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Abstract 
 
 Embryonic development is arguably the most complex process an organism undergoes 
during its lifetime, and understanding this complexity is best approached with a systems-level 
perspective. The sea urchin has become a highly valuable model organism for understanding 
developmental specification, morphogenesis, and evolution. As a non-chordate deuterostome, 
the sea urchin occupies an important evolutionary niche between protostomes and vertebrates. 
Lytechinus variegatus (Lv) is an Atlantic species that has been well studied, and which has 
provided important insights into signal transduction, patterning, and morphogenetic changes 
during embryonic and larval development. The Pacific species, Strongylocentrotus purpuratus 
(Sp), is another well-studied sea urchin, particularly for gene regulatory networks (GRNs) and 
cis-regulatory analyses. A well-annotated genome and transcriptome for Sp are available, but 
similar resources have not been developed for Lv. Here, we provide an analysis of the Lv 
transcriptome at 11 timepoints during embryonic and larval development. The data indicate that 
the gene regulatory networks that underlie specification are well-conserved among sea urchin 
species. We show that the major transitions in variation of embryonic transcription divide the 
developmental time series into four distinct, temporally sequential phases. Our work shows that 
sea urchin development occurs via sequential intervals of relatively stable gene expression 
states that are punctuated by abrupt transitions.  
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Introduction 
 
Although only about half of the gene complement of sea urchins is expressed by the developing 
embryo, approximately 90% of the signaling ligands, kinases, small GTPases, and transcription 
factors are expressed during development (Beane et al., 2006b; Bradham et al., 2006; Croce et 
al., 2006b; Howard-Ashby et al., 2006a; Howard-Ashby et al., 2006b; Lapraz et al., 2006; 
Materna et al., 2006; Samanta et al., 2006; Sodergren et al., 2006; Walton et al., 2006). The 
embryonic utilization of the vast majority of its signaling and transcriptional regulatory gene 
repertoire highlights the intrinsic complexity at the basis of development, which in turn 
underscores the value and importance of systems-level perspectives for understanding 
developmental mechanisms.  
 
There is a rich history of investigation in sea urchin embryos that provides a wealth of 
knowledge regarding the anatomical and cellular changes that accompany sea urchin 
embryogenesis (Driesch, 1892; Horstadius, 1935, 1939; Gustafson and Wolpert, 1961a, b; 
Wolpert and Gustafson, 1961; Gustafson and Wolpert, 1967; Horstadius, 1973). Work in more 
recent decades has uncovered many of the important signals and transcription factors that drive 
specification and development in these embryos (Logan et al., 1999; Sherwood and McClay, 
1999; Angerer et al., 2000; Angerer et al., 2001; Sweet et al., 2002; Oliveri et al., 2003; 
Bradham et al., 2004; Duboc et al., 2004; Rottinger et al., 2004; Wikramanayake et al., 2004; 
Duboc et al., 2005; Bradham and McClay, 2006; Oliveri et al., 2006; Duloquin et al., 2007; 
Duboc et al., 2008; Rottinger et al., 2008; Yaguchi et al., 2008; Bradham et al., 2009; Lapraz et 
al., 2009; Sethi et al., 2009; Walton et al., 2009; Wei et al., 2009; Yaguchi et al., 2010; Luo and 
Su, 2012; Sethi et al., 2012; Materna et al., 2013b; McIntyre et al., 2013; Range et al., 2013; 
Krupke and Burke, 2014; Khadka et al., 2018). This work has culminated in gene regulatory 
network (GRN) models that describe the specification of the endomesoderm and the ectoderm 
(Davidson et al., 2002; Su et al., 2009; Saudemont et al., 2010; Peter and Davidson, 2011; 
Rafiq et al., 2012; Materna et al., 2013a; Li et al., 2014), and more recently, efforts have been 
made to connect the specification networks to morphogenesis (Annunziata and Arnone, 2014; 
Saunders and McClay, 2014; Martik and McClay, 2015). Sea urchins are nonchordate 
deuterostomes, and as such, they occupy an important evolutionary niche between protostomes 
and vertebrates. The availability of GRN models and global sequence resources has enabled 
evolutionary, comparative, and population studies at the molecular and network level (Hinman 
et al., 2003; Gao and Davidson, 2008; Garfield et al., 2013; Wygoda et al., 2014; Erkenbrack et 
al., 2018).  
 
With the advent of systems biology, the sea urchin has emerged as an important developmental 
model for global analyses. The sea urchin larva is relatively simple morphologically, since it 
possesses relatively few cell types and lacks complex organs and structures (Angerer and 
Angerer, 2003). Ex vivo fertilization allows for the routine collection of  synchronously 
developing, large cultures of embryos, providing sample sizes appropriate for systems-level 
measurements. The sea urchin genome has not undergone a duplication, and lacks the 
extensive redundancy found in vertebrates (Bradham et al., 2006; Howard-Ashby et al., 2006a; 
Lapraz et al., 2006; Materna et al., 2006; Sodergren et al., 2006), although the small GTPases 
and Wnt genes are present at comparable numbers in the sea urchin and human genomes 
(Beane et al., 2006b; Croce et al., 2006b). However, among signaling proteins and transcription 
factor genes in general, sea urchins possess the diversity of vertebrate genomes without the 
complexity engendered by genetic redundancy (Bradham et al., 2006; Howard-Ashby et al., 
2006b; Lapraz et al., 2006; Sodergren et al., 2006). For example, although sea urchins possess 
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approximately 30% fewer kinase genes than humans, sea urchins lack only four of the 186 
kinase subfamilies found in humans (Bradham et al., 2006; Sodergren et al., 2006). 
 
