sequencing runs were demultiplexed using bcl2fastq v.2.18 and expected PCR barcode 
combinations. The backbone computational pipeline for read processing was previously 
published (Cao et al., 2017). Following assignment of RT indices, reads were trimmed using 
trim-galore and mapped to the zebrafish transcriptome (GRCz11 with extended 3’ UTRs) 
(Saunders et al., 2019) using the STAR aligner (Dobin et al., 2013). Reads were then filtered for 
alignment quality, and duplicates were removed. Non-duplicate genes were assigned to genes 
using bedtools (Quinlan and Hall, 2010) to intersect with an annotated gene model. Cell 
barcodes were considered to represent a real cell if the number of UMIs was greater than 600, a 
number chosen based on a user-defined threshold on the knee plot. Cells with greater than 
6000 UMIs were also discarded as likely multiplets. Reads from cells that passed the UMI 
thresholds were aggregated into a count matrix and then loaded and saved as a CDS object for 
downstream analysis with Monocle3 (Cao et al., 2019). 

Dimensionality reduction, alignment and background correction 
The wild-type only (n = 35,114) and all-background (wt, eda, bnc2, hypoTH; n = 144,466) CDS 
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objects were processed separately. Cells were assigned to their background by matching 
recovered RT barcode information to the original plate loadings. For each dataset, the standard 
monocle3 processing workflow was followed (estimate_size_factors(), detect_genes(), 
preprocess_cds()) and the top 50 PCs were retained, and PCA was calculated using all genes 
as input. A few corrections were then made on the original PCA matrix. First, to account for 
possible cytoplasmic RNAs in the supernatant of each sample that could contribute to 
“background” in the resulting transcripts assigned to individual cells, we performed a sample-
specific background correction as previously described (Packer et al., 2019). Briefly, the 
background distribution of RNA from was calculated from “cells” that had less than 15 UMIs and 
used this to compute a “background loading”.  Next, a linear regression model is fit using these 
background loadings, real cell PCA matrix ~ cell background loadings, its residuals are 
considered the “background corrected PCA matrix”. This corrected PCA matrix was then subject 
to Mutual Nearest Neighbor (MNN) alignment (Haghverdi et al., 2018) by sample using the 
“align_cds” function in monocle3. The background corrected, MNN-aligned PCA matrix was 
then used as input for Uniform Manifold Approximation and Projection (UMAP) (Becht et al., 
2018) dimensionality reduction using the “reduce_dimension” function and default settings 
(except - umap.min_dist = 0.15, umap.n_neighbors = 20L). Clustering was performed with 
“cluster_cells” (wild-type resolution = 2e-4; all-background resolution = 1e-4), which uses the 
Leiden community detection algorithm (Traag et al., 2019). Clustering resolution was manually 
selected based on clear distinction of non-adjacent groups of cells and a reasonable recovery of 
overall UMAP structure.  

Cell type classification and trajectory analysis 
For each cluster in the wild-type dataset, the most specific genes were calculated using the 
“top_markers” function. These genes were sorted by specificity and clusters were annotated by 
comparing genes to published studies and in situ hybridization databases. We assigned 43 
clusters to 21 unique cell types and one “unknown” group when the cell type was not able to be 
determined based on gene expression. To annotate cells from the 3 other backgrounds (eda, 
bnc2, hypoTH), we built a marker-free cell-type classifier with the wild-type cell annotations 
using Garnett (Pliner et al., 2019) and applied it to the remaining cells. After cluster extension 
and manual clean-up of the remaining unannotated or mis-annotated cells, we retained 32 
unique cell type annotations across the whole dataset. Trajectory analysis was performed on a 
sub-setted and re-processed set of cells from the wild-type dermis. These cells form the 
developing scales and we chose a single stage that contained scale-forming cells along the 
entire developmental trajectory. After repeating dimensionality reduction, we applied the 
monocle3 function “learn_graph” and “order_cells” to root the graph and calculate “pseudotime” 
values for each cell that increased as a function of principal-graph distance from the root.  

Analysis of cell type abundance differences 
To compute cell type abundance differences across genotypes, cell counts for each type were 
normalized by the sample’s size factor (the total cell counts from each sample divided by the 
geometric mean of all sample’s total cell counts). The abundance difference was then calculated 
as log2(normalized query cell count / normalized reference cell count) for each cell type relative 
to wild-type for all backgrounds.  

