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 Phylogenetic position. The sea urchins (Class Echinoidea) are one of five extant classes 

within the phylum Echinodermata. S. purpuratus belongs to a complex of 10 species that arose in 

the North Pacific during a recent burst of speciation and ecological diversification about 15-20 

Mya (1-3). Based on similarities of embryonic organization, zoologists grouped echinoderms and 

Hemichordata (a phylum of marine worms) with chordates in the superclade Deuterostomia [(4); 

reviewed by (5)]. This theory was directly substantiated by molecular phylogenetic studies (6-8) 

and combined morphological and molecular analyses (9). Within the deuterostomes, the 

chordates (vertebrate and invertebrate) form one large assemblage, and the echinoderms and 

their sister group the hemichordates the other, all members of which are more closely related to 

one another than they are to any other animals (Fig. 1).  

Much of the intellectual force of the discoveries arising from the sea urchin genome 

sequence is due to the phylogenetic relationship shown in Fig. 1. The sea urchin genome 

currently provides the only outgroup within the deuterostomes for comparison with chordate 

genomes, and thus, for defining deuterostome-specific, chordate-specific, and pan-bilaterian 

genes. The Bilateria include the Deuterostomia and other superclades: the Ecdysozoa (insects, 

nematodes and many lesser groups); the assemblage known as the Lophotrochozoa (mollusks, 

annelids, brachiopods and many other groups); and the basal acoel flatworms (3, 9-13). The only 

other non-chordate bilaterian genomes sequenced and annotated to date are from nematodes and 

insects, though analyses of several lophotrochozoan genomes are ongoing. Thus, the sea urchin 

genome is more closely related to the human genome than any of these genomes.  

 Body plan. The adult echinoderm body plan is very different from the more familiar 

arthropod and chordate designs. It is a secondarily evolved radial form, in which the orthogonal 

axes of most Bilateria are not readily apparent. There is no clearly defined head region, nor 
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concentration of nervous tissues in a brain that can be used to orient these axes, and the radial 

symmetry of echinoderms contrasts with the worm-like bilateral symmetry of their hemichordate 

sister group. However, many kinds of evidence, ranging from fossil morphology and the 

organization of the coeloms in different echinoderm classes, to the expression patterns of 

posterior hox genes, indicate that the anterior end of the sea urchin is the oral, ventral surface on 

which it crawls, and the anal or posterior end of the body plan is the uppermost, dorsal surface 

(2, 3). As in all deuterostomes, the adult sea urchin has mesodermal sheets covering both gut and 

inner body wall; it has a gut divided into pharynx, esophagus, stomach and intestine; it has a 

large population of wandering immune effector cells, many macrophage-like but of other forms 

as well, within its coelom; it has an anus, gonopores, and a mouth with (five) teeth. Like 

hemichordates, the adult has a diffuse subepidermal nervous system, although there are five 

radial nerve cords that extend from a nerve ring around the mouth toward the anus in the 

ambulacral grooves and coordinate the peripheral nervous system. But gross morphology can 

produce a faulty impression of simplicity: the genomic evidence that follows shows, for 

example, that sea urchins probably have effective peripheral sensory equipment that is not 

anatomically obvious.  

The bilaterally symmetric embryo is more easily understood; its organization is literally 

transparent. The S. purpuratus embryo/larva, complete three days after fertilization, consists of 

only about 15 cell types, including neurons, skeletogenic cells, a few muscle cells, gut cells, and 

some mesenchymal mesoderm cells, all arranged in structures of single-cell thickness. During 

the succeeding weeks the far more complex radial adult body plan (the “rudiment”) develops 

within the body of the feeding larva. On metamorphosis the larva settles down, most larval 

tissues are resorbed, and the juvenile emerges. Afterwards, the digestive tract is re-grown in a 
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new position defining the adult dorso-ventral axis, mouth down.  The pentameral oral structures 

and the water vascular system of the adult develop within the rudiment before metamorphosis.  

The process of indirect development allows the tools of genomics to identify specifically 

the genetic program for embryogenesis, which is sharply separated from the program for adult 

body formation. Genome analysis also indicates that simplified gross morphology of an adult can 

hide physiological complexity, for example, the effective peripheral sensory equipment (see 

below). 

 Life-style, longevity, and highly polymorphic gene pool.  S. purpuratus is a locally 

abundant member of the intertidal and near-shore sub-littoral zones of the Eastern Pacific coast, 

from Mexico to Alaska (14). It is vegetarian by preference, its primary diet is drift algae, 

particularly kelps.  Predators include sea otters, several sea stars, and man (15). Adults range in 

size from 50-100 mm. Estimates based on growth rates yielded estimated life spans of over 50 

years for S. purpuratus (16, 17).  Recent measurements of radionuclides formed during nuclear 

tests of the 1950’s and taken up into the biomineral of the teeth, confirmed life spans of over 100 

years for the congener Strongylocentrotus franciscanus. The life spans of some sea urchins are 

thus similar to our own (18).  This observation atttests to the efficacy of the sea urchin immune 

system and its other defense mechanisms.  

Sexes are separate in S. purpuratus, though hermaphrodites do rarely occur. The 

reproductive cycle is annual (reviewed in (19)) and gametogenesis is controlled by seasonal 

photoperiodicity (20). Eggs and sperm are shed as meiotically mature, haploid cells with 

fertilization occurring in the water column. During the 6 or so weeks before metamorphosis, S. 

purpuratus larvae are dispersed by coastal currents, and the gene pool is therefore panmictic.  
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 These aspects of S. purpuratus reproductive biology make its genome enormously 

polymorphic compared to most sequenced animal genomes. Intraspecific variation in the 

unselected regions of the DNA sequence of this species was measured at 4-5% ((21); compare to 

human at about 0.5%, let alone inbred strains of mice). The reason for the high heterozygosity 

and polymorphism is the homogeneous population genetic structure, which means that 

continuous recombination of genomes occurs over the whole species range. Since the gene pool 

of this species has been very large (22), evidently for a long time, there is relatively slow 

purification either away from or towards any particular variants.  

 The polymorphism was manifested in the genome sequencing project as the difference 

between the two haplotypes of the single individual who was the source of DNA for all 

sequencing. Polymorphism posed enormous problems for the sequence assembly, and required a 

new strategy. Sequencing the S. purpuratus genome was a pioneering project in that many 

marine animals have a somewhat similar population structure, and will likely also be highly 

polymorphic, and hence their genome sequencing will present similar challenges to those solved 

here. 

 The sea urchin embryo as a major current research model.  Over the past 40 years 

major advances in knowledge of embryonic gene expression and the molecular biology of early 

development derived from research on sea urchin embryos (reviewed by (23-25); see foldout in 

this issue). Their usefulness is due to advantageous technical and biological features such as (i) 

the ability of sea urchin eggs to incorporate exogenous DNA, potentiating a high-throughput 

gene transfer methodology that permits DNA to be introduced into thousands of eggs in a few 

hours by a single operator (26-28); (ii) the efficiency with which gene expression can be 

perturbed by injection of sequence-specific reagents such as morpholino-substituted antisense 
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oligonucleotides (29); (iii) virtually unrestricted supply of synchronously developing embryos, 

particularly important for recovery of transcription factors, other rare protein molecules (30), or 

low-copy mRNAs; (iv) ease of molecular visualization in embryos (31-33), including 

immunocytology, in situ hybridization, and quantitative confocal imaging; (v) ease of extraction 

of molecules, organelles and structures from mitotic spindles to polysomes; and (vi) ease of 

measurement, from specific rare mRNA concentrations to signaling interactions.  

 Finally, the sea urchin was the first gene regulatory network described for animal 

development, and there is at present great interest in extending this type of genomic network 

analysis to other developmental models such as Drosophila (34) or many chordate systems 

including the Ciona embryo (35), the Xenopus embryo (36), and the development of mammalian 

heart (37), pancreas (37-39), and other adult body parts. 

 Whole-genome shotgun (WGS) sequencing. DNA for all aspects of this project (large 

insert BAC and fosmid libraries and DNA sequencing) was isolated from a single male’s sperm 

and provided by Eric Davidson and Andy Cameron (Cal Tech). The degree of sequence 

heterogeneity was therefore limited to the differences in one animal’s two haplotypes, which, in 

the case of S. purpuratus, is about 4-5% (21).  

 The project began with generating sequence from whole genome shotgun (WGS) 

libraries containing genomic inserts of varying sizes (Table S1). When the WGS reads reached 

3x coverage, an initial assembly was created (v 0.1; 9/2003; not shown). This assembly was not 

submitted to GenBank and was used internally for assessing various parameters of the sea urchin 

genome and for the community to begin to explore the application of the genome. This assembly 

was created with a version of Atlas that does not rely on BACs, Atlas-wgs. Likewise, when the 

WGS sequencing was complete, another pure WGS assembly was produced, v 0.5 (GenBank 
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accession number AAGJ01000000; also referred to as NCBI build v1.1), released on 4/2005 and 

described in Tables S1 and S2. This is the assembly that was used for the initial gene predictions, 

annotation, and analysis. 

 Assembling the WGS sequences. While the ultimate goal was to produce enough WGS 

sequence for 6-fold sequence coverage of the genome, the first assembly was generated using the 

Atlas-wgs assembler once 3-fold coverage was available (assembly version 0.1). When 

assembling reads originating from the same genomic region, the assembly programs expected 

little discrepancy between properly overlapped reads; thus when two sequences displayed 

multiple mismatched bases, they were assigned to different regions of the genome. In the case of 

the sea urchin, it was already known that single-copy DNA varied as much as 4-5% (21). The 

effects of altering parameters in the assembler (e.g. allowing more mismatches in read overlaps) 

in response to the unusual level of heterozygosity was explored and monitored. Comparison of 

the assembled contigs and scaffolds to high quality assemblies of 25 BAC clones allowed us to 

characterize regions of the genome that appeared difficult to assemble (e.g., regions of 

dissimilarity between haplotypes) and to develop tools to identify such regions and merge them 

(e.g., Polyjoin). The BAC sequences used to monitor the assembly process were (40): 

AC130962, AC131451, AC131247, AC131452, AC131378, AC131453, AC131379, AC131454, 
AC131380, AC131507, AC131381, AC131508, AC131382, AC131509, AC131383, AC131510, 
AC131446, AC131511, AC131447, AC131512, AC131448, AC131513, AC131449, AC131514, 
AC131450 
 

 Based on this approach, simple altering of mismatch parameters was not sufficient to 

both allow assembly of diverged haplotypes and prevent joining of repeated diverged sequences. 

Thus the Polyjoin algorithm was developed, which identified overlapping contigs in an assembly 

based on the content of rare kmers, performs a more detailed alignment with cross match, and 
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then merges these by a cut-and-paste method based on the cross-match alignment. This process 

was followed by a round of scaffolding based on read pairs and then the program repeats, 

looking for contig overlaps in the new assembly. In this fashion a significant amount of the 

redundancy in an assembly was removed. 