Lytechinus variegatus (Lv) is a well-studied Atlantic sea urchin species, and many important 
insights in signal transduction, patterning, and morphogenesis have been obtained from Lv 
(Armstrong et al., 1993; Ettensohn and Malinda, 1993; Ruffins and Ettensohn, 1996; Guss and 
Ettensohn, 1997; Logan et al., 1999; Sherwood and McClay, 1999; Sweet et al., 2002; Beane et 
al., 2006a; Bradham and McClay, 2006; Croce et al., 2006a; Ettensohn et al., 2007; Wu and 
McClay, 2007; Bradham et al., 2009; Walton et al., 2009; McIntyre et al., 2013; Saunders and 
McClay, 2014; Martik and McClay, 2015; Piacentino et al., 2015; Schatzberg et al., 2015; 
Piacentino et al., 2016a; Piacentino et al., 2016b). Investigations in Strongylocentrotus 
purpuratus (Sp), a well-studied Pacific sea urchin species, have been particularly important for 
GRN and cis-regulatory analyses; the latter in particular depend on interspecies comparisons, 
which have often been made between Sp and Lv (Wei et al., 1995; Xu et al., 1996; Yuh et al., 
2001; Yuh et al., 2002; Oliveri et al., 2003; Revilla-i-Domingo et al., 2004; Yuh et al., 2004; 
Minokawa et al., 2005; Ransick and Davidson, 2006; Lee et al., 2007; Livi and Davidson, 2007; 
Nam et al., 2007; Ochiai et al., 2008; Sethi et al., 2009; Su et al., 2009; Ben-Tabou de-Leon and 
Davidson, 2010; Damle and Davidson, 2011; Li et al., 2013; Materna et al., 2013a; Li et al., 
2014; Erkenbrack et al., 2018). While a well-annotated genome and transcriptome for Sp are 
available (Sodergren et al., 2006; Tu et al., 2012; Tu et al., 2014), similar resources have been 
lacking for Lv.  
 
This study presents the developmental transcriptome for the sea urchin L. variegatus at 11 
timepoints during embryonic and larval development, and provides an online database of the 
sequences along with annotation, Gene Ontology (GO), Pfam, and BLAST information, which 
we anticipate will be an important resource for the sea urchin community and a foundation for 
subsequent systems-level efforts, such as tissue-specific sequencing and proteomics. Unbiased 
analyses partition the developmental time course into four phases with relatively little internal 
variation that are separated by large transitions in gene expression, demonstrating that 
developmental gene expression is temporally punctuated rather than smooth and thus 
underlining the modularity of development in this organism.  
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Results 
 
Sequence Collection, Annotation, and Validation 
 
To determine the profile of gene expression during the development of Lytechinus variegatus 
(Lv), we sequenced the whole embryo transcriptome at 11 stages of embryonic and larval 
development (Fig. 1A). These stages were chosen because the intervals between them 
correspond to important transitions in the development of this species. Between 2-cell and 60-
cell stages, the process of Wnt8/ß-catenin-dependent anterior-posterior (AP) specification 
initiates, while Nodal-dependent dorsal-ventral (DV) specification initiates during the transition 
from early blastula (EB) to hatched blastula stage (HB) in Lv (Hardin et al., 1992; Davidson et 
al., 1998; Wikramanayake et al., 1998; Logan et al., 1999; Wikramanayake et al., 2004; 
Bradham and McClay, 2006). Vegetal/posterior cells become elongated at thickened vegetal 
plate stage (TVP), prior to the ingression of the skeletogenic primary mesenchyme cells (PMCs, 
Fig. 1A red) at mesenchyme blastula (MB) stage (Miller and McClay, 1997; Wu et al., 2007). 
The remaining vegetal plate buckles inward, invaginates, and undergoes convergent extension 
at early, mid and late gastrula stages (EG, MG, LG), respectively (Hardin, 1996; Beane et al., 
2006a). At LG, the secondary mesenchyme cells (SMCs; Fig. 1A orange) delaminate from the 
tip of the gut, and give rise to pharyngeal muscle cells, pigment cells, coelomic pouch cells, and 
blastocoelar cells (Ruffins and Ettensohn, 1996; Logan and McClay, 1997; Sherwood and 
McClay, 1999). The PMCs secrete skeletal triradiates that are visible at LG (Fig. 1A, yellow), 
and undergo substantial growth between LG and early pluteus (EP) stages (Wolpert and 
Gustafson, 1961). After LG, the larval mouth forms (Fig. 1A, “M”) (Hardin and McClay, 1990). 
Finally, neuronal development becomes detectable between EP and late pluteus (LP) in Lv 
(Bradham et al., 2009).  
 
We utilized the Illumina GAII, HiSeq, and HiSeq4000 platforms to collect the sequence data 
from three biological replicates and SOAPdenovo-Trans to assemble the resulting reads. The 
combined RNA-seq data generated 956,587 scaffolds. The largest scaffold was 49,229 base 
pairs (bp), and the N50 was 1731 bp (Fig. 1B, C). The distribution of transcript lengths (Fig. 1B) 
and N(x) values (Fig. 1C) illustrates that the size distribution for this assembly is regular and 
smooth, indicating that the assembly contains a well-distributed range of scaffold sizes. We 
initially used DESeq to normalize the expression values across the samples; however, DESeq 
did not yield good agreement between samples for the overall range of expression values (Fig. 
S1A). This is probably due to the sequencing platform differences. Based on previous 
comparative analyses (Bradnam et al., 2013), we instead employed quantile normalization 
(Hansen and Irizarry, 2012), which produced substantially better agreement (Fig. S1B).  
 
We annotated the scaffolds and contigs by comparing them via BLASTx (Altschul et al., 1997) 
to known S. purpuratus (Sp) genes, which are well annotated and highly similar to Lv genes, 
particularly at the protein-coding level. We identified 57,500 predicted Lv transcripts that 
correspond to predicted Sp genes, of which 87.3% are annotated. These resolved to 18825 
unique matches to Sp genes, which is comparable to the number of genes identified in 
transcriptome analysis in Sp (Tu et al., 2012), and reflects 62.9% of the currently predicted 
29,949 Sp genes from genomic analyses (www.echinobase.org). We identified GO terms for the 
annotated sequences using BLAST2GO, and Pfam identifiers using HMMer; of the annotated 
transcripts, 42.4% have both GO and Pfam identifiers, 3.2% have only GO terms, 37.4% have 
only Pfam identifiers, and 17.0% have neither.  
 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