Differential expression analysis 
Differentially expressed genes were computed by fitting the size-factor normalized UMI counts 
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for each gene from each individual nucleus with a generalized linear model using the 
“fit_models” function in monocle3. To fit the regression model for each background’s effect on 
each gene in each cell type, we first selected the pair-wise backgrounds and cells that were 
relevant for the model (i.e. Basal cells from wild-type and eda). Then we filtered for genes 
expressed in at least 10 cells, and used background as the model formula (model_formula_str = 
“~genotype”) and extracted the coefficient table, p-values and multiple testing corrected q-
values with the “coefficient_table” function. Genes were considered significantly background-
dependent differentially expressed (DEGs) if their q-value was less than 0.05. For analysis of 
specific pathways, we used D. rerio gene-pathway associations from WikiPathways (Martens et 
al., 2021).   
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Figure 1. A whole-skin single cell transcriptome from zebrafish undergoing skin patterning. 
(A) Brightfield image showing the stiped pigment pattern and confocal image of the same fish to 
visualize scale forming cells (SFC) expressing sp7:EGFP. At 9.6 SSL, approximately three weeks 
post fertilization under standard conditions, zebrafish are developing a striped pigment pattern of 
alternating dark melanophores and iridescent iridophores. Wt individuals with precisely four rows of 
scale were selected for nuclei preparation. Scaleless eda mutants and hypoTH fish were selected 
based on standard length. (B) Schematic representation of zebrafish skin at 9.6 SSL. The dark 
melanophores, yellow xanthophores 
and iridescent iridophores (colored 
circles) organize into alternating stripes 
underneath the dermal layer in which 
SFCs differentiate (yellow, red). The 
epidermis (blue) is the outermost layer 
pf the skin. The posterior margin of 
each scale integrates into the epidermis 
(lavender). (C) UMAP visualization of 
35,114 wild-type transcriptomes, 
colored by cell type assignment inferred 
by marker gene enrichment. Colors 
correspond to the schematic in (B). 
Pigment cells include xanthophores 
(yellow), melanophores (black), and 
iridophores (blue). SFC, Scale forming 
cell. Scale bar: A, 500 µm. 
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Figure 1 – Supplement 1. Post-embryonic skin morphogenesis. (A) Overview of dermal 
development visualized by imaging ET37:EGFP transgenics, which label most dermal cells. Fish 
were selected for skin dissection when they had four rows of scales (day3). (B) Development of an 
individual scale. (C) Pigment pattern reiteration occurs during the same timeframe, with secondary 
interstripe initiation occurring at the sampled stage. (hyp, hypodermis; dm, dermal mesenchyme; 
mel, melanophore.) Scale bars: A, 1 mm; B, 10 µm; C, 500 µM. 
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Figure 1 – Supplement 2. sci-RNA-seq data quality metrics across backgrounds. (A,B) Counts 
of unique molecular identifiers (UMIs) and unique genes expressed across annotated cell types 
(shown are medians with boxes spanning interquartile ranges; vertical lines indicate farthest 
observations of data with outlier samples shown individually). (C) A UMAP plot with cells from all 
genetic backgrounds, colored by cell type annotation and major groups labelled (n=144,466 cells). 
(D) The same UMAP plot as (C) with cells colored by their genetic background of origin (wild-type, 
eda-/-, hypoTH, and bnc2-/-). (E) Recovered cell counts from each genetic background and boxplots 
displaying UMI counts across backgrounds. (F) Cell type percentages across backgrounds. Colors 
correspond to cell types in (C).  
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Figure 1 – Supplement 3. A transcriptome atlas of major cell types in post-embryonic skin. (A) 
Wild-type cells, colored and labelled by all 22 annotated cell types (cell n=35,114 cells). (B) Dot-plot 
heatmap displaying known cell type marker genes and new candidate markers. 
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Figure 2. Non-collagen calcified matrix transcripts are expressed in both dermal SFCs and a 
subset of basal epidermal cells. (A) Live imaging of the calcified matrix of the scale plate, stained 
with Alizarin-Red S (magenta). Upper panel shows a cross-sectional view corresponding to position 
of the dashed line in the lower panel, which shows a lateral view. The scale plate is partially wrapped 
by dermal cells visualized by ET37:EGFP fluorescence (green), but the superficial surface of the 
plate is free from dermal cells. (B) UMAP visualization of subclustered SFC and basal epidermal 
cells. (C) Dot plot visualization of transcripts encoding non-collagen calcified matrix proteins across 
SFC and Basal cells. ambn, an enamaloid associated transcript, is expressed in a basal cell 
subpopulation. (D,E) UMAP visualization for ambn and spp1 showing expression in transcriptionally 
distinct subclusters of basal cells and SFCs, respectively (arrows). Scale bar: A, 10 µm. 