 Once all the sequence was available and assembled, a comparison of all WGS reads 

within each region of the 3-fold WGS Assembly revealed at least one single nucleotide 

polymorphism (SNP) per 100 bases, and a comparable frequency of insertion/deletion (indel) 

changes. With an 800-base sequencing read the assembler was faced with an average minimum 

of 16 mismatches per read, or 1 mismatch every 50 bases, in a region that was correctly 

assembled. Atlas was further modified so that it could now distinguish regional heterozygosity 

from misassembled sequence (collapsed repeats), Fig. S1. This approach successfully produced a 

6X WGS genome assembly with a reduced sequence redundancy of 13-15% (compared to 30% 

in the original assembly) due to residual unmerged polymorphic regions as judged by 

comparison to the above 25 BAC standards.  

 The final WGS assembly including the full 6-fold sequence coverage was submitted to 

GenBank (accession number AAGJ01000000; 4/2005). This version was the BCM-HGSC 

assembly version 0.5; however, it carries the NCBI version number 1.1 which is derived from the 

fact that it was the first assembly that NCBI analyzed and there was one pass at analysis. Some 

of the assembly statistics for version 0.5 are given in Table S2. The increase in size of the 

assembly, total bases, for the scaffolds relative to the contigs is due to the estimated size of the 

gaps defined by linking contigs across scaffolded regions. Gaps tend to be overestimated and 

given the large number of gaps in the assembly (larger than normal due to the heterozygosity), 

the total genome size is inflated. The 1,019 Mb size containing the redundancy is close to the 
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estimated genome size suggested by the FPC mapping data. Both assessments have limitations 

assessing the contribution of gaps to genome size. The redundancy assessment available with the 

DNA sequence further suggests that the results of the FPC mapping method have been affected 

by the dissimilarity in the sequence between the two haplotypes in this sea urchin. 

 BAC fingerprint map generation. Concurrent with the WGS sequencing effort, the 

BAC library was fingerprinted using Eco RI at the Genome Sciences Centre in Vancouver, 

Canada (www.bcgsc.ca/lab/mapping/).  The 85,820 fingerprinted clones (16.8 fold clone 

coverage of an 800Mb genome) were analyzed for shared restriction fragments and found to 

form 5,788 contigs leaving 17,378 singletons. The generated minimal tiling path of 8,248 clones 

suggested a genome size of approximately 1,015Mb [genome size = (number of tiles)*(average 

unique DNA contribution per tile) + (number of tiles)*(average overlap size with the right 

neighbor)]. The fpc-contigs were generally shorter than seen in mammalian genome projects; in 

fact, 2280 contigs extend the length of only one BAC clone. This fragmentation of the contigs 

may be an indication that some BACs that cover the same genomic region are appearing 

dissimilar due to their local haplotype differences. This theory is further bolstered when the 

gigabase genome size estimate is compared to the carefully measured genome size of 800Mb +/- 

5% by Hinegardner (41). 

 Clone-array pooled shotgun sequencing (CAPSS) of BAC clones. The sea urchin 

project was the first application of the CAPSS approach (42) in sequencing an entire set of tiling 

path BAC clones for a genome. Previously, in order to generate sequence for defined genomic 

locales, individual DNA preparations and shotgun libraries were made for each BAC clone in the 

tiling path. In this implementation of the CAPSS strategy, the minimal tiling path clones were 

separated into groups of 576 non-overlapping clones. They were laid out in a 24X24 array such 
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that each clone in the array has a unique position defined by its row and column coordinate, Fig 

S2. Mechanistically this was achieved by using six 96-well growth boxes and inoculating each 

well with a different clone. Each pool consists of the 24 clones in the corresponding row or 

column in the array. After independent growth, cultures for each clone in a row or column were 

pooled. The BAC DNA was isolated from each pool and a random shotgun library was prepared 

for sequencing to 1X coverage of the 24 constituent clones. Since each clone was present in one 

row and one column, 2X sequence coverage was generated for each clone. All reads from an 

array were interrogated for their degree of overlap with each other. Overlapping reads from a 

unique row/column position were assigned to the unique BAC clone that resided at that position 

in the array. Thus, rather than handling 8248 individual BAC clones, 672 pools from 14 arrays 

plus 185 remaining individual clones (857 total BAC preparations and shotgun libraries instead 

of 8249 of each) were handled in one-fifth of the time and one-tenth the cost. 

 A number of quality control steps were performed on this process, primarily to identify 

pools that did not have a more or less even representation of BACs, as well as to identify BACs 

within pools that may have suffered deletions. These QC methods included measuring the 

number of BAC end sequences in the reads from a pool, which were identified because they are 

actually chimeric reads containing part BAC vector and part insert. This allowed the number of 

different BAC ends in a pool to be counted and “jackpots” to be identified. In addition, following 

deconvolution, any BACs receiving too many or too few reads (based on a random distribution) 

were flagged as problematic and prepared as individual clones. About 5% of the BACs ended up 

being treated this way. Additional QC was also performed but not detailed here. 

 Combined BAC-WGS assembly. The first step was to assemble the reads from the 

region covered by each BAC clone into a localized assembly called an eBAC [“e” for enriched 
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with WGS reads]. The deconvoluted reads were used to identify WGS reads with overlapping 

sequence so that they could be pulled into the local assembly. Note that the arrays contained few 

enough sequences that most reads could be uniquely assigned to a BAC clone; thus, reads 

formerly defined as repetitive and therefore unassigned in the wider genome context could now 

be accurately identified and assembled into the eBAC.  Whereas an individual BAC clone 

represented one of the two possible haplotypes, this “fishing” for WGS reads may identify reads 

from both haplotypes. Upon assembly into contigs, reads from the alternate haplotype tended to 

co-assemble with little inclusion of the BAC derived reads in areas of high diversity. Thus, the 

reads from the second haplotype were recognized as such and set aside where they introduced 

conflicting sequence information and the eBAC re-assembled yielding a good reflection of the 

original BAC clone’s haplotype. The average eBAC assembly was 145kb, roughly the insert size 

of the BAC library. The considerable increase in the length of the stretches of continuous 

sequence was reflected in the increase of the Contig N50 statistic from 9.1kb (v0.5 WGS 

assembly) to 18.0kb (eBAC assemblies). 

 The second step in the combined assembly process was to assemble the eBACs along the 

FPC generated tiling path with DNA sequence as the guide to merging the overlapping eBACs. 

Where neighboring BACs shared the same haplotype, it was relatively straightforward to 

transition from one assembled sequence to the next. If two neighboring BACs were of different 

haplotypes, decisions were made where to stop one haplotype and start the next based on the 

alignment in the overlap region. The assembly is therefore still a mosaic of the two haplotypes as 

is the WGS assembly.  

 The final phase of the assembly process incorporated the remaining unused contig 

sequences from the v0.5 assembly to fill gaps between BACs. Additional BAC end sequences 
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were also used to build larger scaffolds. The combined assembly was compared to the v0.5 

assembly and any contig that was not represented in the combined assembly was brought in to 

fill gaps.  

 The initial BAC-based combined assembly (6/2006), produced using Atlas, was called v 

2.0 and was used to polish annotations since there was less redundancy and more continuity in 

the sequence.  While this was occurring the assembly was refined by removal of contaminating 

sequences and was released (7/2006) as v2.1 and submitted to GenBank (accession number 

AAGJ02000000; described in Table S2). 

 Although the sea urchin genome project (SUGP) used the combined assembly approach, 

the genome assembly process was extended beyond that used for the rat genome in several ways 

(Fig. S1) to address new challenges. The rat genome project is the only use of the Atlas 

assembler combined approach to date, but an intermediate pure WGS assembly was not 

produced. In contrast, the Drosophila pseudoobscura (43) and honey bee (44) projects both used 

Atlas-wgs to produce WGS assemblies, but there was no BAC component in these projects. The 

SUGP was the first to produce both intermediate WGS assemblies and a final combined 

assembly. This was especially useful, not only for the early availability of an assembly for 

analysis, but also because WGS contigs were used to fill gaps between BACs in the combined 

assembly. Such gaps in the MTP inevitably arose in FPC maps either due to sampling statistics 

or when overlaps between BACs were too short and/or polymorphism between the two 

haplotypes prevented overlaps from being reliably detected.  

 Assessment of the quality of the assembly. Throughout the assembly process, the 

quality of the product was determined by comparison to a test region of 25 BACs (2.9 Mb total) 

that had been individually sequenced to a high quality. This allowed measurement of redundancy 
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as well as identification of possible misassembled regions. Only a few misassemblies were 

identified in the test region, all in areas of high repeated sequence content, which is typical in a 

draft genome sequence. The assembly was also compared with Unigene clusters and other 

available sea urchin cDNA data sets to determine the completeness of the assembled sequence. 

Over 90% of the cDNA sequences were represented, indicating that the assembly was 

comprehensive. Finally, in the annotation process, considerable analysis of gene predictions was 

performed to identify redundant regions (e.g. unmerged contigs), regions of low continuity (e.g. 

where genes were split by gaps), regions where repeated sequences had been collapsed 

(assembled together), or other problems, and monitor improvements in the assembly as software 

was tuned for this genome. At the end of this process relatively few of these cases remained, and 

they were dealt with by manually addressing the problem regions. 

 Gene predictions. The gene prediction process followed that which had been developed 

for the honey bee genome project (44, 45) and was based on merging multiple lists of gene 

models with the GLEAN program (46). Four different sets of gene predictions were generated at 

NCBI (Gnomon), Softberry (FgenesH), BCM-HGSC (Ensembl gene prediction pipeline) and the 

Angerer lab at NIDCR (Genscan-base). In order to define a single gene set for annotation and 

analysis, we followed the approach used for the honey bee genome project (44, 45) and used the 

GLEAN program (46) to produce a merged gene set. The five sets were compared using 560 

sequences of all or parts of genes (Gold Standards) that had been verified by experiment (e.g. 

demonstration of a transcript) but not used in the gene predictions. Several criteria developed in 

the honey bee project were used to compare the gene sets and these demonstrated that the 

merged gene list produced by GLEAN was the highest quality and it was therefore selected as 

the Official Gene Set (OGS). 
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 This process occurred as soon as the 6x WGS assembly was available and the gene 

predictions were based on that coordinate system. When the final BAC-based assembly was 

produced, the gene models were migrated to the new coordinate system through a complex 

process (Fig. S3). Essentially the challenge was to map genes that may belong to a family and 

not have a unique alignment to the genome, as well as take into account that fact that some genes 

may have initially been based on different haplotypes but would map to the same region in the 

new less redundant assembly. The process used to migrate the gene predictions from the v 0.5 to 

the v 2.0 assembly expected that some of the redundant regions in v 0.5 would be merged in v 

2.0, and thus some genes should map to the same location in v 2.0. These were distinguished 

from genes that were different but from the same gene family by virtue of the coincidence of 

start and/or stop sites as well as whether flanking material was the same (redundant genes) or 

different (gene family members). However, a number of other tests were applied to various 

special cases to make the mapping as robust as possible. In all, about 5% of the OGS from the 

v0.5 predictions were found to be due to redundant sequences. A new version of the GLEAN 

OGS has not yet been created from the v 2.0 assembly, so the migrated genes from the OGS 

were used to clarify details in the annotated gene models. These alignments to the new v 2.0 

assembly were used by annotators to determine if the members of a gene family were artifacts 

due to different haplotypes or true paralogs. 