 
We aligned the scaffolds to the Lv genome sequenced at Baylor University 
(www.echinobase.org) using BLAST analysis (Altschul et al., 1997), and found that 88.9% of the 
total scaffolds aligned to the genome at e = 10-6 or less, with 95.2% of the annotated scaffolds 
and 88.5% of the unannotated scaffolds aligned. Among the aligned sequences, an average of 
94.2% of the length of the transcriptome sequences aligned to the genome. We note that as the 
scaffold sequence length increases, the fraction of both annotated sequences and sequences 
that align to the genome increases (Fig. 1D). However, since many of our annotated 
transcriptome scaffolds were longer than the genome scaffolds, we were not able to use the 
Baylor genome to improve our assembly. We further evaluated the assembly quality by 
searching for the presence of the 248 most conserved eukaryotic genes (CEGs) using CEGMA, 
which employs hidden Markov models for orthologous genes to identify sequences matching the 
defined set of CEGs (Parra et al., 2007). We found 240 of the 248 genes (96.8%), providing an 
estimate of the completeness and accuracy of the assembly.  
 
To validate the quantitation of the expression data, we used qPCR analysis of three 
independent biological replicates distinct from those used for RNA-seq analysis, then compared 
the results with the quantile-normalized RNA-seq expression data for 15 well-known genes. 
These genes were chosen to reflect a range of expression profiles, with maximal expression for 
each gene occurring across the range of the sequenced stages (Fig. 1E). Sea urchin qPCR 
analysis typically employs ubiquitin as a normalization gene, despite the order of magnitude 
change in ubiquitin expression level during development (Fig. S2A). We therefore sought a less 
dynamic gene for use as a normalizer in these analyses, and identified Lv-Setmar  as a gene 
with very consistent expression across this developmental time course (Fig. S2). We thus used 
Lv-Setmar to normalize qPCR results in this study. Expression trends were generally in good 
agreement between RNA-seq and qPCR quantitations. The Pearson correlation for the RNA-
seq and qPCR measures for these 15 genes was 0.962, indicating that the quantitation of the 
RNA-seq results reliably matches independent empirical measurements of gene expression. We 
cloned about twenty genes based on the sequences predicted by the RNA-seq assemblies, and 
in all cases, the empirical clone sequences match the predicted gene models very well (~99%), 
providing another indicator that the assembly is reliable, and that the inclusion of misassembled 
artifacts among known genes is minimal.  
 
 
Expression Analysis: GRN Network Circuits 
 
We evaluated the timing of expression for groups of genes that function in well-studied GRN 
circuits within five sea urchin tissues, in keeping with the analyses performed by Gildor et al 
(Gildor and Ben-Tabou de-Leon, 2015). The PMC lineage, which gives rise to the skeletogenic 
mesoderm, arises at the 16-cell stage and is a crucial source of inductive signals for 
endomesoderm specification (Activin B) and subsequent mesoderm segregation (Delta) 
(Sherwood and McClay, 1999; Sweet et al., 2002; Revilla-i-Domingo et al., 2004; Sethi et al., 
2009). In S. purpuratus (Sp), PMC specification depends on a coherent feed-forward circuit that 
is driven by the maternal transcription factor Ets1, which activates Alx1, then Hex. Alx1 and Ets1 
together drive Dri expression; all four of these factors are required for the expression of SM50, a 
skeletogenetic differentiation gene (Revilla-i-Domingo et al., 2004; Oliveri et al., 2008; Damle 
and Davidson, 2011) (Fig. 2A1). Comparisons with Sp and P. lividus (Pl), a Mediterranean 
species, show that Ets1 is maternally expressed in all three species, while Alx1 is maternal in Lv 
and Pl, but not Sp. The timing of Hex, Dri, and SM50 expression varies, in that SM50 and Dri 
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are coincident and precede Hex in Sp, while Dri and Hex are coincident and precede SM50 in 
Lv (Fig. 3B1, C1) and in Pl (Gildor and Ben-Tabou de-Leon, 2015). These results indicate that 
some wiring differences exist in the regulation of Hex in particular, shifting it to slightly later 
expression in Sp, and show a lack of requirement for Hex to drive SM50 in Sp, suggesting a 
closer relationship between Pl and Lv relative to Sp regarding this circuit.   
 
SMCs are segregated from endoderm via reception of a Delta signal from the adjacent PMCs 
(Sherwood and McClay, 1999; Sweet et al., 2002). Delta-Notch signaling is mediated by a 
positive feedback circuit in which the Notch intracellular domain co-activates the transcription 
factor Gcm, which activates GataE and itself; GataE in turn activates Six1/2 which feeds back to 
Gcm; GataE and Gcm together activate the differentiation gene Pks1 (Lee and Davidson, 2004; 
Ransick and Davidson, 2006; Lee et al., 2007; Croce and McClay, 2010; Ransick and Davidson, 
2012; Materna et al., 2013a) (Fig. 2A2). In Lv, Delta exhibits early non-zero expression, with an 
increase at early blastula stage (EB), while the onset of Gcm occurs between the 2- and 60-cell 
stages, prior to the increase in Delta levels at early blastula stage (EB) (Fig. 2B2). GataE and 
Six1/2 also increase expression at EB, although Six1/2 exhibits only a small transient increase, 
followed by a much larger increase beginning at mesenchyme blastula stage (MB). Pks1 
expression occurs last, with onset at hatched blastula stage (HB) (Fig. 2B2, C2), similar to what 
is observed in Pl and Sp (Gildor and Ben-Tabou de-Leon, 2015). The late peak of Six1/2 
corresponds to prolonged expression of Gcm as well as a second peak of GataE, consistent 
with indirect Six1/2 input, via Gcm, into GataE regulation in Lv.  
	