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Figure 2 – Supplement 1. Basal cell and SFC sub-clustering and scale trajectory analysis. (A) 
Sub-clustered SFC and Basal cell UMAP plots. Numbers correspond to the x-axis in Fig 2C. (B) 
Relative expression level of key marker genes as a function of pseudotime. zeb2 regulates 
mesenchymal progenitors in a variety of contexts (Hegarty et al., 2015; Rasouly et al., 2016; 
DaSilva-Arnold et al., 2019; Francescangeli et al., 2020). runx2 and sp7 regulate differentiation of 
amniote osteoblasts and odontoblasts (Jussila and Thesleff, 2012; Zhang, 2012; Bae et al., 2018). 
spp1 encodes a non-collagen calcified matrix protein associated with bone (Kawasaki, 2009). (C) 
SFC UMAP plot colored by pseudotime.  
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Figure 3. Eda and thyroid hormone regulate signaling ligand transcription in basal epidermal 
cells. (A) UMAP visualization with wild-type cells in blue, eda mutant cells in yellow and hypoTH 
cells in red highlighting the absence of SFC and pre-SFC. Heatmap visualization of cell type 
abundance shows that eda mutants retain more pre-SFCs than hypoTH fish (abundance change 
measured as log2(normalized query cell type / normalized wt cell type), see Methods for 
normalization procedure). (B) Optical sections of wild-type, eda mutant and hypoTH dermis showing 
a dominant presence of SFC in wt, thin layer of pre-SFC in eda mutants, and lack of pre-SFC in 
hypoTH skin. dm, dermal mesenchyme; h, hypodermis. (C,D) Heatmap visualization of major 
pathway signaling ligands that are significantly differentially expressed in (C) eda mutants and (D) 
hypoTH skin relative to wild-type (q-values < 0.05). Cell types not represented lacked significantly 
differentially expressed signaling ligands in these pathways. (E) Histogram representing the number 
of ligands in the marked signaling pathways significantly downregulated in eda mutant and hypoTH 
basal epidermal cells. (F) fgf24 expression was detected in a significantly smaller fraction of eda 
mutant and hypoTH basal epidermal cells than in wild-type (q-value = 5.49e-28, estimate = 2.36). 
(G) UMAP visualization of fgf24 expression in wild-type and eda mutants. (H) Eda and TH regulate 
expression of dermogenic signaling ligands in basal cells (q-value < 1e-20; ***). (I) TH hormone 
regulates expression of a host of paracrine factors in basal cells. These ligands are downregulated 
in hypoTH skin relative to wild-type (q-value < 0.05). Scale bar: A, 10 µm. 
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Figure 4. Hypodermis is a pigment cell support cell population. (A) At 9.6 SSL, bnc2 mutants 
have grossly fewer iridophores (pnp4a:palm-mCherry) and melanophores (tyrp1b:palm:mCherry). 
(B) UMAP visualization of dermal cells and pigment cells, with wild-type in blue and bnc2 mutant in 
red, shows specific deficiency in hypodermal cells. (C) Heatmap showing log2 proportion of dermal 
cell subtypes and pigment cells. (D) Orthogonal projections of live, superresolution imaging of 
dermal cells in wild-type and bnc2 mutants expressing ET37:EGFP. Wild-type hypodermis is a thin, 
confluent cell layer underneath the more brightly labeled dermal mesenchyme (dm). Stage matched 
bnc2 mutant dermis had dermal mesenchyme, but lacked a hypodermal layer. (E) Live imaging of 
fish doubly transgenic for ET37:EGFP to visualize hypodermis, and pnp4a:palm:mcherry to visualize 
iridophores (irid) or tyrp1b:palm-mCherry to visualize melanophores (mel). Both pigment cell types 
reside in close contact with hypodermal cells. (F) Dot-plot heatmap showing expression level of 
known pigment cell trophic factors. (G) Schematic representation of pigment cell microenvironment, 
stretched in its superficial–deep axis to more clearly render organization of the very flat pigment and 
hypodermal cells. (H) Potential regulatory linkages between hypodermis and pigment cell types, 
inferred from expression (black arrows) and published studies. Previously documented interactions 
among the pigment cells represented by grey arrows. Scale bars: A, 100 µm; B, 10 µm. 
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Figure 4 – Supplement 1. Hypodermis regulates iridophore gene expression. (A) Iridophores 
and melanophores in wild-type and bnc2 mutant skins highlighting the relative dearth of pigment 
cells in the mutant. (A’) Superresolution images of boxed region in (A), iridophores expressing 
pnp4a:palm-mCherry and orthogonal projection showing both iridophores and dermal cells 
expressing ET37:EGFP. bnc2 mutant dermis is bounded by dermal mesenchyme (dm) and lacks the 
thin, confluent hypodermis seen in wt individuals (arrows). (B) UMAP visualizations of pigment cell 
trophic factors, edn3b and csf1b. (C) Loss of hypodermis is associated with a greater number of 
differentially expressed genes (DEGs) in iridophores than in other pigment cell types. Scale bars: A, 
100 µm; B, 10 µm. 
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