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Abstract 

 Larvae of the sea urchin, Strongylocentrotus purpuratus, have pigmented 

migratory cells implicated in immune defense and gut patterning. The transcription 

factor SpGcm activates the expression of many pigment cell-specific genes, including 

those involved in pigment biosynthesis (SpPks1 and SpFmo3) and immune related 

genes (e.g. SpMif5). Despite the importance of this cell type in sea urchins, pigmented 

cells are absent in larvae of the sea star, Patiria miniata. In this study, we tested the 

premises that sea stars lack genes to synthesize echinochrome pigment, that the genes 

are present but are not expressed in the larvae, or rather that the homologous gene 

expression does not contribute to echinochrome synthesis. Our results show that 

orthologs of sea urchin pigment cell-specific genes (PmPks1, PmFmo3-1 and PmMifL1-

2) are present in the sea star genome and expressed in the larvae. Although no cell 

lineage homologous to migratory sea urchin pigment cells is present, dynamic gene 

activation accomplishes a similar spatial and temporal expression profile. The 

mechanisms regulating the expression of these genes, though, is highly divergent. In 

sea stars; PmGcm lacks the central role in pigment gene expression since it is not 
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expressed in PmPks1 and PmFmo3-1-positive cells, and knockdown of Gcm does not 

abrogate pigment gene expression. Pigment genes are instead expressed in the 

coelomic mesoderm early in development before later being expressed in the ectoderm. 

These findings were supported by in situ RNA hybridization and comparative scRNA-

seq analyses. We conclude that simply the co-expression of Pks1 and Fmo3 orthologs 

in cells of the sea star is not sufficient to underlie the emergence of the larval pigment 

cell in the sea urchin.  

 

 

Introduction 

Biological pigmentation is an evolutionary Swiss army knife. Pigments are found 

everywhere in the natural world, serving diverse functions in a countless number of 

organisms. Functions of pigment include energy synthesis, camouflage, communication, 

sexual selection, warning, and imitation. An additional function of biological pigment is in 

providing defense and innate immunity. Such is the case in sea urchins, including the 

purple sea urchin Strongylocentrotus purpuratus. Sea urchin larvae and adults produce 

a suite of naphthoquinone pigments called echinochromes and spinochromes [1]-[4]. 

These organic molecules consist of two fused six carbon rings and extensive systems of 

conjugated pi bonds with ketones, alcohols, and aliphatic groups as common ring 

substituents [3]. In the adult sea urchin, echinochromes and spinochromes are 

produced in the spines and test, as well as in pigmented coelomocytes (named red 

spherule cells) which survey the coelomic cavity [5],[6]. Extracted pigments from any of 

these sources have been shown to impede bacterial growth in culture, and adults of the 
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same species with distinct spine pigmentation based on gene manipulations show 

distinct microbial colonization, providing strong corroborative evidence for an 

antimicrobial pigment function [5],[7],[8], [74]. Furthermore, red spherule cells store 

echinochrome A in cytoplasmic granules, which are released upon contact with 

microbes or tissue damage [9]. Albino adult sea urchins produced through genetic 

manipulation have been reported to have reduced pathogenic resistance relative to wild 

type adults, suggesting a significant increase in fitness provided by naphthoquinone 

pigments [4].  

 As a phylum, echinoderms display notable developmental diversity 

(Supplementary Fig. S1). Two major morphological features are found only in the larvae 

of certain echinoderm taxa, making them useful targets for exploring evolutionary 

change; the larval presence of a skeleton and of pigment. Larval skeletogenesis has 

been the subject of a sizable body of research [e.g. 65]. Sea urchins, sea cucumbers 

and brittle stars are known to synthesize skeletons as larvae, while crinoids and sea 

stars do not. Considerably less attention has been paid to the other morphological 

novelty appearing through the course of echinoderm evolution, the advent of pigment 

cells in larvae.  

Echinoid larvae are alone within the echinoderm phylum in possessing pigment 

cells. In sea urchins, pigment cell precursors, a subset of the non-skeletogenic 

mesoderm, are specified after the 7th cleavage stage [10],[11]. At that stage in 

development, the adjacent large micromeres (which give rise to the skeletogenic 

primary mesenchyme cells) present the Delta ligand, activating the Notch cascade in 

cells receiving the signal [12],[13]. The transcription factor glial cells missing (SpGcm in 
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S. purpuratus) is a direct target of this Notch signaling, and acts as an essential 

transcription factor for pigment cell fate [11],[14]-[16]. SpGcm is first expressed 

symmetrically in the non-skeletogenic mesoderm, though by the mesenchyme blastula 

stage its expression is restricted to the aboral region of the vegetal plate [11],[17]. 

SpGcm activates the expression of many pigment cell-specific genes, including 

polyketide synthase 1 (SpPks1), flavin-dependent monooxygenase 3 (SpFmo3) and 

macrophage migration inhibitory factor 5 (SpMif5), all of which remain present in the 

pigment cell lineage throughout development [14],[16],[18]-[20]. Once gastrulation 

commences, cells of the aboral non-skeletogenic mesoderm undergo epithelial-to-

mesenchymal transition and migrate into the blastocoel. By the larval stage, pigment 

cells acquire pigment and reside within or just beneath the aboral ectoderm [21]-[23]. 

Pigment cells function as immunocytes in the larval sea urchin [24] and echinochrome 

A, the major naphthoquinone pigment in pigment cells, is an antimicrobial agent 

[9],[14],[25]. When pathogenic bacteria are introduced to the larval gut or injected 

directly into the blastocoel, pigment cells migrate from the ectoderm to the site of 

infection, where they directly interact with immune cell populations [26],[27].   

Previous studies have identified an extensive suite of genes specifically 

expressed in pigment cells and include SpPks1 and SpFmo3, which are responsible for 

larval pigment production [4],[14],[28]. The polyketide synthase family consists of large, 

modular enzymes most commonly found in plants, bacteria and fungi, and are known to 

catalyze the synthesis of diverse products [29],[30]. Pks proteins have multiple 

enzymatically active modules for product formation that are thought to function as an 

assembly line [14],[31]. Flavin-dependent monooxygenase proteins are generally 
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involved in the oxidation of a wide variety of xenobiotic substrates [32] and given the 

enzymatic activities of Pks and Fmo proteins, it has been hypothesized that SpPks1 

constructs a polyketide template which may then be modified by various Fmo enzymes 

to produce naphthoquinone pigment products [4].  