Endoderm specification relies on Wnt8 signaling (Wikramanayake et al., 2004), which drives a 
coherent feed-forward circuit in which Wnt8 inputs (via ß-catenin) drive Hox11/13b, Blimp1, and 
Brachyury (Bra) expression, with Hox11/13b also driving Blimp1 and Bra expression; Wnt8, 
Hox11/13b and Bra each feed into FoxA expression, which is autorepressive (Wikramanayake 
et al., 2004; Minokawa et al., 2005; Smith et al., 2007; Smith and Davidson, 2008; Smith et al., 
2008; Ben-Tabou de-Leon and Davidson, 2010; Peter and Davidson, 2010, 2011) (Fig. 2A3). In 
Lv, Wnt8 expression occurs first between the 2- and 60-cell stages; all four of the other genes in 
the circuit onset between EB and HB, with FoxA reaching its maximum value the most slowly, 
consistent with autorepressive wiring (Fig. 2B3, C3). This is largely similar to Sp and Pl (Gildor 
and Ben-Tabou de-Leon, 2015), although the slow peak of FoxA expression is distinct, implying  
stronger autorepression and/or weaker activation effects for FoxA in Lv.  
 
The ventral region of the ectoderm is specified by Nodal signaling, which activates Not1 and 
Gsc expression, both of which are required for ventral specification, and Chordin (Chd), which 
inhibits BMP signaling in the ventral region (Duboc et al., 2004; Bradham and McClay, 2006; 
Bradham et al., 2009; Lapraz et al., 2009; Su et al., 2009; Saudemont et al., 2010; Li et al., 
2012, 2013; Li et al., 2014). FoxQ2 directs neural specification, and Nodal expression is 
suppressed by apical (animal plate) FoxQ2 expression; this antagonism is thought to promote 
the boundary between the ventral region and the adjacent apical neural region (Yaguchi et al., 
2008). A pair of posterior lateral subdomains within the ventral ectoderm express VEGF, which 
signals to promote PMC positioning and biomineralization adjacent to those subdomains, and to 
drive posterior secondary skeletal patterning (Duloquin et al., 2007; Adomako-Ankomah and 
Ettensohn, 2013; Piacentino et al., 2016b). VEGF is induced by Nodal (probably indirectly) and 
repressed by Not1; the ventral-centric Not1-mediated repression is thought to participate in the 
spatial restriction of VEGF expression to the posteriolateral subdomains (Li et al., 2012). For Lv 
embryos, we observe that the onset of expression of Nodal and FoxQ2 is temporally coincident, 
between 2- and 60-cell stages (Fig. 2B4). The other genes in this circuit each onset between EB 
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and HB, except Gsc, which onsets between 60-cell and EB, and shows the slowest activation. 
These dynamics appear more similar to Pl with respect to VEGF, which exhibits a maternal 
phase of expression and is similarly preceded by Gsc; however, the late-peaking expression of 
Gsc is more similar to Sp (Gildor and Ben-Tabou de-Leon, 2015).   
 
Dorsal specification requires BMP2/4 signaling. Interestingly, BMP2/4 is expressed in the 
ventral territory, but signals only in the dorsal region; this spatial disconnection is likely due to 
the expression of the BMP inhibitor Chd in the ventral region (Angerer et al., 2000; Duboc et al., 
2004; Bradham et al., 2009; Lapraz et al., 2009; van Heijster et al., 2014). BMP2/4 signaling 
activates the expression of transcription factors Tbx2/3, IrxA, Dlx, and Msx (Lapraz et al., 2009; 
Su et al., 2009; Saudemont et al., 2010); loss of function analyses suggest that positive 
feedback circuitry interconnects these genes (Saudemont et al., 2010; Ben-Tabou de-Leon et 
al., 2013). In Lv, we observe the activation of BMP2/4 expression between EB and HB, then 
activation of Tbx2/3 between HB and TVP, and finally the other genes activate between TVP 
and MB (Fig. 2B5, 2C5). This is dissimilar to both Sp and Pl: in Sp, Tbx2/3 onset is coincident 
with the other downstream genes rather than preceding them, while in Pl, Tbx2/3 expression 
onset is coincident with BMP2/4 (Gildor and Ben-Tabou de-Leon, 2015). Aside from this, the 
dynamics in Lv appear more similar to Pl, in which the onset of Msx is delayed compared to the 
remaining genes as it is in Lv (Fig. 2B5, C5). Overall, these results indicate that these five 
circuits are generally well-conserved across a range of sea urchin species, with only minor 
variations in gene expression timing between Sp, Pl, and Lv. This in turn suggests that the 
overall architecture of the sea urchin specification GRN models are well-conserved.  
 
Expression Analysis: PCA reveals Distinct Phases of Developmental Gene Expression 
 
We used principal component analysis (PCA) (Sclens, 2005) to evaluate the overall variation in 
the expression data over the developmental time course captured by our sample range. We 
included all expressed transcripts in this analysis, using averaged expression values from our 
three biological replicates. The results show that the first three principal components (PCs) 
account for 54% of the variation in the data. PC1 is the most recognizable of the axes in that it 
corresponds well with time, since all the stages occur in temporal order along this component, 
with 2-cell and LG stages being minor exceptions (Table S2). The largest transition is between 
EB and HB along PC1 (Fig. 3A, Table S2), which corresponds with the onset of DV specification 
and the elaboration of AP specification. The second largest transition is between LG and EP 
along PC2, which corresponds with a significant degree of morphological change, including 
formation of the mouth, development of the skeleton and ciliary band, and overall 
morphogenesis. There are three sizeable transitions along PC3, which occur sequentially along 
the progression from MB to LG. Interestingly, transitions 3b and 3c produce nearly opposite 
effects, such that EG and LG are positioned similarly in phase space. This group of 
developmental stages comprises gastrulation, during which significant migration of the 
endoderm and mesoderm occurs. This set of transitions effectively separates the embryonic 
stages into four distinct modules or phases with relatively little internal variation, which we 
designated a-d (Fig. 3). These results show that developmental gene expression dynamics in Lv 
proceed in an abrupt, punctuated manner, rather than smoothly over time. 
 
We compared the Euclidean distances and the rate of change between consecutive stages (Fig. 
3B). These results show that transitions 1 and 3 are distinct and rapid, while transition 2, 
between LG and EP, is comparatively slow and not distinct from the prior and subsequent 
interstage rates (Fig. 3B, red). This is unsurprising since the transition 2 corresponds to the 
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largest temporal gap in our dataset. This shows that the transcriptional changes that occur at 
HB and EG are quantitatively distinct and represent transcriptional bursts, unlike the 
transcriptional change at EP.  
 