 The creation of a new set of gene predictions is in process. However, in order to assess 

whether the v2.0 assembly offers improved gene models over those from v0.5, a comparison was 

made of gene lists produced by the Ensembl gene prediction pipeline, which has been set up at 

the BCM-HGSC. Figure S4, shows the results for v 0.5 (left) and v 2.0 (right) for lengths of 

genes (top), transcripts (middle), and exons (bottom). It is apparent that genes and transcripts 
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both show more members at the longer end of the scale while exons are fairly constant in length, 

as expected. Thus v2.0 offers greater continuity. 

 Annotation process. An elaborate organizational approach was used to manage the 200 

or so investigators that were involved in the annotation. First the community decided on what the 

major themes for analysis would be and a set of teams were set up as shown in Table S3. 

Communication between the large group was by a listserver, weekly conference calls, an ftp site, 

and an annotation database, all managed at the BCM-HGSC. These teams were trained in use of 

the annotation database and initially manually edited the automated gene predictions on about 

9,000 genes. These annotations were checked when the gene models were migrated from the v 

0.5 to v2.0 assembly. Following the completion of the annotation process, the group discussed 

the major findings of the themes, and any investigator was invited to submit an abstract of their 

findings. These were used as the basis for the current publication as well as the companion 

papers. A listing of these and other resources available to the sea urchin community is presented 

in Table S4. 

 The microarray data from early embryogenesis had a major impact on the gene 

annotation process, since it generated gene structure data for 12,000 to 13,000 genes. It enabled 

independent evidence to be brought to bear on the gene model predictions, revealed missing 

exons, and some whole additional genes. It also provided evidence on the location and extent of 

3' untranslated sequences, a matter of significant interest for gene mapping, probe design, and 

identification of putative miRNA target sequences. Most importantly for the future, it provided a 

database of genes with verified embryonic transcription.  

 Conclusions from this microarray were reinforced with data from an alternative 

microarray of 5 oligonucleotides for each of 35,000 Genscan gene predictions from the v0.5 
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assembly (one of the input gene sets to GLEAN) (47, 48). Poly(A)+ mRNA populations of five 

different embryonic stages from 2-cell to the 3-day pluteus larva stage were hybridized to this 

microarray. 

 GC content distribution. In Fig. S5, the lengths of base composition domains are 

compared in four species. The same pattern occurs in all four species - long domains tend to be 

of average %GC, short domains tend to be very high or low %GC. Genes in sea urchin occur in a 

relatively narrow range with respect to %GC. In Fig. S6, the distribution of genes with respect to 

GC content, notice that there is no strong tendency for genes to occur in the genome's more AT-

rich GC content domains (as in A. mellifera) or more GC-rich GC content domains (as in D. 

melanogaster and A. gambiae)(44). Also, in sea urchin both GC content domains and genes both 

tend to occur in a very narrow range of %GC, from about 35% - 39%. 

 The Regulome. Three examples illustrate how the processes of embryogenesis in sea 

urchins have been directly related to the genomically encoded control system in a causal way. 

These are: the regulatory logic model developed for the modular cis-regulatory system of the 

endo16 gene (49); the explanation of how maternal spatial cues initiate differential transcription 

along the animal-vegetal axis of the embryo initiated by β-catenin nuclearization (50, 51); and 

the first large-scale gene regulatory network for development, which represents the genomic 

control circuitry for specification of the endoderm and mesoderm of this embryo (25, 40, 52).  

 It is possible to estimate the genetic repertoire specifically required for formation of a simple 

embryo. To determine this, a whole-genome tiling array of oligonucleotides was constructed 

based on the v 0.5 assembly, and the embryo’s transcriptome was analyzed (53). Pooled mRNA 

preparations from four stages of development, up to the mid-late gastrula stage (48hrs), were 

hybridized with the tiling array. Genes encoding transcription factors recognizing specific DNA 
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target sites were also identified from the genome sequence. For each identified gene, if data were 

not already available, probes were built from the genome sequence and used to measure 

transcript concentration by QPCR with a time series of embryo mRNAs, as well as to determine 

spatial expression by whole-mount in situ hybridization. 

A number of genes were studied including homeodomain factors (54); nuclear receptor 

family factors, sox family factors, bHLH family factors and many others (55); ets factors (56); 

forkhead factors (57); hox and parahox factors (58); and putative ZnFinger factors of the C2H2 

class (59). 

 For each identified gene, if data were not already available, probes were built as predicted 

from the genome sequence, tested against the genomic DNA, and then used for two purposes. 

First, they were reacted with a time series of embryo mRNAs, and the transcript concentration 

per embryo calculated from QPCR measurements. These data were subsequently checked against 

the mixed stage transcriptome results, with which they almost invariably agreed. Second, spatial 

expression of those regulatory genes expressed at sufficient concentration was determined by 

whole-mount in situ hybridization. 

 It had been shown that in the indirectly developing embryo of this animal only two of the 

genes of the hox gene complex are expressed, though all genes of the hox cluster are utilized 

during adult body plan formation (60). New data obtained in the course of this project show, 

however, that all three of the parahox genes (gsx, lox and cdx) recognized so far are used in 

embryogenesis (58). 

 Furthermore the network analysis shows that regulatory genes expressed at relatively low levels 

play essential roles, as also required by kinetic considerations (61). The implications for both 
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development and evolution of the 80% regulome use statistic are discussed in an accompanying paper 

(55).  

 In contrast, the zinc finger class was much less represented (59). Just 35% of all members of this 

gene family were expressed in the early embryo as measured by QPCR. A majority (75%) of these zinc 

finger genes had transcripts in the egg at fertilization, while only 20% of the other transcription factors 

were represented maternally (55). A similar pattern of maternal zinc finger gene expression exists in the 

Ciona intestinalis embryo (62). This contrasting mode of expression of C2H2 zinc finger genes may 

result from the versatile functions of the zinc finger domain, which in addition to DNA binding is also 

used in protein-RNA or protein-protein interaction (59, 63).  

 Signal transduction. The intersection between signaling and gene regulatory networks 

presents a challenge as signal transduction events impact transcriptional networks, and those 

networks provide inputs for subsequent signaling targets.  The annotation, tiling analysis, 

expression studies, and functional analyses indicate that multiple signal transduction pathways 

operate to generate cell diversity during specification, and later, signaling controls many aspects 

of patterning during morphogenesis. Some of these signaling mechanisms are known and their 

function partially understood; many others remain to be studied in detail, and others known only 

to be present in the embryo based on the whole genome analyses. As expected, all known signal 

transduction pathways used in development are present in echinoderms, and families of kinases, 

GTPases, phosphatases, as well as ligands and receptors are fully represented.  A large fraction 

of these genes are expressed during development indicating a major contribution of signaling to 

early specification and patterning.  

 Metalloproteases in developmental signaling. A number of secreted or cell surface 

metalloproteases including the MMPs, TLD/BMP1-like and ADAMs have been studied in the 
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sea urchin embryo.  Here functionally provocative temporal and spatial expression patterns of 

expression have been observed (64). While the proportion of genes in the various families which 

are expressed during embryogenesis varies (47), there is no doubt that the majority of them have 

important developmental functions. 

 The ancient and diverse families of metalloproteases appear to be slightly expanded in 

the sea urchin when compared to vertebrates (64). One example of a localized  sea urchin 

duplication is a family of matrix metalloprotease (MMP) inhibitor genes, the TIMPs, which are 

tandemly arrayed in a single cluster of 10 genes on a 400 kbp genomic segment.  In contrast, the 

four human TIMP genes are on four different chromosomes. The number of tolloid/BMP-1 

proteases (TLD/BMP-1-like) is significantly elevated in sea urchins primarily due to a group of 

about a dozen genes with an unusual domain architecture shared only with nematodes. 

Presumably these are independent expansions.  

 Fertilization. More is known about sperm-egg interaction in the sea urchin than in any 

other animal. Binding and fusion of the activated sperm to an egg triggers a collection of egg 

activation events including release of Ca2+ from the egg’s endoplasmic reticulum, emanating 

from the point of sperm-egg interaction and sweeping across the egg. The sea urchin “Calcium 

Toolkit” (65) has been compiled and analyzed (66). Sea urchins have a full repertoire of toolkit 

genes, but fewer isozymes and family members than vertebrates, thus simplifying the study of 

calcium signaling. For example, while vertebrates have multiple isozymes of each of the 

phospholipase C (PLC) families, the sea urchin has a single member of each (with the exception 

of two PLCβ isoforms instead of four vertebrate members).  

Surrounding the egg is the egg jelly matrix whose proteins contain a remarkable ~1,000 

amino acid domain known as the REJ domain, found in only one other protein family, the 
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vertebrate polycystin-1 proteins. Human polycystin-1 is mutated in 85% of patients with 

autosomal dominant polycystic kidney disease (ADPKD), one of the most frequent human 

genetic diseases.  The REJ domain has recently been found to be a mechanosensor domain that 

can stretch out elastically to interact with the extracellular matrix of other cells. The sea urchin 

genome contains 13 genes with complete or partial REJ domains. 

Germline specification. Despite extensive research on sea urchin gametes, the 

embryonic origin of the germ line remains unclear. The genomic sequence sheds light on this 

question. Orthologs of genes known in other organisms to be required for germ cell 

determination and differentiation were recovered, and the embryonic expression patterns of these 

genes were determined by RNA in situ hybridization (67). Of the 14 genes tested, all transcripts 

were uniformly distributed in the developing oocytes. Maternal deposition and localization of 

nanos mRNA in D. melanogaster, C. elegans, and X. laevis and vasa mRNA in D. rerio for 

subsequent incorporation into primordial germ cells is required for the development of a 

functional germ line (68-71). The lack of localized transcripts during oogenesis is compatible 

with conditional (inductive mechanism) rather than with the autonomous (maternal 

determination) specification in the sea urchin. 

The Oocyte perspective. Oocytes express a set of genes during their development that 

are essential for meiotic replication and recombination, storage of nutrients, and for fertilization. 

For example, a full set of genes responsible for meiosis and DNA recombination are present 

including Spo11, synaptonemal complex proteins 1, 2 and 3, Rad50, and Rad51. Other oocyte-

specific genes cluster within genomic loci, suggesting a common mechanism of spatial and 

temporal transcriptional regulation. A subset of these genes enlisted for fertilization is organized 

in a modular fashion, with protein domains encoded on exchangeable exons. Together, this 
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genomic organization suggests an efficient regulatory mechanism for timing of expression while 

favoring the divergence of egg-specific genes (72).  