Pigment cells also express lineage-specific factors not involved in pigment 

biosynthesis, including SpMif5. Members of the macrophage migration inhibitory factor 

family (like Pks and Fmo genes) are ancient and have been identified in bacteria, plants 

and animals [33]. Genes in this family encode inflammatory cytokines that possess 

enzymatic tautomerase activity [34]. In adult sea urchins, exposure to pathogens 

causes an increase in the expression of certain Mif genes, suggesting a conserved role 

in immunity [35]. 

 Despite the importance of pigment cells in the sea urchin, sea star larvae lack 

both pigment and a cell lineage homologous to pigment cells (Supplementary Fig. 

S2A&B). To explain this divergence, we hypothesized that the sea star did not have, or 

did not express, the enzymes necessary for pigmentation. However, our results provide 

evidence of a distinct and dynamic gene regulatory network of orthologous pigment 

genes in the sea star larva that appear to lack the activity of echinochrome biosynthesis.  

 

 

Results 

Sea star embryos possess orthologs of sea urchin pigment cell-specific genes 

The absence of pigment in sea star embryos could be attributed to the genomic 

absence of the necessary genes for pigment. To investigate this possibility, we 
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searched for orthologs of sea urchin pigment cell-specific genes in the genome of the 

sea star P. miniata (73). Sea urchins possess only two genes in the Pks family, SpPks1 

and SpPks2, the latter of which is expressed in skeletogenic cells and is required for 

spicule formation [36],[37]. Due to the small size of the Pks gene family in sea urchins, a 

protein BLAST was used to identify a potential ortholog of SpPks1 in P. miniata using 

the Echinobase BLAST suite [38]-[40]. We conclude that the best aligned sequence 

named PmPloyksL_3 on Echinobase and here renamed PmPks1 (PMI_000680), is the 

SpPks1 ortholog (see STable 4, 5 for gene IDs). Assuming a complete PmPks1 amino 

acid sequence, it shares 61% amino acid similarity with SpPks1. SpPks1 and PmPks1 

share 9 out of 10 predicted protein domains, with SpPks1 containing an additional 

predicted alcohol dehydrogenase domain not observed in PmPks1 (Supplementary Fig. 

S3A). 

The Fmo family in sea urchins has many paralogs. Previous work has identified 

15 sea urchin Fmo proteins, 4 of which are evolutionarily closely related and specifically 

expressed in pigment cells (SpFmo3, SpFmo5-1, SpFmo2-2, and SpFmo2) [16]. To 

identify a potential sea star ortholog to SpFmo3, amino acid sequences were obtained 

for all annotated sea urchin and sea star Fmo proteins and a maximum likelihood tree 

was constructed (Supplementary Fig. S4). Three sea star Fmo sequences were located 

within the group of sea urchin pigment cell-specific Fmo genes (bracketed in red in 

Supplementary Fig. S4): PmFmo3-1 (PMI_000684), PmFmo3 (PMI_000684), and 

PmFmo3-3 (PMI_024504). PmFmo3-1 (red arrow) shares the closest alignment with 

SpFmo3, with 62% amino acid similarity. We conclude it to be the SpFmo3 ortholog.  
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Sea urchin pigment cell-specific factors extend beyond those implicated in 

pigment biosynthesis, including SpMif5. A protein BLAST was sufficient to identify an 

SpMif5 ortholog, PmMifL1-2, having the greatest similarity to SpMif5 (35% amino acid 

similarity) (Supplementary Fig. 3C). The presence of these genes suggests that the sea 

star genome does not lack orthologs of sea urchin pigment producing genes.  

 

PmPks1, PmFmo3-1 and PmMifL1-2 are co-expressed in the same cells 

 We tested the expression and localization of these gene products by quantitative 

reverse transcriptase PCR (qRT-PCR) and fluorescent in situ hybridization (FISH), 

respectively. Surprisingly, despite the absence of pigment, the orthologs of sea urchin 

pigment cell-specific genes are indeed expressed during sea star development 

(Supplementary Fig. S5). PmPks1 transcripts appear at the early gastrula stage (30h 

post fertilization) and remain present through the late larval stage. Expression 

drastically peaks at the late gastrula stage (72h post fertilization). PmFmo3-1 and 

PmMifL1-2 expression follows a nearly identical pattern as PmPks1, with slight 

variations at the early larval stage (96h post fertilization). This profile is very similar to 

that documented by qPCR in the sea urchin [41]. 

Double FISH revealed a striking conservation in the spatial and temporal 

expression patterns of pigment cell specific-genes between sea urchin and sea star 

embryos. In S. purpuratus, pigment cell precursors (expressing SpPks1, SpFmo3 and 

SpMif5) are located in the mesodermal vegetal plate. During gastrulation, these cells 

migrate from the tip of the archenteron and differentiate into functional pigment cells. In 

plutei, most pigment cells are either embedded in or just basal to the ectoderm [21]-[23]. 
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In P. miniata, the genes encoding PmPks1, PmFmo3-1 and PmMifL1-2 are co-

expressed throughout development (Fig. 1 & 2). These genes are initially expressed in 

cells in the presumptive mesoderm during the early gastrula stage. As gastrulation 

proceeds, their transcripts remain detectable in the mesodermal cells of the 

archenteron.  