To better understand the nature of the gene expression changes that occur as development 
proceeds, we evaluated gene ontology (GO) term enrichment in each of our sequenced stages 
relative to temporally adjacent stages. We identified approximately 100 enriched GO terms, 
which we grouped into eight categories. We found that more new GO terms were enriched at 
HB (hatched blastula stage) compared to other stages (Fig. 3C), consistent with the PCA results 
(see also S.Fig. 4 and S.Table 3). The results show that transcriptional burst at HB stage is 
reflected by enrichment of GO terms across a range of categories, and includes ciliary motility, 
matching the onset of cilia-mediated swimming at this stage, and redox homeostasis, in keeping 
with known roles for redox signaling in mediating DV specification at this time (Coffman and 
Davidson, 2001; Coffman et al., 2004; Coffman et al., 2009; Modell and Bradham, 2011; 
Coffman et al., 2014; Chang et al., 2017) (Fig. S4; Table S3). However, while EP and EG both 
show a large number of newly enriched GO terms, they do not rank as the second and third 
stages in this regard as expected from the PCA results. Instead, EB (early blastula) has the 
second largest set of newly enriched GO terms, and MB (mesenchyme blastula) has more than 
EG (early gastrula). Thus, GO term enrichment does not consistently reflect the overall variance 
detected by PCA. We also evaluated GO enrichment among those transcripts expressed only 
within a single phase (Fig. S5 and Table S4). These results reveal interesting functional 
correlates, such as cell division during blastula stages in phase a, gene expression, signal 
transduction, and epidermis development during phase b when a significant degree of signaling 
and specification occurs, and neural-specific GO terms in phase d, when neural differentiation 
becomes apparent.  
 
Expression Analysis: Gene Clustering reproduces Distinct Phases of Gene Expression  
 
We used k-means clustering (Steinley, 2006; Do and Choi, 2008) to define the temporal 
expression patterns within the Lv transcriptome. We limited this analysis to the transcripts with 
Sp homologs (''annotated transcripts", although a fraction of these remain unnamed), then 
partitioned these sequences into ubiquitous transcripts (expression > 1% of the maximum 
average expression level per transcript at all timepoints), or non-ubiquitous transcripts 
(expression ≤ 1% of the maximum for that transcript for at least one timepoint). We reasoned 
that non-ubiquitous transcripts are subject to regulatory control that is more complex than the 
regulation of ubiquitous transcripts, and thus the expression profiles for the non-ubiquitous 
genes are likely to be distinct from those for the ubiquitous genes. For the set of 5,136 non-
ubiquitous sequences, we identified 19 clusters of gene expression profiles, with an average of 
270 transcripts/cluster (Fig. S6, Table S5). For the set of 14,774 ubiquitous transcripts, we 
identified 37 clusters of gene expression profiles, with an average of 400 genes/cluster (Fig. S7, 
Table S6). In comparison to the non-ubiquitous set, the number of clusters is nearly double, 
while the number of genes is almost triple for the ubiquitous set; the averages show that the 
ubiquitous set is less complex than the non-ubiquitous set, as anticipated. Since sea urchin 
developmental specification relies on the hierarchical deployment of transcription factor (TF) 
networks, we also performed k-means cluster analysis on the 521 TF transcripts within the Lv 
transcriptome, which identified 23 clusters of gene expression, with an average of 23 
transcripts/cluster (Fig. S8, Table S7). Unsurprisingly, the complexity of expression patterns is 
considerably increased among the TFs.  
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We estimated the number of newly expressed genes and the rate of new gene onsets in each 
stage from these analyses, and found that, excluding genes with maternal/2-cell stage onset, 
HB exhibits the largest number of newly expressed transcripts, followed by EP, then EG and 
MG (Fig. 4A, blue). These results are in very good agreement with the PCA findings (Fig. 3A). 
However, as with the distance measures from the PCA (Fig. 3B), HB and EG exhibit the largest 
rates of gene expression onset (Fig. 4A, red), consistent with the expected bursts of gene 
expression at these two stages. In contrast, the large number of new gene expression at EP are 
not expressed at a high rate and thus do not correspond to a transcriptional burst.  
 
From the perspective of the four expression phases defined by the PCA (Fig. 3A), we noted 
striking agreement between these phases and the gene expression profiles within most of the k-
means clusters. Accordingly, we sorted the clusters into six sets, with examples shown in Fig. 
4B and C: those whose expression is strictly confined to one of the four phases (a-d), those 
whose expression occurs in more than one phase but changes at the phase boundary, 
"respecting" that boundary (e, “multi”), and finally those whose expression does not change at 
the phase boundaries (f, “other”) (Fig. S5-7).  
 
For the non-ubiquitous set of transcripts, the majority (76.3%) are confined to a single phase, 
and a minority (23.7%) are expressed in more than one phase (Fig. 4Da, Fig. S6, Table S5). 
There are two notable points: first, a comparatively large number of the non-ubiquitous 
transcripts exhibit expression that is confined to a single developmental stage (Fig. S6); second, 
the cluster averages all exhibit expression profiles that conform to the phase boundaries, with 
no examples of the “other” type that is not restricted by the phase boundaries among the non-
ubiquitous transcripts.  
 
In contrast, the ubiquitous set of sequences exhibits only a minority of phase-specific transcripts 
(a-d, 25.2%), while the majority of transcripts were expressed in more than one phase (e, multi, 
57.6%); finally, 17.3% of the transcripts exhibited temporal profiles that were not restricted by 
phase boundaries (f) (Fig. 4Db, Fig. S7, Table S6). Since there is measurable expression for 
every sequenced developmental stage among the ubiquitous set, we considered expression to 
be positive above a threshold of 15% of the maximum for each transcript in this analysis, to 
group the profiles. Only a very small fraction of transcript profiles in this set exhibit single stage-
specific expression even with this high threshold (Fig. S7); instead, most of the ubiquitously 
expressed transcripts are in the "multi" category. Together, the non-ubiquitous and ubiquitous 
transcripts exhibit an intermediate distribution, with 12.8% of the annotated transcripts in the 
"other" category (Fig. 4Dc).  
 