Storage of nutrients is an essential function of the oocyte, and sea urchins invest 

enormous energy into this process.  Yolk platelets are dispersed throughout the sea urchin egg 

cytoplasm, comprising nearly one-third of the volume of the egg and occupying more than 10-

15% of the total egg protein (73-76).  The genomic sequence has allowed further characterization 

of the major yolk protein (MYP) as an iron binding protein (similar to transferrin), and revealed 

its major accessory protein, YP30, to be comprised of a family of ten closely related proteins that 

have retained similar gene structures, containing two fasciclin domains (FAS) in tandem (72).   

The genome sequence has enabled us to identify genes of the fertilization envelope, the 

extracellular structure that forms promptly after egg activation, and understand the origins of 

their domain structures. A subset of these genes enlisted for fertilization is organized in a 

modular fashion, with protein domains encoded on exchangeable exons. Each of the proteins 

responsible for the rapid change following fertilization has now been identified in the genome 

(these genes include speract, EBR, hyalin, RDZ, PLN, SFE1, SFE9, ovoperoxidase, glucanase, 

CGSP1 and Udx1).  A few genes are clustered and in one case, two genes share a bi-directional 

promoter of 2.2 kb. This organization has significant implications for evolution and 

transcriptional regulation (72).  

The oocyte has many unique features and as such is driven by a distinct set of 

transcription factors. The expression of a select set of transcription factors was examined in 

oocytes, ovary, testis, and gut (72).  No transcription factor was found to be exclusive to any 

tissue, and 12% (10/80) have mRNAs enriched in the oocyte and/or egg.  Of these, 50% (5/10) 

are also expressed later in embryos, indicating redundant utilization of these factors in both 
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oocyte development and embryogenesis.  Transcription factors involved in the Wnt and TGF-β 

signaling pathways are enriched in the sea urchin oocyte and ovary, suggesting that the oocyte 

may utilize these pathways in response to signaling molecules from gonadal somatic tissues and 

various environmental cues.   

 Ciliary genes. Like most marine invertebrates, sea urchin embryos and larvae use cilia 

for motility and feeding, an ancient panbilaterian characteristic.  The sea urchin embryo has been 

the model system of choice for studies of cilia formation and function for a half century (77-80).   

Indeed it was in the sea urchin cilia that the sliding filament model of ciliary beat was first 

demonstrated (81). In most urchin species, the onset of ciliogenesis occurs nearly simultaneously 

on all blastomeres just prior to hatching (82) and thereafter is regulated in a tissue-specific 

manner (83) constituting “a subroutine in the program of development” (84).  Combining the S. 

purpuratus genome with the recently published flagellar proteome from the single-celled alga 

Chlamydomonas reinhardtii (85) allows us to study how embryos regulate this concerted 

subroutine differently depending on germ layer.  Using Glean predictions and sequences of 

ciliary components cloned from several urchin species, we have found representatives of all 

tubulins, axonemal dynein classes, radial spoke proteins, and intra-flagellar transport proteins for 

which we have searched to date in the S. purpuratus genome.  Additionally, a sampling of the 

more than 500 novel flagellar-associated proteins identified in the Chlamydomonas flagellar 

proteome, including many shown to be transcriptionally up- or down-regulated upon deciliation, 

suggests that more than half of these previously uncharacterized proteins have direct counterparts 

in the S. purpuratus genome. 

Immune system. Like all metazoans, sea urchins must contend with a variety of 

eukaryotic, bacterial and viral pathogens.  From a phylogenic viewpoint, sea urchins occupy a 
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particularly interesting and largely uncharted position from which to explore the early evolution 

of bilaterian immunity and the underpinnings of the vertebrate immune system.  They are equally 

interesting from a life-history perspective since the genome sequence provides the first 

comprehensive view of immunity in a long-lived and relatively large invertebrate species.  

Although the sea urchin genome sequence reveals gene homologues with direct bearing on our 

understanding of the origins of vertebrate immunity, this survey simultaneously illuminates an 

immune system that differs greatly from any yet characterized.  An image emerges of a diverse 

and sophisticated immune system mediated by an astonishingly large repertoire of innate 

pathogen recognition proteins (86) (see Table S5).    

 An expansive innate immune repertoire. Immune recognition can be classified into two 

broad functional categories: innate, which is mediated directly by germline-encoded receptors, 

and acquired (or adaptive), in which immune specificity emerges from processes of somatic 

diversification and clonal selection (e.g., the jawed vertebrate immunoglobulin system).  The 

recognition systems identified in the sea urchin genome fall into the innate category, although it 

should be noted that non-canonical adaptive systems, if present, are likely to be difficult to 

identify at this stage of analysis. 

Toll-like receptors. Animal TLRs function in the recognition of conserved pathogen-

associated molecular patterns, although some insect TLRs function in development (87).  In 

animals with completed genome sequences, from one to 20 TLR genes are present (88).  In 

contrast, the sea urchin genome encoded 222 distinct TLR genes, of which most (211) were 

products of gene expansions that appeared independent from those of chordates and protostomes.  

Most sea urchin TLRs were structurally similar to vertebrate TLRs, but with notable exceptions.  

One set of three TLR genes exhibited characteristics of extracellular structure and Toll-
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interleukin-1 receptor (TIR) domain sequence that are typical of protostomes (89), and another 

set of five variant TLR genes had very short extracellular regions.  Diversity among closely 

related members of the expanded TLR gene classes was greatest within the LRR regions.  

Patterns of variation and the prevalence of pseudogenes were broadly reminiscent of other large 

immune gene families and may indicate fundamental differences in how the gene products may 

be employed.  A moderate expansion of potential TLR signaling adaptors (MyD88, three 

MyD88-like genes, SARM, 14 SARM-related genes and seven novel cytoplasmic TIR-

containing genes) was also present.  In contrast, homologs of signal transduction proteins (such 

as TRAFs, IRAKs and IKKs) and NFκB/Rel domain transcription factors that are known to 

function further downstream of these genes were present in numbers similar to those in other 

invertebrate species, suggesting that the expansion was restricted to the TLRs and the proteins 

with which they make direct contact.   

NACHT and LRR-containing Proteins.  The NLR proteins of vertebrates function as 

cytoplasmic pathogen recognition proteins and are known to be important in cells lining the gut 

(87, 90).  A family of 203 sea urchin genes encoded DEATH Domain-NACHT-LRR structures 

and were similar to vertebrate NOD and NALP genes (91), which had not previously been 

identified in invertebrates.  Like their vertebrate homologs, the sea urchin genes were expressed 

at high levels in the gut (92).  Similar to the TLRs, the sea urchin NLRs appeared to represent 

independent expansions relative to their vertebrate counterparts and were composed of a set of 

diversified subfamilies.   

Scavenger Receptor Cysteine-Rich Domain Proteins.  Proteins with SRCR domains have 

widely varying functions including immune recognition (93).  The potential scavenger receptor 

genes in the sea urchin genome were encoded by 218 genes bearing 1095 SRCR domains (a 
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more than 10-fold increase over what had been described from other animals).  Their expression 

in coelomocytes (94, 95) suggested that their expanded occurrence in the genome represents a 

form of immune diversity. 

 Underpinnings of Jawed Vertebrate Adaptive Immunity. The adaptive immune system of 

jawed vertebrates is mediated by T-cell receptors (TCR) and immunoglobulins (Ig), whose 

rearrangement is catalyzed by the recombination activating genes (RAGs), which have not been 

identified from agnathans or invertebrates.  One of the more unexpected findings from our 

analysis of sea urchin immune genes was the identification of a Rag1/2-like gene cluster (96).  

The presence of this cluster, along with other recent findings (97), suggested the possibility that 

these genes had been part of animal genomes for longer than previously considered.   

Several homologs of other important genes that function in the vertebrate adaptive 

immune system were evident.  These included a gene orthologous to the common ancestor of 

terminal deoxynucleotidyl transferase (TdT) and polymerase µ that is restricted to 

deuterostomes.  In vertebrates, TdT is responsible for creating N-region diversity during the 

process of V(D)J recombination.  Also present were genes encoding at least three transmembrane 

proteins with V- and C1-type Ig domains that had low but intriguing sequence similarity to 

Ig/TCR/MHC, and a number of Ig-domain proteins with similarity to the B7 co-stimulatory 

molecules.  These Ig domain proteins had characteristics expected of the non-rearranging 

ancestors of jawed vertebrate Ig and TCR. 

 The Defensome. The defensome of animals is the integrated network of genes and 

pathways that allow an organism to mount an orchestrated defense against toxic chemicals. Gene 

products that protect against injury from chemicals may be especially important for early 

embryos, given the complex chemical signaling pathways governing development and the need 
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to protect the genome of the germ cells.  In adults, some of these proteins also provide protection 

from environmental factors, such as oxidative stress, that can lead to senescence.  Many gene 

products in this network perform multiple roles, having important endogenous functions 

(including but not limited to development) as well as functioning in chemical defense. 

 CYP 1-4 family enzymes metabolize many exogenous compounds including and 

exogenous compounds including fungal and plant products, many environmental pollutants, and 

the vast majority of drugs. For example, CYP3A enzymes in humans catalyze the metabolism of 

40 to 60% of all clinically used drugs (reviewed by (98-100). CYP enzymes also metabolize a 

broad range of endobiotic substrates such as hormones, bile acids, lipids, arachidonic acid and 

other signaling molecules, and Nebert and Russell (101) suggest that all CYP may have some 

endogenous function. 

 Metazoan proteins containing a PAS (PER-ARNT-SIM) domain are involved in 

developmental and circadian signaling and in sensing environmental variables such as oxygen 

and small molecules (102, 103). Sea urchins possess 14 predicted PAS family genes representing 

12 of the 14 known metazoan PAS subfamilies (104). 

 Urchins also possess two genes encoding hypoxia-inducible factors (HIFα subunits), 

which regulate adaptive responses to hypoxia, and a gene encoding ARNT, a PAS protein that is 

a dimerization partner for both AHRs and HIFs. 

 Cap‘n’collar (CNC)-bZIP proteins, along with their small Maf heterodimerization 

partners, mediate the response to oxidative stress and regulate globin synthesis in vertebrates 

(105) and regulate pharyngeal development in Drosophila (106).  The urchin genome contains a 

single predicted CNC-bZIP gene and one small Maf gene; whether these have developmental or 

defensive roles is not yet known. 
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 In vertebrate animals, receptors in the NR1 family (PPAR, PXR, CAR, LXR, FXR), 

regulate xenobiotic- and endobiotic-inducible adaptive responses involving CYP, ABC, and 

other genes encoding biotransformation enzymes and transporters. The urchin genome contains 

two peroxisome proliferator-activated receptor (PPAR, NR1C) homologs and a NR1H gene co-

orthologous to both LXR and FXR, which are sensors of cholesterol and bile acids, respectively, 

in vertebrates (104). 