While the pigment cell precursors ingress into the blastocoel during gastrulation 

in sea urchins, in the sea star, PmPks1, PmFmo3-1 and PmMifL1-2 expression 

dynamically transitions from the mesoderm to the ectoderm between the mid- and late- 

gastrula stages (Fig. 1 & 2). After this point, expression in scattered ectodermal cells 

remains present through the late larval stage of development. While ectodermal 

expression after mid gastrula stage is always observed, endodermal expression of 

PmPks1 is highly variable between embryos and is not always apparent. At the late 

gastrula stage, three distinct patterns of PmPks1 (and thus PmFmo3-1 and PmMifL1-2) 

expression are observed: 1) presumptive foregut expression (Fig. 1 and Supplementary 

Fig. S6); 2) broad endodermal expression (Fig. 4 & 6 and Supplementary Fig. S7); and 

3) no endodermal expression (Fig. 2 & 3). Variable expression of PmPks1 is also 

observed in the foregut at the early larval stage (present in Fig. 1, 2 & 6 and 

Supplementary Fig. S6 & S7; absent in Fig. 3 & 4). In late larvae, no endodermal 

expression of PmPks1 is detected. This constant ectodermal and variable endodermal 

expression profile in the larval stages of development is partially conserved between 

sea urchin and sea stars; when pathogenic bacteria are present in the gut, pigment cells 

migrate to the gut to combat the infection [26],[27]. The key difference between sea 

urchin and sea star larvae lies in the presence of a stable lineage of cells, the pigment 
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cells in the sea urchin versus dynamic changes in gene expression between various 

lineages in the sea star. During gastrulation, sea urchin pigment cells migrate to the 

ectoderm whereas in the sea star PmPks1, PmFmo3-1 and PmMifL1-2 are activated de 

novo in ectodermal cells.  

 

The regulation of pigment genes is divergent between sea urchins and sea stars 

 In S. purpuratus, SpGcm is an essential transcription factor for pigment cell 

specification and differentiation. After the 7th cleavage, skeletogenic precursors activate 

SpGcm in the adjacent endomesoderm via Delta/Notch signaling [10],[11]. By the 

mesenchyme blastula stage, SpGcm is restricted to the aboral non-skeletogenic 

mesoderm by Nodal signaling in the oral non-skeletogenic mesoderm and repression by 

the endodermal gene regulatory network [17],[42],[43]. After the Delta/Notch input, 

SpGcm expression is maintained by self-activation and drives the expression of pigment 

cell differentiation genes, including SpPks1, SpFmo3 and SpMif5 [16],[44],[45]. SpGcm 

is necessary to specify cells to follow a pigment cell fate, as perturbation of SpGcm has 

been shown to cause a sharp reduction in differentiated pigment cells [4],[11],[16],[28]. 

Additionally, ectopic expression of SpGcm in skeletogenic precursors rewires these 

cells to follow a pigment cell fate [46]. 

 Previous studies in P. miniata have demonstrated divergence in PmGcm 

localization during embryogenesis from sea urchins. PmGcm expression is absent in 

the mesoderm and is instead found in cells scattered throughout the ectoderm 

beginning at the blastula stage [47],[48]. Double FISH probing for PmGcm and PmPks1 

was performed to test their coexpression (Fig. 3). As previously reported, PmGcm is 
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expressed in ectodermal cells throughout development [47],[48]. In the larval stages, 

PmGcm-expressing cells are located in the ciliary bands, the structures which allow for 

larval motility and aid in feeding [49]. During the early phases of gastrulation, PmPks1 

and PmGcm are expressed in distinct germ layers (mesoderm and ectoderm, 

respectively). Following the transition from mesodermal to ectodermal PmPks1 

expression in the later phases of gastrulation, PmPks1 and PmGcm continue to be 

expressed in mostly nonoverlapping cell populations. Additionally, PmPks1 transcripts 

appear in far more cells than PmGcm transcripts. Knowing that Gcm is an activator of 

Pks in the sea urchin pigmented cells, we tested whether Gcm could control Pks 

expression in the few cells were these two genes overlap in the sea star embryos. To 

this aim, we knocked down PmGcm expression by injecting oocytes with a morpholino 

antisense oligonucleotide and found that the expression of PmPks1 was not abrogated 

as may be expected for expression in distinct cells. Pks mRNA actually increased in the 

absence of Gcm, while PmFmo3-1 and PmMifL1-2 mRNA levels showed no change 

(Supplementary Fig. S11). Given these observations, we conclude that PmGcm does 

not regulate pigment genes, and could instead be acting indirectly, between cells, as a 

repressor of Pks in sea star, whereas in sea urchins it is a central activator of Pks1 and 

other genes in the pigmentation pathway (14, 44). Thus, the regulatory paradigm 

governing these pigment cell effector genes has diverged significantly between sea 

urchins and sea stars.  

 

Conserved regulatory exclusion from the blastocoelar cell lineage  
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 Sea urchin and sea star larvae possess a population of transparent mesodermal 

mesenchymal cells that migrate through the blastocoel and function as immunocytes 

[26],[27],[50],[51]. In S. purpuratus, blastocoelar cells originate from the oral non-

skeletogenic mesoderm and expresses the transcription factor SpErg [17]. In P. miniata, 

the blastocoelar lineage also expresses PmErg, first in the vegetal plate at the blastula 

stage and then in mesenchymal cells after migration from the archenteron during 

gastrulation [52],[53].  

Do the PmPks1+ mesodermal cells in the sea star also express Erg? Double 

FISH was performed to test this premise (Supplementary Fig. S6) and results show that 

throughout development, PmPks1 and PmErg are not expressed in the same cells. 

Unlike in sea urchins though, PmPks1 and PmErg-expressing cell populations are not 

spatially segregated, but are rather intermixed in early gastrula stage. Overall though, 

the exclusion of Pks transcripts from blastocoelar precursors marked by Erg during 

gastrulation is conserved between sea urchins and sea stars. 

 

Mesodermal PmPks1-expressing cells are coelomic pouch precursors 

 Six3 and Pax6 are components of a gene regulatory network implicated in 

coelomogenesis in both S. purpuratus and P. miniata [52],[56]. Additionally, Six3 has 

been shown to possess pleiotropic functions in sea urchin and sea star embryos, also 

serving as an anterior determinant [48],[57]. 

 To investigate the possibility that PmPks1, PmFmo3-1 and PmMifL1-2 are 

expressed in the coelomic mesoderm during gastrulation, double FISH was performed 

for PmSix3/PmPax6 and PmPks1 (Fig. 4 & Supplementary Fig. S7). As previously 
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reported [48],[52], PmSix3 transcripts are detected in the anterior ectoderm and broadly 

in mesodermal cells during the early gastrula stage (Fig. 4). By the mid gastrula stage, 

PmSix3 expression is restricted to a subset of mesodermal cells. During the transition to 

the early larval phase, PmSix3 expression fades from the anterior ectoderm yet remains 

consistently expressed in the coelomic mesoderm throughout development. PmPks1 

expression colocalizes with PmSix3 expression at the early stages of development, 

most notably at the mid gastrula stage. Whereas PmSix3 transcripts are ubiquitous in 

the early gastrula mesoderm, PmPks1 transcripts are found only in certain cells. By the 

mid gastrula stage, though, both genes are clearly expressed in the same cells in the 

archenteron. This colocalization is lost at the end of gastrulation in the transition to 

larval stages as the coelomic pouches begin to form (Fig. 4). A similar pattern of strong 

mesodermal colocalization between PmPks1 and PmPax6 until the mid-gastrula stage 

is also observed (Supplementary Fig. S7). Due to the observed colocalization of 

PmPks1 transcripts with PmSix3 and PmPax6 transcripts at the mid gastrula stage, we 

conclude that PmPks1, PmFmo3-1 and PmMifL1-2 are expressed in the coelomic 

mesoderm until the end of gastrulation, but their expression is lost in the true coelom of 

the larval stages.  