The TFs contain a relatively large fraction of “other” genes (24.6%) (Fig. 4Dd). Very few TF 
clusters have expression in only one developmental stage, while the majority of TFs are 
expressed in three or more sequential stages, with 75.4% of profiles conforming to the 
expression phases (Fig. S8, Table S7). This interesting result suggests that in general, TF 
expression is both more temporally continuous than general gene expression, and also bridges 
the expression phases more often than general gene expression.  
 
Overall, the k-means cluster analyses suggested that global chromatin changes might underlie 
the PCA transitions. In mammals, particular TFs have been identified as “pioneer factors” that 
bind chromatin prior to other TFs, and function to promote an open chromatin conformation that 
permits the subsequent binding of other TFs (Zaret and Carroll, 2011). In this way, pioneer 
factors control which parts of the genome are available for transcription by initializing specific 
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global chromatin states (Mullen et al., 2011; Zaret and Carroll, 2011). Since most (87.2%, Fig. 
4Dc) of the developmental transcripts exhibit expression profiles that conform to the phases 
defined by PCA (Fig. 3A), we reasoned that a group of transcription factors, functionally similar 
to pioneer factors, might maintain, rather than initialize, specific global chromatin states; such 
factors could be responsible for and underlie the major expression phases within the Lv 
transcriptome.  
 
To identify any such putative “chromatin-state maintenance” candidates, we sought TFs whose 
expression meets three criteria: first, expression is confined to a single expression phase, 
consistent with maintaining that corresponding state; second, expression exhibits minimal 
variation across the relevant phase, consistent with a primary role in regulating chromatin 
status; and third, expression is at a high level within the phase, consistent with binding at a 
relatively large number of genomic locations. For the final criterion, we used an order of 
magnitude cut-off in expression level for each set of least-variably expressed transcription factor 
transcripts.  
 
Surprisingly, this analysis identified only a few factors for each expression phase, and nine 
factors in total (Fig. 4Ea-d). Four TFs were found for phase a, and two for phase c (Fig. 4Ea, 
4Ec). For phase d, only one TF is strongly expressed specifically in the relevant time period, 
although its expression is relatively variable within that period, and is also elevated earlier (Fig. 
4Ed). Similarly, for phase b, the expression profiles for only two TFs meet our criteria, and each 
exhibits fairly high expression levels within the subsequent phases as well (Fig. 4Eb). Thus, in 
both of these cases, the expression profiles for the identified TFs are not strictly confined to a 
single phase, but nonetheless are most strongly elevated in the phase of interest. This 
speculative analysis neglects more complex cases and makes the simplifying assumption of 
proportionate transcription and translation; however, it nonetheless provides a starting point for 
further analyses. It will be of interest to determine whether these factors influence chromatin 
state, and to determine their global genomic binding locations and how these locations overlap 
with those of other factors. It will also be of interest to determine whether global chromatin 
status is consistent across the expression phases, but variable between them, using 
approaches such as ATAC-seq (Buenrostro et al., 2013).  
 
The k-means clustering results for the annotated subset of transcripts reinforce the global PCA 
findings, and indicate first that overall onset of new transcripts is maximal at predicted phase 
transitions, and second, that the expression phases are reflected by 87.2% of all the annotated 
transcripts. These data also show that the non-ubiquitous set of transcripts has a strikingly 
different, temporally restricted set of expression profiles compared with the other analyzed sets, 
and is completely adherent to the expression phases, whereas the other sets are 75% or more 
adherent (Fig. 4C). The overall and TF-specific results each have implications for the temporal 
behavior of the TF networks that drive developmental specification, suggesting that network 
composition is relatively stable within each phase, and is punctuated by comparatively abrupt 
changes at specific intervals that correspond to the major phase transitions. Phase c, with two 
internal transitions, appears to be the exception, and instead exhibits steady change over time 
rather than a stable state (Fig. 4A), in keeping with comparatively large PC transitions within 
that module (Fig. 3A, B). Overall, these results demonstrate abrupt changes in gene expression 
at the intervals corresponding to the major phase transitions, corroborating those findings. 
 
Expression Analysis: The Specification Network Corroborates Expression Phases 
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To determine whether the specification GRNs conform with the expression phases, we 
evaluated the temporal expression of the Lv genes that correspond to genes within known 
specification network models for the sea urchin species Sp and Pl. These genes include 
transcription factors, a small number of signals (Wnts, Delta, Univin, Nodal, BMPs, and VEGF) 
and signal inhibitors (Chordin and Lefty), and a few differentiation genes (Pks1, Endo16, 
Msp130, SM30, and SM50). We determined the onset of expression for each gene in this set of 
known GRN genes (Fig. 5) to learn whether the phase transitions are evident, as well as to 
determine whether the overall hierarchy of onset in Lv agrees with the logic of the known 
networks, in an extension of the circuit analysis described above (Fig. 2). We calculated the 
onset of gene expression using the Sigmoid function in Python as described (Gildor and Ben-
Tabou de-Leon, 2015) for ~ 70% of these genes; the expression profiles for the remainder were 
not amenable to this analysis because of bimodality or other irregularities; in these cases, 
expression onset was interpolated by comparison with expression profiles with calculable 
onsets. This analysis is based on the assumption that the same or very similar networks operate 
in Lv, as has been indicated for the PMCs (Saunders and McClay, 2014) and as suggested by 
our circuit analysis herein (Fig. 2).  
 
We sorted the results by tissue, separating PMCs, endomesoderm, and ectoderm. We then 
grouped the results by time of onset (Fig. 5B-H). The predicted wiring diagram among these 
genes in Lv is shown in Fig. 5I. The results show that, for the most part, the relationships 
between the onsets of expression for GRN genes do not violate the network logic established 
for Sp and Pl (Davidson et al., 2002; Su et al., 2009; Saudemont et al., 2010; Peter and 
Davidson, 2011; Materna et al., 2013a; Li et al., 2014). 
 