 Receptor activation by xenobiotic ligands could interfere with the endogenous ligand-

dependent developmental signaling, particularly via AHR, bZIP-CNC, and NR proteins. Intense 

defensive gene activity may also derail development.  Thus, while an organism may be adapted 

to an “anticipated” environment, exposure to high concentrations of xenobiotic compounds may 

alter developmental cascades enough to cause teratogenesis and (eventually) lethality.  As a 

developmental model, the sea urchin is an excellent candidate for addressing these mechanisms 

of chemical toxicity and defense during deuterostome embryogenesis.  While components of the 

defensome occur in both protostomes and deuterostomes, indicating the presence of this system 

in the bilaterian ancestor, particular pathways and networks may have evolved distinct functions 

in these two lineages. Dissecting the functions associated with the defense genes in echinoderms 

will elucidate the core features of the defensome in the deuterostome line.   

Intermediary metabolism in sea urchin. In contrast to gene regulation and early 

embryonic development in sea urchin, both of which are understood in great detail, not much is 

known about the biochemistry of S. purpuratus or any other echinoderm. Genome sequences 

provide an opportunity to examine the metabolic capabilities of the animal from a comparative 

point of view. Biosynthetic capabilities of sea urchin could be ascertained by the presence of 

genes that, in better-studied organisms, encode the enzymes involved in various metabolic 
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pathways. On the other hand, when orthologs of the proteins with the known functions are absent 

from the sea urchin predicted proteome, this indicates either a loss of synthetic capability, or an 

alternate route employed by S. purpuratus.  

Using the COG/KOG database at NCBI and the metabolic pathway resources, we 

assigned 2300 genes to specific metabolic reactions. In addition, 2296 predicted proteins appear 

to belong to known classes of enzymes or transporters, but have broad or unknown specificity. 

Comparison of the former class of proteins with the map of the known metabolic pathways 

indicates, perhaps expectedly, that the metabolism in sea urchin is broadly similar to that of 

humans and other vertebrates, most likely reflecting common origin of these clades from an 

ancestral deuterostome, as well as largely omnivorous life-styles of echinoderms and hominids 

(Table S6).  

In spite of overall similarity, specific differences in the gene repertoire were also noted. 

For instance, S. purpuratus may utilize a thiaminase II protein (COG0819) in a non-conventional 

thiamine salvage pathway as has been reported in other marine organisms. This evidence seems 

compatible with the hypothesis that the type II thiaminase was present in the ancestral metazoan, 

and was later lost in some lineages. Some enzymes of central metabolism, which appear to be 

lost in higher vertebrates, are retained in sea urchin, including cofactor-independent 

phosphoglycerate mutase (iPGM, phytochelatin and malate synthase). The repertoire of enzymes 

involved in biosynthesis or salvage of sulfur-containing amino acids like cysteine and 

methionine also shows differences between sea urchin and vertebrates. In particular, S. 

purpuratus encodes cysteine synthase and homoserine-O-acetyl transferase, two genes that have 

been found in other sequenced deuterostomes (xenopus, zebrafish, amphioxus and urochordates 

for cysteine synthase; Aedes and urochordates for homoserine-O-acetyltransferase). Cobalamin-
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independent methionine synthase is not found in any metazoans. These genes could be links to 

the yet undefined amino acid salvage pathways, or a biosynthetic pathway of the non-

conventional sulfur-containing bitter amino acids reported from other sea urchins. 

Two intriguing observations relate to cholesterol and urea utilization. Cholesterol is considered 

an essential component of sea urchin diet. We, however, found the set of apparently active 

enzymes involved in cholesterol biosynthesis in S. purpuratus, suggesting that it may be able to 

synthesize cholesterol, at least in a developmentally or environmentally regulated manner. Sea 

urchin encodes for a complete set of urea cycle genes, though ammonia, rather than urea, is 

though to be the major form of excretion in echinoderms. We identified a predicted carbamoyl-

phosphate synthetase-like (CPS-III) gene in the sea urchin genome, which would suggest that 

urea may be used as a balancing osmolyte in sea urchin. 

 Adhesome. Other matrix proteins common to protostomes and deuterostomes 

(thrombospondins (both A and B subclasses), fibrillins, fibulin, osteonectin/SPARC, hemicentin, 

polydom, fibrillar collagens) are all found in sea urchins.  In addition, there is a good homolog of 

thrombospondin-1 previously known only in chordates. A summary of the adhesion receptors 

found in the S. purpuratus genome is presented in Table S7. 

 Biomineralization. The evolution of biomineralization within the deuterostomes, and 

within metazoans, as a whole, is the subject of ongoing debate. Within the deuterostomes, only 

echinoderms and vertebrates produce extensive biomineralized structures. The elaborate, calcitic 

endoskeletal stereom is an identifying characteristic of echinoderms, while vertebrates employ 

carbonated apatite as the mineral of teeth and bones. It is likely that the ancestor of the 

vertebrates lacked a biomineralized skeleton and that echinoderm and vertebrate skeletons are 

therefore not homologous in the strictest sense (107). Nevertheless, many questions remain 
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concerning the extent to which the vertebrates and echinoderms have exploited similar 

components of a common genetic toolkit to carry out biomineralization. 

 Cytoskeletal genes. The cytoskeleton is responsible for cellular movements such as 

mitosis, cytokinesis, organelle translocation, cell migration, ciliary and flagellar beat, organ 

morphogenesis, and muscle contraction. The cytoskeleton is composed of three primary filament 

systems: actin filaments, microtubules, and intermediate filaments, along with their associated 

interacting proteins.  Together, these three systems act cooperatively to build three-dimensional 

networks and support interactions with organelles.  Motor proteins, the myosins, the kinesins and 

the dyneins, and their regulatory associated proteins, kinases and phosphatases, drive cellular 

movements.  Because of the historic use of sea urchins as models for analysis of the 

cytoskeleton, representatives from most families of cytoskeletal proteins have been fully or 

partially cloned or have appeared as ESTs. Annotation of the sea urchin genome has benefited 

from this earlier work. A list of conserved cytoskeletal genes from other organisms was 

assembled to search the S. purpuratus genome for orthologs of actin, sarcomeric proteins, actin 

binding proteins, tubulin, microtubule-associated proteins, actin- and microtubule-based motors, 

cytoskeleton regulatory proteins, and intermediate filament proteins. Ciliary and flagellar 

proteins are addressed elsewhere in Supplemental Materials. 

 The S. purpuratus genome carries multiple genes encoding alpha- and beta-tubulin (9 and 

6 genes, respectively), as well as gamma-tubulin (1 gene), delta tubulin (1 gene) and epsilon-

tubulin (2 genes), of which only the alpha, beta, and gamma sequences were known previously. 

 More than two decades ago, traditional biochemical and cloning methods revealed at 

least eight S. purpuratus actin genes, including a single skeletal muscle gene and two groups of 

five cytoskeletal actin genes: cytoskeletal actin (Cy) I, CyIIa, and CyIIb are closely linked in one 



31 

group that is distinct from CyIIIa and CyIIIb, which are closely linked to each other. Analysis of 

the genome corroborates these early findings and no novel actin encoding genes were determined 

from genome-based gene predictions.  Various sea urchin actin binding and sarcomeric proteins, 

such as fascin, villin, profilin and tropomyosin had been extensively studied and cloned. 

Annotation of the S. purpuratus genome reveals genes for over 60 common sarcomeric and actin 

binding proteins with few omissions of any key actin binding protein found in other well studied 

systems.  Genes encoding homologs of cytoskeletal regulatory proteins, such as mDia/formin, 

citron kinase, paxilin, LIM kinase, WASP, MLCK, PAK, PAR 3, and ROK are also newly 

identified. 

 For molecular motors, genome sequencing has revealed the full depth of the families in S. 

purpuratus.  Thirty-five non-redundant kinesin genes and two kinesin-associated protein genes 

were identified in the genome assembly including the 9 kinesin and kinesin-associated protein 

genes previously cloned from S. purpuratus, as well as members of all 14 families of kinesins 

identified to date.  The total of 35 kinesin genes in echinoderms is intermediate between human 

(45 total) and Drosophila (25 total) and comparable to Ciona (31 total) and provides an 

opportunity for studying roles of all kinesin families in development.  The myosin family of 

actin-based motor proteins has been similarly studied. Full-length clones and partial sequences 

have been characterized in sea urchins corresponding to twelve different myosin classes 

including myosins I, II, V, VI, VII, IX. Genomic sequence confirms the existence of at least one 

homolog corresponding to myosin classes VII, X, XII, XV, XVI, XVII. We were surprised to 

find two predicted myosin motor domains that corresponded to a new class of myosin, XVI, 

identified in rat brain.  The absence of a predicted myosin XIV and VIII may be the result of 

incomplete annotation or that S. purpuratus lacks these genes. The identification of such a wide 
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variety of myosin classes makes possible their functional dissection in the many motile 

properties of cells from sea urchins.  Unlike the apparent difference in abundance of kinesin 

genes between taxa, S. purpuratus employs a conventional broad array of dynein protein 

subunits with a nearly one-to-one correspondence to those in mammals. S. purpuratus genes 

encoding the heavy chain subunits of outer arm dynein, the alpha and beta subunits of inner arm 

1 dynein, and cytoplasmic dyneins 1 and 2, are largely monophyletic, suggestive of the 

extraordinary evolutionary stability of the 9+2 axonemal structure of cilia and eukaryotic 

flagella.  In contrast, the heavy chain subunits of other inner arm dyneins have radiated into 

distinct subfamilies, especially notable in Chlamydomonas and Tetrahymena where they may 

reflect a more varied repertoire of axonemal movement. 

 Examples of most classes of intermediate filament proteins are present although in a very 

limited variety. The absence of lamin-A and vimentin, are consistent with their absence in other 

invertebrates and new appearance in the vertebrates. The rather simple fleet of intermediate 

filament family proteins is also consistent with the absence of intermediate filament-linked 

cadherins.  Thus, the characterization of the sea urchin cytoskeleton genome allows for study of 

concerted cytoskeletal gene regulation as well as for generation of new probes such as GFP-

tagged proteins, antibodies, and dominant negative or constitutively active polypeptides to study 

the many cellular movements for which developing sea urchins serve as ideal models. 

  

 Sea urchin relevance to human condition. Because of the many pathways shared by sea 

urchin and human, the sea urchin genome includes a large number of human disease gene 

orthologs. Many of the genes described in the preceding sections fall into this category, and 

some are summarized in Tables S8 and S9. These correspond to potential human disease targets 
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across a surprising diversity of systems such as nervous, endocrine and blood systems as well as 

muscle and skeleton as exemplified by the Huntington and Muscular dystrophy genes. 