 

Requirement of Notch input for mesodermal Pks expression is conserved 

Delta/Notch signaling directly activates SpGcm expression in pigment cell 

precursors of S. purpuratus [11]. Once present, SpGcm upregulates SpPks1, SpFmo3 

and SpMif5 expression [16],[44]. If Delta/Notch signaling is inhibited by early treatment 

of embryos with the γ-secretase inhibitor DAPT, pigment cells fail to form [58],[59]. 
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Thus, Notch indirectly activates the expression of pigment cell effector genes in sea 

urchin embryos.  

Previous reports have demonstrated the critical role of Delta/Notch signaling in 

specifying the coelomic mesoderm in P. miniata [52]. Embryos treated with DAPT 

displayed an expansion of blastocoelar cell precursors expressing PmErg and a 

reduction in coelomic pouch precursors expressing PmSix3 and PmPax6 in the  

archenteron. To determine if Notch has a conserved role in activating mesodermal Pks 

expression in sea stars as it does in sea urchins, Notch activity was inhibited using 

DAPT as previously described [52]. The results (Fig. 5) demonstrate that Notch is 

required to specify the coelomic mesoderm and to activate PmPks1 expression. While 

the DMSO-carrier-treated control embryos display interwoven cells expressing either 

PmPks1 or PmErg (blastocoelar cell precursor marker), DAPT-treated embryos contain 

almost exclusively PmErg-expressing cells. Thus, Delta/Notch signaling remains the 

most upstream factor leading to mesodermal Pks expression in both sea urchin and sea 

star embryos.  

 

The GATA-binding factor is expressed in PmPks1+ cells of the larva 

 To identify potential transcriptional mechanisms that may regulate PmPks1, 

PmFmo3-1 and PmMifL1-2, MussaGL pairwise alignment software was applied on the 

genomic sequences 10kb upstream of these genes. As shown in Supplementary Fig. 

S8, multiple instances of a shared sequence are present in the region upstream of each 

gene. TFBind software was then used to determine whether this sequence contained 

potential transcription factor binding sites [60]. Hits were returned for the transcription 
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factors GATA1, GATA2 and GATA3, which have known roles in hematopoietic 

regulation in mammals [61]. P. miniata has two genes encoding products in the GATA-

binding protein family, PmGataC (also referred to as PmGata1/2/3) and PmGataE (also 

referred to as PmGata4/5/6). PmGataE is required for endoderm specification, while 

PmGataC is expressed in the mesoderm through gastrulation [47],[53]. In S. purpuratus 

embryos, SpGataC is expressed in the oral mesoderm (blastocoelar cell precursors) 

while it is repressed by SpGcm in the aboral mesoderm (pigment cell precursors) [62].  

 Since PmGataC is known to be expressed in the sea star mesoderm and is the 

closest ortholog of GATA1, GATA2 and GATA3, its expression pattern was analyzed in 

relation to PmPks1 expression using double FISH (Fig. 6). As previously reported, 

PmGataC transcripts are broadly present in the mesoderm in the early stages of 

gastrulation [47],[53]. By the mid gastrula stage, PmGataC expression is restricted to 

certain cells in the archenteron. PmPks1 transcripts are located in cells adjacent to 

those expressing PmGataC. This pattern is much like the one observed for PmErg and 

PmPks1 in Supplementary Fig. S6. Due to this similarity and the known expression of 

SpGataC in sea urchin blastocoelar cell precursors [62], it is likely that PmGataC is 

expressed in the sea star blastocoelar cell precursors, though this was not assessed 

directly. Once in the late gastrula stage, though, PmGataC expression is lost from the 

blastocoelar cell lineage. Curiously, PmGataC transcripts colocalize with PmPks1 

transcripts in the ectoderm, most readily apparent at the early larval stage. PmGataC is 

also expressed in the coelomic pouches and the germline-containing posterior 

enterocoel in the larval stages. In light of the predicted PmGataC binding sites and the 
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observed expression pattern, PmGataC may activate PmPks1, PmFmo3-1 and 

PmMifL1-2 in the ectoderm at later developmental stages. 

 

Comparative analysis of pigment cell-specific factors using scRNA-seq 

 To further test the expression of pigment cell transcript localization with a 

discovery mode, we utilized single cell RNA sequencing (scRNA-seq) datasets 

representing early development for S. purpuratus and P. miniata [16],[63]. We first 

analyzed transcript distribution across clusters, focusing on the gastrula stage as we 

could detect the expression of most genes of interest (Fig. 7A&B). In sea stars, 

PmPks1, PmFmo3-1 and PmMifL1-2 transcripts are detected across many clusters (Fig. 

7A), akin to the observed patterns in FISH images. PmGcm is enriched in cluster 9, 

likely representing the positive cells seen by in situ hybridization (Fig. 3). PmSix3 is 

enriched in the mesodermal cluster 3 while also being expressed in ectodermal clusters, 

consistent with the FISH staining. Contrary to the broad distribution of pigment cell-

specific transcripts appearing across clusters in sea stars, specific clusters (2 and 13) 

express these genes in sea urchins (Fig. 7B). 

 We then utilized co-expression analysis to test whether the patterns observed in 

the double FISH images were consistent using an orthogonal approach. We utilized 

pairwise comparison for PmPks1, PmFmo3-1 and PmMifL1-2 to mitigate transcript 

dropout, finding that these transcripts are indeed frequently co-expressed (Fig. 7C). 