In the stages that correspond to phase a (2-cell to EB), key regulators for each major tissue are 
expressed (Fig. 5B-D). These include Pmar (mesoderm), Wnt8 (endoderm), Nodal (ectoderm), 
and FoxQ2 (neural ectoderm) (Oliveri et al., 2002; Duboc et al., 2004; Wikramanayake et al., 
2004; Yaguchi et al., 2008), whose expression in Lv is first detected at the 60-cell stage. Other 
key regulators SoxB1, Otx, and ß-catenin are maternally expressed, as is Univin, which is 
important for ectoderm specification and skeletal patterning (Range et al., 2007; Li et al., 2014; 
Piacentino et al., 2015). Delta is expressed by the micromeres (PMC precursors) at EB, and 
signals for SMC specification, which separates the SMCs from the endoderm (Sherwood and 
McClay, 1999; Sweet et al., 2002). Lefty is also expressed at EB by the ectoderm, downstream 
from Nodal; here, Lefty functions to restrain Nodal signaling to the ventral side (Duboc et al., 
2008).  
 
At hatched blastula (HB) stage, the largest number of GRN genes initiate expression, consistent 
with the PCA findings (Fig. 5A, 5E). These genes include BMP2/4, which is the key signal for 
dorsal specification and is expressed ventrally downstream from Nodal (Angerer et al., 2000; 
Duboc et al., 2004; Bradham et al., 2009), and Six3, which is upstream from many neural genes 
in the anterior plate (Wei et al., 2009). Many additional genes, including signals and TFs, are 
initially expressed at HB. The transition from EB to HB corresponds to the largest PCA 
transition, and this network characterization further corroborates those findings and agrees with 
the results from k-means clustering of abrupt changes during the phase transitions. Since the 
extant GRN models are focused on early specification, it is difficult to similarly analyze the later 
PCA transitions because the network becomes too sparse at later stages. 
 
A few genes in this analysis do not agree with predictions from Sp and Pl. Among them, the 
PMC gene Alx1 is expressed earlier than the Sp and Pl GRNs predict, since it is present before 
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Pmar is expressed, yet is modeled as becoming expressed downstream of the double-negative 
gate regulated by Pmar (Oliveri et al., 2002; Oliveri et al., 2003; Rafiq et al., 2012). However, 
others have similarly found that Alx1 expression precedes the double-negative gate in both Sp 
and Lv (Sharma and Ettensohn, 2010). Other PMC genes are also expressed earlier than 
predicted and prior to Pmar, including Ets1/2, FoxO, and Tbr; these results were corroborated 
by qPCR analysis (Fig. 1 and not shown). However, the expression of their targets is delayed 
until after the double-negative gate has operated, and the time of onset for the targets agrees 
with previous results in Lv (Saunders and McClay, 2014), suggesting that additional temporal 
regulatory control is involved in regulating the PMC genes expressed at HB and later stages 
(Fig. 5I, red). Taken together, these results are consistent with largely similar GRNs driving 
specification in Lv, Sp, and Pl, with the exception of the earliest timepoints in the PMC network. 
Further, the results indicate that the specification network, rather than smoothly changing over 
developmental time, is instead relatively stable at most stages reflected in Figure 5, and is 
punctuated by an abrupt transition at HB stage, consistent with the PCA and k-means clustering 
results.  
 
Expression Analysis: The Metabolic Network Corroborates Expression Phases 
 
The other major network operant during development is the metabolic network, which might be 
predicted to be more stable and, unlike the GRN, to not conform with the expression phases 
and transitions. To evaluate this, we used iPath 2.0 (Letunic et al., 2008; Yamada et al., 2011) 
to visualize expression changes in the metabolic enzyme network members during Lv 
development (Fig. 6). We determined the number of expression changes for 372 metabolic 
enzymes in the network between each pair of sequential stages in our initial assembly, and we 
found that the metabolic network is surprisingly dynamic. Since it is unclear what degree of 
change in expression is meaningful for metabolic genes, we considered cut-offs of both two-fold 
and four-fold. The results show that the transition from EB to HB has the maximum number of 
changes at both cut-offs, while the transition from LG to EP has the second largest number of 
changes at both cut-offs (Fig. 6A). These maxima correspond to the first two major transitions 
identified in the PCA, further corroborating it. The third major PC transition, between MB and 
EG, had a correspondingly large number of changes in the metabolic network at a two-fold, but 
not four-fold, cut-off. More than half of the total set of genes exhibited a two-fold change at HB, 
suggesting that this degree of change may be inconsequential. We visualized the network 
changes that occur during the first two major transitions using the Sp filter in iPath 2.0 (Fig. 
S9A), then mapped the edges that changed four-fold or more in the first two major PC 
transitions (Fig. 6B, C). We observed expression changes across the network, without an 
apparent concentration of changes in any particular network region. We also mapped 
expression levels across the network at each developmental timepoint (Fig. S9B-L). These 
metabolic maps show the temporal dynamics within the network during development, which are 
similarly diffuse throughout the network. It is difficult to interpret the precise repercussions of 
these changes on the behavior of the network as a whole, since many metabolic proteins are 
subject to post-translational modification, increasing the difficulties associated with network 
modeling (Fendt et al., 2010; Zelezniak et al., 2014); moreover, to our knowledge, metabolic flux 
level information and flux balance models are not currently available for developing Lv sea 
urchins. These results show that the major phase transitions can also be observed within the 
metabolic networks, and establish the dynamics of expression of the metabolic network in 
normally developing Lv embryos, providing a foundation for further studies. Metabolism is a 
largely untapped area in sea urchin development, and metabolic modeling is an interesting 
problem in this context, given the parallels in metabolism between early mammalian embryos 
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and tumors (Smith and Sturmey, 2013), and because unlike the mammal, the sea urchin 
embryo is a nutritionally closed system.  
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Discussion 
 
In this study, we compared the embryonic transcriptome at 11 distinct timepoints corresponding 
with major developmental events. We find that the timing of expression of known genes is 
compatible with established network models from other sea urchin species, both for particular 
network motifs, and for the known GRN genes in general. These results indicate that the GRN 
architecture is likely well-conserved among sea urchin species.  
 