Interesting discoveries of orthologs of human Usher syndrome genes, involved in deafness and 

blindness syndromes, and of reelin, involved in brain abnormalities in mammals, were discussed 

in the main paper (see also Table S8). Such orthologs of human disease genes, in combination 

with the rather tractable experimental platform that the sea urchin provides, offer rich potential 

for future disease modeling studies.
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Table S1. Whole-Genome Sequencing Component to Sea Urchin Project 
The following data were used in the v0.5 assembly. 
Insert size (kb) Attempted reads1 Screened reads2 Clone coverage3 
2-4 6,743,656 5,486,557 20.6 
4-6 3,022,411 2,469,096 15.4 
6-8 125,690 99,179 0.87 
Total 9,891,757 8,054,832  
1Total number of sequencing reads generated. 
2Quality reads containing S. purpuratus sequence versus vector or a random contaminating 
species. 
3Clone coverage = (Screened reads)(Avg. insert size)/(Genome size=800Mb) 
 
 
Table S2. Statistics of S. purpuratus Genome Assemblies 
A. Read statistics 

 Assembled Reads  
Version Date Type Coverage4 

(fold) Total Plasmid BAC1 
ends 

BAC 
skims 

Unassembled3 

reads 

0,5(BCM)  
1. 1(NCBI)    

4/2005 Pure WGS2 6.2 7,064,379 6,954,832 109,547 0 1,100,000 

2.1(BCM) 6/2006 Combined 8.0 8,945,305 6,341,162 109,547 2,494,596 1,750,431 WGS 
929,039 BAC 

1Bacterial artificial chromosome clones 
2Whole-genome shotgun 
3Assembly v2.1 linearized sequence omitted reads that belonged to  (a) a redundant contig or (b) the alternate 
haplotype. 
4Coverage = (Assembled reads)(Trimmed read length)/(Genome size = 800Mb) 
 
B. Assembly statistics 
Version N501 contigs2 

(bp) 
N50 scaffolds2 

(bp) 
Completeness of 
sequence (%)3 

Redundancy 
level 
(%) 

Genome size 
scaffold sum 

(Mb) 

Genome size 
estimate4 

(Mb) 
0.5(BCM)  
1.1(NCBI) 9,072 65,601 

84% ESTs 
97% cDNAs 13% 1019 843 

2.1(BCM) 

18,500 

141,604 all 
215,950 BAC 
associated 

90% ESTs 
94% cDNAs 5% 907 814 

1N50 is the length such that 50% of the assembled genome lies in blocks of the N50 size or longer. 
2Contigs are regions of continuous sequence; scaffolds contain contigs that are known to be linked along with the 
gaps (of estimated size) between them. 
3Completeness was determined as the fraction of cDNA and EST sequences that were represented in the assembly.  
4The estimated genome size was derived by reducing the sum of the scaffolds by the (a) the level of redundancy and 
(b) the estimated inaccuracy involved in estimating gap sizes. 
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Table S3. Annotation and Analysis Themes 
Analysis Theme Coordinator(s) 
Embryonic Transcriptome Eric Davidson, Victor Stolc 
Embryonic Regulatory Networks Eric Davidson 
Signal Transduction Pathways Dave McClay 
Reproductive process Gary Wessel, Victor Vacquier, Kathy Foltz 
Immune System Jonathan Rast, Courtney Smith 
Cellular Defense Systems Amro Hamdoun,Jed Goldstone 
External Sensory System (Neural) Robert Burke, Bill Klein, Mike Thorndyke, 

Maurice Elphick 
Cell Adhesion Proteins Richard Hynes 
Biomineralization Charles Ettensohn 
Cytoskeletal & Ciliary genes Bob Morris, Dave Burgess 
Cell processes & proliferation Jim Coffman 
Echinoderm in Metazoan Evolution Andy Cameron 
Cell physiology William Marzluff 
Basal transcription apparatus, 
polymerases chromatin proteins 

Greg Wray 

Gene List Erica Sodergren 
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Table S4. Sea Urchin Resources 
Institution URL Description 
BCM-HGSC annotation.hgsc.bcm.tmc.edu/Urchin/ Annotation database 

BCM-HGSC www.hgsc.bcm.tmc.edu/blast/blast.cgi?organism=Spurpuratus S. purpuratus blast site 
BCM-HGSC www.hgsc.bcm.tmc.edu/projects/seaurchin/ S. purpuratus Project 
BCM-HGSC www.genboree.org/java-bin/login.jsp Genboree 
Caltech sugp.caltech.edu/endomes/ Endomesoderm Gene network
Caltech  sugp.caltech.edu Genome resources 

Max Planck Institute  www.molgen.mpg.de/~ag_seaurchin Genome resources 

NCBI www.ncbi.nlm.nih.gov/projects/genome/guide/sea_urchin/ Genome resources 

NCBI www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=genomeprj&cmd=Retrieve& Entrez: Genome Project 
NIDCR urchin.nidcr.nih.gov/blast/index.html  Genome resources 
NIDCR urchin.nidcr.nih.gov/blast/exp.html  Microarray data 

Systemix Institute www.systemix.org/sea-urchin Embryonic microarray data 
 



Table S5.  Annotated immunity genes identified in the S. purpuratus genome sequence. 
 
Innate receptors and associated signal transduction 
Toll-like Receptors (TLR) 222 
Nod/Nalp-like proteins (NLR) 208 
Scavenger Receptor Cysteine Rich (SRCR) 218 
Peptidoglycan recognition proteins (PGRP) 5 
Gram negative binding proteins (GNBP) 3 
RIG-I-like 12 
TIR domain TLR adaptors 26 
 
Complement system 
C3/4/5-like 4 
Additional thioester proteins 3 
Bf/C2-like 3 
C1q/MBP 8 
 
Effector proteins 
MACPF/perforin-like 22 
 
Vertebrate adaptive immunity 
Rag1/Rag2-like cluster 1 
Rag1-like pseudogenes ~30 
TdT/polµ 1 
Additionally there are >50 V-type Ig domain containing genes with  
low identity to Ig/TCR/NITR/B7 
 
Cytokines and receptors 
IL-1 receptor     1 
IL-1 receptor accessory protein     2 
TNR superfamily     4 
TNF receptor superfamily     9 
IL-17-like   30 
MIF-like     9 
 
Important immune transcription factors 
Members of all vertebrate subfamilies are present including those  
previously described only from chordates including a PU.1/SpiB/ 
SpiC homolog, an Ikaros-like factor.  Two NFκB family members  
are present.  
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Table S6. Distribution of metabolism related proteins  

No. of related KOGs (proteins)  
shared with  

Functional categories as described in 
KOG database 

No. KOGs 
(proteins) in  
sea urchin Human C. elegans Drosophila 

[C] Energy production and conversion 148 (330) 
(1.14%) 

148 (456) 
(1.43%) 

143 (329) 
(1.80%) 

144 (292) 
(2.19%)  

[E] Amino acid transport and 
metabolism 

107 (369) 
(1.27%) 

103 (484) 
(1.51%) 

96 (268) 
(1.47%) 

98 (429) 
(3.22%) 

[F] Nucleotide transport and 
metabolism 

55 (125) 
(0.43%) 

54 (169) 
(0.53%)  

49 (87) 
(0.48%) 

50 (86) 
(0.64%) 

[G] Carbohydrate transport and 
metabolism 

126 (527) 
(1.82%) 

126 (498) 
(1.56%) 

115 (471) 
(2.58%)  

123 (315) 
(2.36%) 

[H] Coenzyme transport and 
metabolism 

52 (91) 
(0.31%) 

52 (116) 
(0.36%) 

40 (62) 
(0.34%) 

47 (66) 
(0.49%)  

[I] Lipid transport and metabolism 140 (390) 
(1.35%) 

138 (501) 
(1.57%) 

128 (389) 
(2.13%) 

121 (329) 
(2.47%) 

[P] Inorganic ion transport and 
metabolism 

77 (296) 
(1.02%) 

77 (485) 
(1.52%) 

74 (317) 
(1.74%) 

74 (218) 
(1.63%) 

[Q] Secondary metabolites 
biosynthesis, transport and catabolism 

32 (189) 
(0.65%) 

32 (227) 
(0.71%)  

29 (187) 
(1.02%) 

28 (177) 
(1.33%) 

Total (unique)  715 (2297) 
(7.94%) 

703 (2820) 
(8.81%) 

648 (2051) 
(11.22%) 

657 (1842) 
(13.81%) 

Total no. of predicted genes 28944 32000 18266 13338 
The numbers in each cell represent the number of KOGs (number of proteins) (% of proteins to 
total number of predicted genes in genome) for each functional category. 
*Number of genes in human, fly and worm taken from (7). 



Table S7. S. purpuratus Adhesion Receptor Genes 
 

Cadherins 
Number of 
genes 

cadherins_classical_I NO 
cadherins_classical_II NO 
cadherins_classical_III 1 
cadherins_calsyntenin type 1 
cadherins_dachsous 1 
cadherins_desmosomal NO 
cadherins_fat 2 
cadherins_flamingo_CELSR 1 
clustered_protocadherins NO 
cadherin-23 1 
Protochadherin-9 1 
protocadherin-15 1? 
  
Integrins  
canonical alpha integrins 8 
a4/a9-type alpha integrins NO 
VWA domain alpha integrins NO 
talin-binding_beta integrins 4 
Band4.1-binding beta integrin NO 
beta4 integrin NO 
  
Ig-SF proteins >400 
  
FN3 proteins >300 
  
EGF proteins ~700 
  
LRR-Ig ~20 
  
Adhesion-related GPCRs  
LNB-GPCR ~90 
LRR-GPCR ~40 
  
Basement membrane proteins  
Type IV collagens 2 
type XV/XVIII collagen 1 
Laminin alphas 3 
Laminin betas 2 
Laminin gammas 1 
Nidogen 1 
Perlecan 1 
  
Other ECM proteins  
Fibrillar collagens 7 
VWA-FN3 collagens NO 
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LINK proteoglycans NO 
Fibulin  1 
Fibrillins 2 
LTBP NO 
Subgroup A thrombospondin 1 
Subgroup B thrombospondins 3 
Polydom 1 
Hemicentin 1 
Cochlin NO 
Fibronectin NO 
Matrilins NO 
Tenascins NO 
Vitrin NO 
Vitronectin NO 
von Willebrand factor NO 
  
  
Neural adhesion proteins  
Netrin 1 
DCC/unc5 receptors 1 each 
Slit 1 
Robo 1 
Semaphorin 1 
Plexins 24-26 
Neuropilins NO 
Agrin 1 
MUSK 1 
Neurexin 1 
Neuroligins 3 
Reelin 1 
  
Vascular adhesion proteins  
Selectins NO 
beta2-type integrins NO 
alpha4-type integrins NO 
von Willebrand factor NO 
  
Usher protein network  
Usherin 1 
VLGR-1 1 
cadherin-23 1 
protocadherin-15 1? 
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Table S8. Human Disease Orthologs of Adhesome Genes 
 