Given that PmPks1 was observed to become broadly expressed in the ectoderm 

immediately following the mid gastrula stages (into ectodermal cells both having and 

lacking PmGcm expression), it appears likely that the scRNA-seq data likely captured 
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this transition. Importantly, out of 1143 cells detected in the mesodermal cluster 3, only 

0.9% were positive for both PmPks1 and PmGcm, further supporting the notion that 

PmGcm does not drive mesodermal activation of PmPks1 expression as it does in sea 

urchins (Supplementary Fig. S9). Additionally, we observed differences between the 

expression of pigment cell-transcripts and PmSix3/SpSix3. In sea stars, we observed 

the co-expression of PmPks1 and PmSix3 in cluster 3 (Fig. 7C), supporting our 

hypothesis that PmPks1 is expressed in the coelomic mesoderm. However, SpSix3 was 

not found to be expressed in the clusters enriched for pigment cell-specific genes (Fig. 

7B&D). These findings support the paradigm of two separate lineages for pigment cells 

and coelomic mesoderm cells in sea urchin versus a single integrated lineage in 

gastrulae of sea stars.  

 

A unique molecular signature is present in sea star larvae 

Currently, SpPks1 and SpFmo3 are the only known enzymes implicated in larval 

sea urchin pigment biosynthesis [4],[14]. Given the finding that P. miniata co-express 

orthologs of these genes (PmPks1 and PmFmo3-1) throughout development (Fig. 1), 

the generation of molecules structurally related to sea urchin pigments may occur in sea 

stars. To investigate the hypothesis that sea star larvae produce pigment molecules that 

are simply not sufficiently concentrated to detect in live larvae, chemical extraction 

followed by mass spectroscopy was performed on both sea urchin and sea star larvae. 

Previous reports have shown that both sea urchin larvae and adults produce a variety of 

naphthoquinone pigments, including echinochrome A and a multitude of spinochrome 

molecules [1]-[4].  
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We found that as previously reported [1], both echinochrome and spinochrome 

molecules are present in larval S. purpuratus (Supplementary Table S3). Echinochrome 

A is the most abundant pigment molecule present by a considerable margin. 

Spinochromes E, B, 282 and C were also detected. No known naphthoquinone 

molecule was identified in the sea star larvae extract despite the appearance of a light 

orange pigment (Supplementary Fig. S10). The most abundant peak appeared at 

253.1431 m/z, just roughly 0.9 m/z units from the mass of spinochrome E. While no 

molecular formula could be assigned to this peak, its affinity for the extraction solvent 

and molecular mass suggest that it may result from a molecule in the naphthoquinone 

family. 

 

Discussion 

Ancestral coupling of pigment genes 

 Larval pigment cells in echinoderms are an evolutionary novelty found only in 

echinoids and have important functions in immunity and development [26],[27],[64]. 

Such roles are accomplished due to the expression of a set of pigment cell-specific 

genes. However, the activities of orthologs to these genes in pigment cell-lacking 

echinoderm larvae have until now yet to be identified. Here, orthologs of SpPks1, 

SpFmo3 and SpMif5 were identified in sea stars, and spatial and temporal gene 

expression profiles throughout development were assessed. Strikingly, many 

characteristic features of these genes observed in sea urchin embryos are also found in 

sea star development. The orthologs, PmPks1, PmFmo3-1 and PmMifL1-2, are stably 

co-expressed from the early gastrula stage through the late larval stage. In sea urchins, 
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these genes are likewise consistently expressed throughout development in a pigment 

cell lineage [14],[16],[18],[19]. Both sea urchins and sea stars initiate the expression of 

these genes in the mesoderm. As gastrulation proceeds, transcripts remain present in a 

lineage of migratory cells in sea urchins whereas they are dynamically transitioned to a 

new population of cells in sea stars. Though cell migration and dynamic changes in 

expression are mechanistically different processes, they both functionally result in 

pigment cell-specific gene transcripts in or near the ectoderm in larval stages. The co-

expression of these genes in both sea urchins and sea stars suggests an ancestral 

regulatory paradigm to activate each gene within the same cells. This simplifies the 

emergence of larval pigment cells, as ancestral echinoids already possessed a 

regulatory kernel containing genes necessary for pigment cell function, such as pigment 

production.  

 Though the characterization of these pigment cell-specific genes in sea stars 

provides insights into the emergence of sea urchin pigment cells, it also introduces new 

questions. First, what are the products of these enzyme-encoding genes in sea star 

larvae? SpPks1 and SpFmo3 are required for sea urchin larval pigment biosynthesis, 

though no such molecules are readily apparent in sea star larvae [4],[14],[28]. As shown 

in Supplementary Fig. S10, sea star larvae may produce a naphthoquinone molecule. 

Whether the most abundant peak observed, just 0.9 m/z from spinochrome E, is 

actually a molecule related to sea urchin pigments remains unclear. If indeed it is, 

PmPks1 and PmFmo3-1 would present the most likely candidates for its production. In 

future experiments, perturbation of both PmPks1 and PmFmo3-1 followed by chemical 

extraction and LC-MS could address this possibility. If PmPks1 and PmFmo3-1 are 
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found not to synthesize a naphthoquinone molecule, it is likely that differences in protein 

coding sequences are responsible for pigment in sea urchins and the lack thereof in sea 

stars. We find it striking that in the coelomocytes of the sea star, Pks and Fmo 3 mRNA 

is readily detectable, yet pigment in the coelomocytes is rarely seen. Since the Pks 

protein family is known to create diverse polyketide products across different species, 

these enzymes are the most likely candidates to explain the restriction of 

naphthoquinone pigment synthesis to only sea urchins and other echinoids [31]. 

Specific amino acid changes, like the alcohol dehydrogenase domain present in SpPks1 

yet absent from PmPks1, may underlie the abilities of the two enzymes to create distinct 

polyketide products (Supplementary Fig. S3A). Moreover, what is the broader 

functionality of PmPks1, PmFmo3-1 and PmMifL1-2? In sea urchin larvae, the immune 

role of pigment cells is mediated by many cell-type specific genes, including those that 

synthesize the antimicrobial pigment [7],[27]. Whether an immunological function for 

these genes also exists in sea star larvae remains an open question.  