Protein Characteristics Human mutation Mouse 
mutation 

Sea urchin 
homolog 

     
Usherin Large adhesion-type 

receptor, forms links 
between stereocilia 

USH2A  SPU_020012 plus 
SPU_017733 
 
Now assembled 

VLGR1 Large adhesion-type 
receptor, forms links 
between stereocilia 

USH2B  SPU_027371 

Cadherin 23 Large adhesion 
receptor, forms tip 
links between 
stereocilia 

USH1D Waltzer SPU_027133 
SPU_013476 
SPU_014606 
SPU_015210 
SPU_016980 
SPU_004556 

Protocadherin 
15 

Large adhesion 
receptor, forms links 
between stereocilia 

USH1F Ames 
Waltzer 

Several possible 
homologs, full 
structure unclear 

NBC3 Na/HCO3 
cotransporter 

Candidate for 
USH2B 

 SPU_014036 
SPU_017882 
SPU_025514 

All linked 
TPRA1 Mechanosensory 

channel 
  SPU_010335 

Harmonin PDZ adaptor protein USH1C Deaf circler SPU_009191 
SPU_028159 
 

Whirlin PDZ adaptor protein DFNB31 Whirler SPU_002363 
SPU_021200 
 

SANS ANK/SAM adaptor 
protein 

USH1G Jackson 
shaker 

SPU_022872 

Myosin 7A Motor USH1B Shaker-1 SPU_025990 
SPU_013161 
SPU_022040 

Myosin 15 Motor DFNB3  SPU_022456 
 

     



 47

Reelin Brain extracellular 
matrix protein 

Norman-Roberts-
type lissencephaly 
syndrome 

Reeler SPU_013071 
SPU_008268 
SPU_023409 
Now assembled 

Fibrillins Extracellular  matrix 
proteins 

Marfan syndrome 
and others 

 SPU_001533 
SPU_001532 
SPU_020166 
SPU_021495   
 
SPU_012550 

Nephrin Adhesion receptor – 
forms slit diphragm 
in kidney 
glomerulus 

Congenital 
nephrosis, Finnish 
type 

 SPU_024019 

Perlecan Basement membrane 
proteoglycan, 
coreceptor for basic 
fibroblast growth 
factor 

Dyssegmental 
dysplasia, 
Silverman-
Handmaker type; 
Schwartz-Jampel 
syndrome 

 SPU_000937 
SPU_012324 
SPU_026338 
SPU_028620 

Glypican-3 GPI-linked 
proteoglycan, roles 
in morphogenesis 
and growth factor 
signaling 

Simpson-Golabi-
Behmel syndrome, 
type 1; Simpson 
dysmorphia 
syndrome 

 SPU_003874 
SPU_010593 
SPU_013086 
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Table S9. General Classes of Human Disease Gene Orthologs 

Disease name 
Affected 

organ/tissue/cell OMIM no. 
Sea urchin 
 ortholog  Human gene Sea urchin gene ID Human gene ID 

Megakaryoblastic, with or without Down syndrome Blood 305371 Sp-GataC GATA-binding protein 2 GLEAN3_27015 BC002557 

Methylcobalamin deficiency, cblG type Blood 250940 Sp-Mtr 
5-Methyltetrahydrofolate-
homocysteine GLEAN3_14251 NM_000254 

CR deficiency Blood 217000 Sp-factorB-3 C2 Glean3_09091 BAB63292   
Prekallikrein deficiency Blood 229000 Sp-KLKB KLKB1 Glean3_27556 NP_000883 

Thrombophilia and ligneous conjunctivitis Blood 173350 
Sp-Plasminogen- 

like3 PLG Glean3_05414 NP_000292 
Acute lymphoblastic leukemia Blood  Sp-Tec Tec GLEAN3_12277, 12278 D29767 
Chronic myelogenous leukemia, lymphocytic leukemia; 
chronic neutrophilic leukemias Blood  Sp-Abl Abl GLEAN3_23952 X16416 
Ivermectin sensitivity in dogs Blood-brain barrier NA Sp-ABCB1A ABCB1 Glean3_01752  NP_000918 
Stomatocytosis I Blood, bone 185000 Sp-Stom Erythrocyte membrane protein  GLEAN3_14568 M81635 
Autosomal dominant familial 'aspirin-like' platelet disorder Blood, bone, marrow 601399 Sp-Runt-1 Runt-related transcription factor  GLEAN3_06917 NM_001015051 
Anema, siderpblastic, and spinocerebellar ataxia; ASAT Blood, nerves 301310 Sp-ABCB7 ABCB7 Glean3_03241  NP_004290 
X-linked agammaglobulinemia (XLA) Blood/B cell maturation  Sp-Tec Btk GLEAN3_12277, 12278 X58957 
Multiple hereditary exostoses, type 1 Bone and cartilage 133700 Sp-EXT1 exostosin 1 GLEAN3_10625 NM_000127 

Multiple hereditary exostoses, type 2 Bone and cartilage 133700 Sp-EXT2 exostosin 2 GLEAN3_02338; 
GLEAN3_18043 NM_000401 

Spondyloepimetaphyseal dysplasia, Pakistani type Bone and cartilage 603005 Sp-papss 
3'-Phosphoadenosine 5'-
phosphosulfate synthetase 

GLEAN3_16157; 
GLEAN3_18353 NM_005443 

Spondyloepiphyseal dysplasia, Omani type Bone and cartilage 608637 Sp-6ST 
Carbohydrate sulfotransferase 3; 
chondroitin 6-sulfotransferase 

GLEAN3_10032; 
GLEAN3_19735 NM_004273 

Dyssegmental dysplasia, Silverman-Handmaker type; 
Schwartz-Jampel syndrome Bone, cartilage, muscle 224410 Sp-perlecan 

Perlecan 

GLEAN3_00937; 
GLEAN3_12324; 
GLEAN3_26338; 
GLEAN3_28620 NM_005529 

Alzheimer disease  Brain 104760 Sp-APP Amyloid precursor protein  GLEAN3_07493 AF282245 
Neurofibrillary tangles in Alzheimer disease Brain 605304 Sp-Neuroglobin Neuroglobin (NGB) GLEAN3_04406 AF422797 
Spino cerebellar ataxia type 2 Brain 183090 Sp-SCA2 like Ataxin 2 (ATXN2) GLEAN3_21277 NM_002973 
Parkinson disease type V Brain 191342 Sp-UCHL UCHL1 Glean3–25961   NP_004172   
Episodic ataxia type 2, familial hemiplegic migraine (FHM); 
spinocellar ataxia type 6 Brain   CACNA1A (Cav2.1)   
Fragile X Mental Retardation Brain, muscle, skeleton 309550 Sp-fragile X Fragile X mental retardation  GLEAN3_26447 AY341428 
Leukoencephephelopathy (VWM)/ovarioleukodystrophy 
(OF) Brain, ovary 603896 Sp-eIF2B (alpha subunit) 

eIF2b1 (GTP/GDP exchange 
factor) Glean3_21689 Q14232 

VWM/OF Brain, ovary 603896 Sp-eIF2B (beta subunit) 
eIF2b2 (GTP/GDP exchange 
factor) Glean3_04173 P49770 

VWM/OF Brain, ovary 603896 Sp-eIF2B (gamma subunit) 
eIF2b3 (GTP/GDP exchange 
factor) Glean3_08651 Q9NR50 
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VWM/OF Brain, ovary 603896 Sp-eIF2B (delta subunit) 
eIF2b4 (GTP/GDP exchange 
factor) Glean3_10743 Q9UI10 

VWM/OF Brain, ovary 603896 Sp-eIF2B (epsilon subunit) 
eIF2b5 (GTP/GDP exchange 
factor) Glean3_15443 Q13144 

Cancer association Breast 113705 Sp-BRCA1 Ret finger protein 2 GLEAN3_00400 BC003579 

Cardio-facio-cutaneous (CFC) syndrome 
Cardiac, epidermis (and 

others) 115150 
Sp-Raf, SP-MEK1,  

Sp-MEK2 
B-Raf; MEK1; MEK2 

GLEAN3_27524; 21504; 07587  

NM004333; 
NM002755; 
NM030662 

Lissencephaly syndrome, Norman-Roberts type; Reeler 
Cerebellum, 

hippocampus, brainstem 257320  Sp-Reelin Reelin GLEAN3_13071/08268/23409 NP_005036 
Deafness Cochlea 605316 Sp-TMPRSS3 TMPRSS3 Glean3_28497  NP_115777 

Ehlers-Danlos syndrome type VIIC Connective tissue 225410 
Sp-ADAM- 

TS-like 7 ADAMTS2 Glean3_04710  NP_067610  
Deafness Ear 108733 Sp-PMCA ATP2B2 GLEAN3_21303 NM001001331 
Retinoblastoma Embryo/fetus eye 180200 Sp-Rb Retinoblastoma 1  GLEAN3_11954 BC039060 
Obesity Endocrine system 600955 Sp-furin PCSK1 Glean3_02615 P29120 
Glaucoma Eye 137750 Sp-Amassin Myocilin GLEAN3_21526 NP_000252 
Stress-induced polymorphic tachycardia (VTSIP); 
arrythmogenic right ventricular dysplasia (ARVD) Heart  

Sp-Ryanodine  
receptor Ryanodine receptor RyR2 GLEAN3_19879 XP_78687 

Usher syndrome, type IIA; USH2A 
Inner ear/sterocillia/ 

retinal rods 276901  Sp-usherin-like Usherin GLEAN3_20012/17733 NP_009054 

Usher syndrome, type IIC; USH2C 
Inner ear/sterocillia/ 

retinal rods 605472  Sp-VLGR-1 VLGR-1 GLEAN3_27371 NP_115495 

Usher syndrome, type ID; USH1D; Waltzer 
Inner ear/sterocillia/ 

retinal rods 601067  Sp_CAD23 Cadherin 23 GLEAN3_27133/13476/14606/ 
15210/16980/04556 NP_071407 

Usher syndrome, type IF; USH1F; Ames Waltzer 
Inner ear/sterocillia/ 

retinal rods 602083  
Several possible homologs,  

not clear yet Protocadherin 15 Several possible homologs, not 
clear yet NP_149045 

Usher syndrome, type IIB; USH2B (candidate gene) 
Inner ear/sterocillia/ 

retinal rods 
%276905; 
*603353 Sp-NBC SLC4A7; NBC3 GLEAN3_14036/17882/25514 

(All linked) NP_003606 

Usher syndrome, type IC; USH1C; Deaf circler 
Inner ear/sterocillia/ 

retinal rods 276904 Sp-Harmonin Harmonin GLEAN3_09191/28159 NP_710142 

Deafness, autosomal recessive 31; DFNB31 
Inner ear/sterocillia/ 

retinal rods 607084  Sp-whirlin Whirlin GLEAN3_02363/21200 NP_056219 

Usher syndrome, type IG; USH1G; Jackson shaker 
Inner ear/sterocillia/ 

retinal rods 606943  Sp-SANS SANS GLEAN3_22872 NP_775748 

Usher syndrome, type I; Shaker-1 
Inner ear/sterocillia/ 

retinal rods 276900 Sp-myosin7 Myosin 7A GLEAN3_25990/13161/22040 NP_000251 

Deafness, neurosensory, autosomal recessive 3; DFNB3 
Inner ear/sterocillia/ 

retinal rods 600316 
Sp-myosin-15  

putative homolog Myosin 15 GLEAN3_22456 NP_057323 
Enteropeptidase deficiency Intestine 226200 Sp-PRSS7 PRSS7 Glean3_09638 NP_002763 

Hartnup disorder Intestine, kidney 234500 Sp-GlyT 
Solute carrier family 6 
(neurotransmitter transporter, 
glycine) GLEAN3_03832 NM_001024845 
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Polycyctic kidney disease 2 Kidney 173910 Sp-PKD2 Polycystin-2 GLEAN3_10579 AY282923 
Polycyctic kidney disease 1 Kidney 601313 Sp-REJ3 Polcystin 1 GLEAN3_09002 AF422153 
Polycyctic kidney disease 1 Kidney 601313 Sp-REJ4 Polcystin 1 GLEAN3_15929 AY620398 
Cholestasis, progressive familial intrahepatic 3 Liver 602347 Sp-ABCB4b ABCB4 Glean3_08443  NP_061337 

Respiratory distress syndrome; RDS Lung/Type II  
alveolar cell 267450 Sp-ABCA3A ABCA3 Glean3_23617  NP_001080 

Autoimmune lymphoproliferative syndrome (I) Lymphoid system 601859 Sp-Caspase8-like CASP8 Glean3_24371 NP_001219 
Several cancer conditions (lymphomas, gliomas, myelomas. 
etc...) 

Lymphoid system, 
prostate, glia, liver, etc...   Sp-Tert (GLEAN3_26612) Telomerase catalitic subunit   

Oculopharyngeal muscular dystrophy (OPMD) Muscle 602279 Sp-PABPN1 PABN1 (Nuclear poly adneylate 
binding protein) Glean3_28828 Q86U42 

Duchenne and Becker muscular dystrophy  Muscle 310200 Sp-DMD Dystrophin, Dp427c isoform 
DMD gene GLEAN3_19009 NP_000100 

Limb-girdle muscular dystrophy type 2A Muscle 253600 Sp-Calpain CAPN3 Glean3_23461  NP_775110 
SURF1/Leigh disease Nerves 185620 Sp-SURF1 Surfeit 1 (SURF1) GLEAN3_20534 NM_003172 
Huntington's disease HD Nerves 143100 Sp-Huntingtin  Huntington (HD) GLEAN3_11485/18381 NM_002111  
Machado-Joseph disease MJD Nerves 109150 Sp-MJD Ataxin 3 (ATXN3) GLEAN3_05275 NM_004993 
Hirschprung Nerves 142623 Sp-ECE1-like ECE1 Glean3_21462 NP_001388 
Spastic paraplegia Nerves 607259 Sp-paraplegin-like SPG7 Glean3_07208 NP_003110 
Aspartylglucosaminuria Nerves 208400 Sp-Aga AGA Glean3_04216 CAG46516 
Alzheimer type 3 Nerves 104311 Sp-Presenilin PSEN1 Glean3_06912 AAH11729  
Parkinson disease type VII Nerves 606324 Sp-DJ-1 DJ1 Glean3_13608 NP_009193 
Adrenoleukodystrophy; ALD Nerves 300100 Sp-ABCD1 ABCD2 Glean3_12694  NP_005155 
Spinocerebellar ataxia-7 Nerves  607640 Sp-Ataxin 7 Ataxin 7-like 2 GLEAN3_19612 NM_153340 
Spinal muscular atrophy Nerves, muscle 600354 Sp-SMN1 Survival of motor neuron  GLEAN3_02220 BC015308  

Wolcott-Rallison syndrome (WRS) Pancreas 604032 Sp-eIF2 alpha kinase 3 eIF2AK3 kinase (PRK-like ER 
kinase) Glean3_26724 Q9NZJ5 

Hyperproinsulinemia and diabetes Pancreas 125853 
Sp-carboxy- 

peptidase E-like CPE Glean3_07682 BAA86053  

X-linked chronic granulomatous disease (CGD) Phagocytes 306400 Sp-Cybb 
Cytochrome b-245, beta 
polypeptide (chronic 
granulomatous disease) GLEAN3_18924 NP_000388  

Bardet-Biedl syndrome 
Pleiotropic  

(ciliary function) 209900 Sp-BBS1 Bardet-Biedl syndrome protein 1 GLEAN3_11446 NM_024649 

Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS2 

Bardet-Biedl syndrome protein 2; 
jumonji AT rich interactive 
domain 1B; retinoblastoma-
binding protein 2 

GLEAN3_00964; 
GLEAN3_06082; 
GLEAN3_27384 NM_031885 

Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-ARL6 

Bardet-Biedl syndrome protein 3; 
ADP ribosylation factor-like 6 GLEAN3_17987 NM_032146 

Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS4 Bardet-Biedl syndrome protein 4 GLEAN3_18697 NM_033028 
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Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS5 Bardet-Biedl syndrome protein 5 GLEAN3_18028; 

GLEAN3_22767 NM_152384 

Bardet-Biedl syndrome; McKusick-Kaufman syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS6 

Bardet-Biedl syndrome protein 6; 
McKusick-Kaufman syndrome 
protein GLEAN3_24419 NM_018848 

Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS7 

Bardet-Biedl syndrome protein 7 
GLEAN3_05312; 
GLEAN3_14001; 
GLEAN3_23783 NM_176824 

Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS8 

Bardet-Biedl syndrome protein 8; 
tetratricopeptide repeat domain 8 GLEAN3_12560 NM_144596 

Bardet-Biedl syndrome Pleiotropic  
(ciliary function) 209900 Sp-BBS9 

Bardet-Biedl syndrome protein 9; 
parathyroid hormone-responsive 
B1 GLEAN3_00493 NM_014451 

Simpson-Golabi-Behmel syndrome, type 1; Simpson 
dysmorphia syndrome Pleiotropic (growth) 312870 Sp-Gpc35 

glypican-3 
GLEAN3_03874; 
GLEAN3_10593; 
GLEAN3_13086 NM_004484 

Ehlers-Danlos syndrome, progeroid form Pleiotropic (growth) 130070 Sp-B4galt7 beta-1,4-galactosyltransferase 7 GLEAN3_17838; 
GLEAN3_19007 NM_007255 

Night blindness (X-linked) Retina   CACNA1F (Cav1.4)   

Malignant hyperthermia, central core disease (CCD) Skeletal muscle  
Sp-Ryanodine  

receptor Ryanodine receptor RyR1 GLEAN3_19879 XP_78687 
Malignant hyperthermia, HypoPP Skeletal muscle   CACNA1S (Cav1.1) GLEAN3_11692 XP_392298 

Marfan syndrome; MFS Skeletal, ocular and 
cardiovascular systems 154700  

Sp-FibrillinA  
and Sp-FibrillinB Fibrillin-1 GLEAN3_21495/01533/01532 

(A) and GLEAN3_12550 (B) NP_000129 
Hailey-Hailey disease/Benign chronic pemphigus Skin 169600 Sp-SPCA ATP2C1 Glean3_10277 AY268374 
Darrier White disease Skin 124200 Sp-SERCA ATP2A1 Glean3_06778 NM00004320 
Cylindromatosis Skin 132700 Sp-CYLD CYLD1 Glean3_18991 AAH12342   

Lamellar, Harlequin ichthyosis Skin 
601277, 
242500  ABCA12 Glean3_17553  NP_056472 

Prolidase deficiency Skin, nerves 170100 Sp-X-Pro dipeptidase-like PEPD Glean3_19205  NP_000276 
Male infertility Sperm 108732 Sp-PMCA ATP2B4 Glean3_21303 NM001001396 

Thyroditis Thyroid gland 604506 Sp-TRIP12 
Thyroid hormone receptor 
interactor 12  GLEAN3_03857 NM_004238 

Colon carcinoma; malignant melanoma  Sp-Yes like 
Yes 

GLEAN3__13522, 23261,19224, 
05419, 12805, 26766, 14473, 
24525 M15990 

Colon carcinoma (c-Src truncation), epithelial, mammary and neuronal carcinomas (c-Src overexpression)  Sp-Src like 
Src 

GLEAN3__13522, 23261,19224, 
05419, 12805, 26766, 14473, 
24525 K03218 
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Fig. S1. Assemblies of the sea urchin genome. DNA from a single animal was used to make 
WGS and BAC libraries. The WGS reads were assembled when coverage reached 3x (v 0.1) and 
6x (v 0.5). Because of heterozygosity, the redundancy of the initial assembly of the 6x WGS data 
set was high and a new module of Atlas, called Polyjoin, was developed to detect and merge 
redundant contigs. The BAC clones were fingerprinted and an FPC map was constructed, from 
which clones forming a minimal tiling path were selected. These clones were sequenced to 
approximately 2x coverage (“skimmed”) using the CAPSS strategy. The BAC skim reads were 
combined with the WGS reads to form eBACs, using a modified version of Atlas that avoided 
assembling highly divergent sequences from the two haplotypes. The eBACs were stitched 
together according to their position in the tiling path, and remaining gaps between BACs were 
filled in with contigs from the v 0.5 assembly. The resulting assembly (v 2.0) was purified of 
contaminating sequences to produce the final assembly, v 2.1. Stars indicate the new steps 
introduced in the assembly procedure.  

Fig. S2. CAPSS. BACs in each row and column of an array were pooled for DNA and shotgun 
library preparations. For the sea urchin, 24x24 arrays were used, for a total of 48 pools 
containing 576 BACs per array. After shotgun sequencing of each pool, each row pool was 
compared to each column pool using the overlapper module from Atlas (108) to find which reads 
were overlapping. When a read from a row pool overlapped a read from a column pool, it was 
assigned to the BAC at the intersection of those two pools. In this most reads could be assigned 
to a specific BAC. Reads that could not be unambiguously allocated, e.g. due to repeated 
sequences, were assigned if their read pair was assigned to a BAC. Following this deconvolution 
process, the reads from each BAC were used to create a combined assembly with WGS reads as 
described (108, 109). 

Fig. S3. Mapping the Official Gene Set from assembly v 0.5 to v 2.0. The different 
classifications and scenarios observed in comparing the two assemblies are shown and the logic 
flow in the tracking algorithm used. 

Fig. S4. Size distributions of gene predictions. The three histograms at the left are based on 
Ensembl predictions from the v0.5 assembly (termed SP_V1 in the figure) while those on the 
right are from v2.0 (SP_V2). The top pair are gene lengths, the middle pair are transcript lengths, 
and the bottom pair are exon lengths. The number of long genes and transcripts increased in 
going from v0.5 to v2.0, while the exon lengths stayed the same, as expected if greater long-
range continuity was achieved in v2.0. 

Fig. S5. GC domain distribution. 

Fig. S6. Genes vs GC domains 

  
