 

Regulatory divergence despite downstream similarity 

 Despite the similarities in the expression patterns of pigment-cell specific genes 

between sea urchins and sea stars, the architecture governing gene activation has 

significantly diverged. The developmental gene regulatory networks of both sea urchins 

and sea stars are shown in Fig. 8. The two lineages demonstrate a shared segregation 

of pigment-cell specific gene expression from blastocoelar cell precursors (expressing 

Erg) early in development. This, along with a common Notch input, make up the known 

few regulatory conservations between sea urchins and sea stars. Mesodermal 
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expression of Gcm appears to be the focal point for pigment cell evolution. In sea 

urchins, SpGcm is required for specification of pigment cells and activation of pigment 

cell-specific genes [14],[16]. Previous observations that PmGcm is expressed in the 

ectoderm suggested the lack of pigment cells in sea stars could be attributed to the 

absence of pigment cell gene network activity in the mesoderm [47]. However, this is 

not the case, as orthologs of pigment cell-specific genes are indeed expressed in the 

mesoderm early in development independently of PmGcm. Additionally, PmGcm is not 

activated by Notch as it is in sea urchins [47]. Therefore, the evolutionary transitions in 

sea urchins which allowed Notch to activate SpGcm may have allowed for mesodermal 

SpGcm expression, which in turn could drive expression of the preformed regulatory 

network consisting of SpPks1, SpFmo3 and SpMif5. Future comparative analyses of the 

regulatory elements of these genes are needed to evaluate this hypothesis.  

 

Pigment cell lineage versus dynamic gene expression 

While the early mesodermal expression of pigment cell-specific genes is 

conserved between sea urchins and sea stars, substantial differences emerge towards 

the end of gastrulation. Sea urchin pigment cells migrate whereas mesodermal cells of 

sea stars lose PmPks1, PmFmo3-1 and PmMifL1-2 transcripts that are later activated 

their expression in the ectoderm. In sea urchins, SpGcm represses SpGataC, as the 

two genes mark the aboral and oral mesodermal regions in the vegetal plate, 

respectively [17]. Until larval stages, SpGcm sustains the transcription of pigment cell-

specific genes in a stable cell lineage [14],[16]. In the sea star, though, PmGcm does 

not drive PmPks1, PmFmo3-1 and PmMifL1-2. These genes are first expressed in the 
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coelomic mesodermal cells distinct from those expressing PmGataC. Interestingly, 

PmPks1, PmFmo3-1 and PmMifL1-2 expression then shifts to the ectoderm, 

colocalizing with PmGataC. The observed colocalization further demonstrates the 

divergent function of Gcm, as SpGcm represses SpGataC in SpPks1, SpFmo3 and 

SpMif5 expressing cells. The transition to ectodermal expression of PmGataC coincides 

with that of PmPks1, PmFmo3-1 and PmMifL1-2, though more substantial evidence is 

required to assess whether PmGataC is responsible for the dynamic shift in PmPks1, 

PmFmo3-1 and PmMifL1-2 expression.  

 

Association between sea star coelomic mesoderm and sea urchin mesodermal 

cell types 

 The results presented in this manuscript demonstrate that pigment cell-specific 

genes are integrated into the mesoderm gene regulatory network prior to larval stages in 

pigment cell-lacking sea stars. Specifically, our results showed that this GRN is excluded 

from the mesoderm that will give rise to the blastocoelar cells. We propose that a pigment 

cell-specific GRN is active in the other types of mesodermal cells, specifically in the 

precursors of muscles and coelomic pouches. This finding parallels what has been 

discovered regarding the evolution of a larval skeleton, a structure formed by another 

mesodermal cell population observed in sea urchins yet absent from sea stars. The 

transcription factor Alx1 is required for skeletogenic primary mesenchyme cell 

specification in sea urchins and sea cucumbers, and likely brittle stars too [65]-[67]. In 

sea stars, PmAlx1 is expressed in the coelomic mesoderm notwithstanding the absence 

of a skeletogenic lineage, much like PmPks1, PmFmo3-1 and PmMifL1-2 shown here 
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[67]. Moreover, we found that the main players of the sea urchin pigment cell GRN are 

expressed by subsets of ectodermal cells in the larval stages, suggesting a novel function 

for these genes in the sea star that diverged from the sea urchin larva.   

Together, these results highlight that genes involved in the pigment cell function in 

sea urchins are dynamically expressed during the sea star embryonic development and 

can be key to understand the appearance of mesodermal pigment and skeletogenic cell 

lineages in sea urchin development. 

 

 

Conclusion 

 In summary, this work has uncovered key elements of evolutionary transition 

between sea urchin and sea star developmental processes underpinning the 

appearance of larval pigment cells. Despite conserved expression patterns of 

downstream pigment cell-specific genes, their regulation has diverged significantly. 

Given the unexpected similarities, a small number of developmental transitions were 

likely capable of giving rise to a novel cell type in sea urchin larvae, perhaps in addition 

to key changes in enzymatic activities. A more detailed examination of regulatory 

mechanisms that make the Pks1+/pigment cell type will help reveal specific changes 

allowing for the emergence of a new and critical cell lineage in this animal taxa.   
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Materials and Methods 

Phylogenetic and Genomic Analysis 

Phylogenetic analysis was done using MEGA X[68]. Amino acid sequences were 

obtained from NCBI and echinobase.org [38]-[40], [73]. The maximum likelihood method 

was used for phylogenetic reconstruction, with a bootstrap value of 500. Initial trees for 

the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 

algorithms to a matrix of pairwise distances estimated using the JTT model, and then 

selecting the topology with superior log likelihood value. 70 amino acid sequences were 

analyzed, with gene names and NCBI/Echinobase accession numbers located on the 

tree. For MussaGL analysis, P. miniata V2.0 Scaffolds from Echinobase were used. The 

sequencing data generated here have been made publicly available at Gene 

Expression Omnibus [https://www.ncbi.nlm.nih.gov/geo/] (GSE155427). 

Animals and Culture 

Adult Patiria miniata and Strongylocentrotus purpuratus were obtained from 

info@scbiomarine.com and peterhalmay@gmail.com, respectively, off the California 

coast and kept in artificial seawater at 16°C. Fertilization and embryo culture was 

performed as previously described [69],[70]. Sea star gametes were obtained by 

surgical removal and dissection of gonads from adult sea stars. Sea star oocytes were 

matured by treatment with 1 μM 1-methyladenine (Fisher Scientific) in filtered seawater 

from the Marine Biological Laboratory (MBL) for 45 minutes. Sea urchin gametes were 

obtained by shaking adult sea urchins or by intracoelomic injection of 0.5M KCl. Mature 

sea urchin and sea star eggs were incubated at room temperature for 10 minutes with a 

1:1000 dilution of sperm in filtered sea water for fertilization. Fertilized eggs were 
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decanted and washed with filtered sea water at least 3 times to remove excess sperm, 

and then transferred to a 6 well plate or a large beaker with electric stirrer for 

development. Embryos were cultured at 16°C in filtered seawater. If late stage larvae 

were desired, larvae were fed algae approximately 4 days after fertilization.  

RNA Isolation and qRT-PCR 

RNA was isolated from embryos and larvae using the RNeasy Micro Kit (Qiagen) 

and cDNA was produced using the Maxima First Strand cDNA Synthesis Kit (Thermo 

Fisher Scientific). Quantitative reverse transcriptase PCR (qRT-PCR) was performed 

with cDNA and the primer sequences in Supplementary Table S4 using the Maxima 

SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific). Triplicates were 

performed for each reaction to account for technical variability. Cycle threshold (Ct) 

values were averaged within triplicates and normalized to ubiquitin Ct values. 

RNA Fluorescent in situ Hybridization (FISH) 

FISH was performed as previously described [71]. Primers for probe generation 

were selected using the Primer3 web application. Primer sequences are located in 

Supplementary Table S5. Selected primers were used to amplify embryonic sea star 

cDNA by polymerase chain reaction (PCR) using Platinum Taq polymerase (Invitrogen). 

Amplified sequences were cloned into pGEM-T Easy Vector (Promega) and 

transformed in E. coli XL-1 blue competent cells, grown on Luria Broth agar plates. DNA 

was linearized by M13 primer PCR of transformed plasmids. Labeled probes were 

transcribed from linearized DNA using digoxigenin-11-UTP or fluorescein-12-UTP 

(Promega), or transcribed using unlabelled NTPs and labelled with dinitrophenol (Mirus) 

following kit instructions. Embryos and larvae were fixed in 4% paraformaldehyde in 

Jo
urn

al 
Pre-

pro
of



25 
 

filtered sea water overnight at 4°C. Fixed samples were washed in MOPS buffer prior to 

hybridization. Alternatively, fixed samples could be dehydrated in 70% ethanol and 

stored at -20°C for later use. Fixed samples were incubated with a 1:2000 dilution of 

labeled probe(s) in a 70% formamide hybridization buffer for 5 to 10 days at 60°C. 

Following hybridization, signal was developed with fluorophore-conjugated tyramide 

(1:400 reagent diluents, Perkin Elmer) using maleic acid buffer to wash between steps. 

Nuclei were stained using a 1:10000 dilution of 4′,6-diamidino-2-phenylindole (DAPI, 

Fisher Scientific). Samples were imaged using the Olympus SpinSR10 Spinning Disk 

Confocal Super Resolution Microscope (Olympus), the Zeiss LSM 800 Confocal Laser 

Scanning Microscope (Zeiss) or the Nikon Eclipse Ti2 Microscope (Nikon).  

Delta/Notch Perturbation 

Notch signaling was inhibited in sea star embryos by treatment with the γ-

secretase inhibitor N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl Ester 

(DAPT). 32 μM DAPT in DMSO or an equivalent volume of DMSO alone was added to 

cultures at the 2 cell-stage as described previously [52].  

 

Perturbations using morpholino antisense oligonucleotides 

Translation-blocking antisense morpholino (MO) against Pm Gcm (5’-

TACCGGCCACTTGCTGATCCAT-3’) was synthesized by Gene-Tools; and used at a 

concentration of 1 mM. MO was injected with 10,000 MW fluorescent dextran (injection 

solution). Immature oocytes were injected, cultured overnight at 16 degrees before 

being matured and fertilized. For each condition, 30 of these injected embryos were 

used for qPCR analysis at 48hpf. 

Jo
urn

al 
Pre-

pro
of



26 
 

 

scRNA-seq Analysis 

 Single cell RNA-seq datasets are described for Sp[16] and Pm[63]. Feature plots 

and coexpression plots were obtained using the R package Seurat. 

Pigment Extraction 

Pigment extraction was performed as previously described [4]. Sea urchin and 

sea star embryos were cultured until larval stages. Larvae were dissolved in 1 mL of 

aqueous 6M HCl for an hour. Samples were centrifuged at maximum speed for 1 minute 

and supernatants were transferred to new tubes. Diethyl ether was added to 

supernatants in a 1:1 ratio. Following a brief vortex and another 1 minute centrifuge spin 

at maximum speed, the diethyl ether layer was moved to a new tube and partitioned 

with 200 μL of aqueous 5M NaCl. The diethyl ether layer was moved to a new tube, and 

the partitioning process was repeated 2 additional times. The final isolated diethyl ether 

layer was evaporated until dry. Dry samples were resuspended in methanol and 

analyzed by liquid chromatography-mass spectrometry. 

LC-MS Analysis  

Pigment analyses were performed as previously described [4] using an HPLC 

system (1260 series, Agilent Technologies) coupled to a 6530 Accurate-Mass Q-TOF 

(Agilent Technologies) operated in negative electrospray ionization (ESI-) mode. Vials 

containing samples in methanol were kept at -20°C prior to LC-MS analysis. Reversed 

phase column Waters XTerra MS C18, 3.5 μm 2.1 × 50 mm column was used at 40°C 

with a sample volume injected of 8 μL and flow rate of 0.3 μL/min. The HPLC mobile 

phases consist of: A = 0.1% formic acid in water, B = acetonitrile. The linear gradient 
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elution used the following time program: 0 min 5% B, linear to 95% B at 9.5 min, hold at 

95% for 2 min, back to 5% B at 14 min, and equilibrate for 8 min. The injection volume 

was 8 μL. The ESI source conditions were gas temperature 300 C, drying gas 11 L/min, 

nebulizer 35 psig, VCap voltage 3500 V, fragmentor 175 V, and skimmer 65 V. The 

instrument was tuned using an Agilent calibration tuning mix for mass calibration of the 

Q-TOF instrument. The reference solution provided reference masses m/z 112.9856 

and m/z 1033.9881 for ESI- were used to correct small mass drift during acquisition. 

Data were collected in both centroid and profile formats and data analysis used Agilent 

MassHunter Qualitative Analysis (v. B.06.00).  
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Figure Legends 

Figure 1. PmPks1 and PmFmo3-1 are coexpressed during sea star development. 

Confocal images show the expression pattern of PmPks1 and PmFmo3-1 using double 

FISH. Both genes are expressed in the same mesodermal cells located in the archenteron 

during gastrulation. Between the mid gastrula and late gastrula stages, PmPks1 and 

PmFmo3-1 expression shifts from mesodermal cells to cells scattered throughout the 

ectoderm. Some cells in the foregut also express both genes by the late gastrula stage. 

During the larval stages, ectodermal expression remains consistent while foregut 

expression is lost by the late larval stage. Nuclei are shown in blue with DAPI. Scale bars 

are 50 μm. 

Figure 2. PmPks1 is coexpressed with PmMifL1-2. Confocal images show the 

expression pattern of PmPks1 and PmMifL1-2 using double FISH. PmMifL1-2 is 

expressed in the same cells as PmPks1 at all developmental stages. PmPks1 and 

PmMifL1-2 expression is restricted to mesodermal cells through the mid gastrula stage. 

After this stage, expression of these two genes is shifted to cells mainly found in the 

ectoderm. Nuclei are shown in blue with DAPI. Scale bars are 50 μm. 

Figure 3. PmPks1 and PmGcm are expressed in distinct cells throughout 

development. Confocal images show the expression pattern of PmPks1 and PmGcm 

using double FISH. As previously reported [47],[48], PmGcm is expressed by cells in the 

ectoderm throughout development. By the late larval stage, PmGcm-expressing cells 

appear mainly in the ciliary bands. At early stages of development, PmGcm is expressed 

in the ectoderm while PmPks1 is expressed in the mesoderm. Following the late gastrula 

stage transition in which PmPks1 expression appears in the ectoderm, PmPks1 and 

Jo
urn

al 
Pre-

pro
of



40 
 

PmGcm still do not coexpress. Nuclei are shown in blue with DAPI. Scale bars are 50 

μm. 

Figure 4. PmPks1 expression colocalizes with PmSix3 expression at early but not 

later stages of development. Confocal images show the expression pattern of PmPks1 

and PmSix3 using double FISH. At the early gastrula stage, PmSix3 is expressed in the 

invaginating vegetal pole and the anterior domain of the embryo. Anterior expression of 

PmSix3 is present until the late larval stage. PmPks1 is also expressed in the vegetal 

pole during the early gastrula stage, however not the anterior region. By the mid gastrula 

stage, PmPks1 and PmSix3 transcripts are detected in the same cells in the archenteron. 

Following this stage, colocalization of PmSix3 and PmPks1 is lost, as PmSix3 expression 

becomes restricted to the coelomic pouches and PmPks1 expression shifts to the 

ectoderm. Nuclei are shown in blue with DAPI. Scale bars are 50 μm. 

Figure 5. Notch signaling is required to establish mesodermal PmPks1 expression. 

Confocal images show the expression pattern of PmPks1 and PmErg using double FISH 

at the mid gastrula stage. Delta/Notch signaling was inhibited by treating embryos with 

32 μM DAPT at the 2 cell stage. Control embryos received an equivalent volume of 

DMSO. In control embryos, cells express either PmPks1 or PmErg in the archenteron. 

When Notch is inhibited, PmPks1 expressing cells are lost and the vast majority of 

mesodermal cells express PmErg. Nuclei are shown in blue with DAPI. Scale bars are 50 

μm. 

Figure 6. PmGataC and PmPks1 are coexpressed in the ectoderm of larvae. 

Confocal images show the expression pattern of PmPks1 and PmGataC using double 

FISH. PmGataC and PmPks1 are both expressed in the vegetal domain of early gastrula 
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stage embryos. However, by the mid gastrula stage, PmPks1 and PmGataC are 

expressed in distinct groups of cells in the archenteron. Starting at the late gastrula stage 

and continuing through the late larval stage, PmPks1 and PmGataC transcripts colocalize 

in the same cells in the ectoderm. PmGataC is also expressed in the coelomic pouches 

and the posterior enterocoel. Nuclei are shown in blue with DAPI. Scale bars are 50 μm. 

Figure 7. Comparative scRNA-seq analysis of sea star and sea urchin gastrulae. 

Cluster annotations are shown in Supplementary Table S1 for sea star data [63] and 

Supplementary Table S2 for sea urchin data [16]. A-B. Feature plots for selected 

transcripts for sea star (A) and sea urchin (B) at gastrular stages. C-D. Coexpression 

analysis highlights cells double positive for indicated transcripts in red for sea star (C) 

and sea urchin (D). 

Figure 8. Comparative gene regulatory networks of sea urchins and sea stars. 

Networks were constructed using BioTapestry software. A. The sea urchin has a stable 

lineage of pigment cells throughout development specified by Notch. These cells are 

marked by SpGcm, which activates the expression of SpPks1, SpFmo3 and SpMif5. 

SpPks1 and SpFmo3 synthesize the pigment Echinochrome A. Relationships between 

genes are described elsewhere [14],[17],[18],[45],[56],[58],[62],[72]. B. The sea star 

lacks a lineage of cells expressing PmPks1, PmFmo3-1 and PmMifL1-2. The 

mesodermal expression of these genes during gastrulation is conserved, as is the 

requirement of Notch, though they do not depend on PmGcm for expression. Additional 

work is required to determine if Notch activation is direct or proceeds through an 

intermediate as it does in sea urchins. Later in development, PmPks1, PmFmo3-1 and 
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PmMifL1-2 are expressed in the ectoderm with PmGataC. Relationships between genes 

are derived from this work and elsewhere [52]. 
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Highlights:  

• Larvae of sea stars lack the pigment seen in larvae of echinoids 

• Sea star larvae have the known genes necessary to make pigment  

• The gene regulatory network for pigment is distinct in the ancestral sea star 

• Gcm not an essential activator of the pigmentation pathway in the sea star 

• We conclude that multiple distinct changes had to occur for pigment in echinoids  
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