We used principal component analysis (PCA) to evaluate the gene expression variation during 
Lv development, and observed unexpectedly sharp transitions between specific developmental 
stages, with comparatively smaller variation between most others. These sharp transitions 
divide the sampled time course into four phases, and this result was corroborated by k-means 
clustering, gene regulatory network analysis, and metabolic network analysis, especially for the 
first major transition between early and hatched blastula. This transition in particular is reflected 
by a burst of rapid transcription, and likely reflects a transition between developmental 
milestones (Levin et al., 2012), although interspecies comparisons will be required to confirm 
that. Unfortunately, the currently available developmental transcriptome for Sp is sparsely 
sampled at early timepoints (Tu et al., 2012; Tu et al., 2014), precluding a direct comparison at 
this time.  
 
The temporal non-smoothness of developmental gene expression has been observed in other 
model embryos, including zebrafish, mice, and pigs (Tang et al., 2011; Yang et al., 2013; Zhong 
et al., 2018). In the mouse embryo transcriptome, PCA analysis revealed one major transition 
that corresponds to the switch from maternal to zygotic gene expression, while the porcine 
transcriptome exhibits transitions in PCA space between 2-cell and 4-cell stages, and between 
8-cell and morula stages (Tang et al., 2011; Zhong et al., 2018). In other embryonic 
transcriptomes, developmental gene expression dynamics analyzed with PCA exhibit smooth 
changes, including Arabidopsis, Maize, and Drosophila embryos (Cherbas et al., 2011; Chen et 
al., 2014; Hofmann et al., 2019). However, these studies did not consider transcriptional rates, 
and such rate differences may be present but not obvious from PCA results, as is the case for 
C. elegans and other nematode worms, whose developmental gene expression profiles exhibit 
smooth PCA trajectories, yet are punctuated by temporal gene expression rate changes (Levin 
et al., 2012). It will be of interest to learn whether the strongly punctuated changes in gene 
expression observed in Lv sea urchin embryos, and/or punctuated changes in transcriptional 
rates are a general feature of developing animal and plant embryos.  
 
It is interesting that the non-ubiquitously expressed genes, whose overall transcriptional pattern 
is of moderate complexity based on k-means analyses, exhibit a collectively distinct expression 
profile, with a large number of stage-specific transcripts, a majority of phase-specific transcripts, 
and no transcripts that violate the expression phases. In contrast, the relatively low complexity 
ubiquitously expressed genes and the high complexity transcription factor subset each exhibit 
many fewer stage-specific and phase-specific transcripts, temporally broader gene expression 
in general, and a significant fraction of transcripts whose expression violates the expression 
phase boundaries. This fraction is largest for the TFs, suggesting that these genes in particular 
mediate integration across the expression phases. 
 
The phase transitions from early blastula (EB) to hatched blastula (HB) and from late gastrula 
(LG) to early pluteus (EP) exhibit the largest variation, and this is reflected in the k-means 
clusters and the metabolic and gene regulatory networks. The first and largest transition, from 
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EB to HB, ranks as the transition with the largest number of newly enriched GO terms, newly 
expressed transcripts, GRN gene onsets, and metabolic network gene expression changes. The 
second largest transition, from LG to EP, similarly ranks second for each of these metrics 
except new GO term enrichments and GRN gene onsets. In the latter case, this is likely 
because the GRN is too sparse at later stages to evaluate this transition (Fig. 5). Although the 
transition between LG and EP does not reflect a transcriptional burst, it nonetheless reflects a 
significant amount of gene expression change as evidenced by the large PC distance, k-means 
clustering and metabolic analyses. The transition from MB to EG is the third largest of the phase 
transitions, while EG to MG and MG to LG are also each relatively large; the stages in phase c 
exhibit more internal variation than within the other phases. Each of the transitions in phase c 
exhibits a large number of newly enriched GO terms, and the first two exhibit equivalent 
numbers of transcript onsets, while MB to EG specifically exhibits a comparatively large number 
of GRN gene onsets and metabolic network gene expression changes (with a 2-fold threshold). 
MB to EG is the second transcriptional burst (Fig. 3B), implying that the transition to EG is from 
a second developmental milestone in sea urchin embryos.   
 
Hatching is a significant event in the embryonic life cycle that is mediated by the secretion of 
hatching enzyme that proteolytically degrades the fertilization envelope (Roe and Lennarz, 
1990). Hatching is a critical event in the lifecycle of embryos in general, with both costs and 
benefits (Warkentin, 2011b, a). The timing of hatching is often plastic in response to the 
environment, and in many instances, embryos that delay hatching itself otherwise develop on 
schedule (Warkentin, 2011b, a); this is the case for sand dollar embryos (Armstrong et al., 
2013), and probably for echinoderm embryos in general, implying an uncoupling between the 
expression of hatching enzyme and the deployment of the specification GRNs. 
 
In sea urchins, hatching marks the expression of numerous genes, including Pmar target genes 
within the PMCs, the targets of the Otx/GataE/Blimp lock-down loop in the endoderm, GCM 
targets in the SMCs, Eve targets in the posteriolateral ectoderm (which are likely involved in 
instructive signaling to PMCs), the targets of Nodal signals that comprise the initial ventral 
ectoderm specification TFs, the onset of dorsal ectoderm specification signaling via BMP2/4 and 
Chd expression, and neural Six3 expression (Fig. 5). Together, these changes correspond to 
increasingly well-defined specification states across all the major tissues in the embryo. There is 
a strong increase in the rate of gene expression for this transition reflecting a burst of 
transcription.  
 
In contrast, the second transcriptional burst, between MB and EG, probably primarily reflects the 
morphogenetic changes that drive gastrulation, with specification state changes providing 
comparatively smaller contributions; for example, the DV axis is committed by EG stage in sea 
urchins (Hardin et al., 1992; Hardin and Armstrong, 1997; Bradham and McClay, 2006; 
Piacentino et al., 2015). However, left-right specification remains incomplete at EG, as does 
regional specification of the gut (Annunziata and Arnone, 2014; Piacentino et al., 2016a). 
Intriguingly, very few new transcripts are expressed at MB, when the PMCs undergo an 
epithelial-mesenchymal transition (EMT) and ingress into the blastocoel. These results suggest 
that the EMT that produces the PMCs is primarily driven by post-transcriptional regulation rather 
than by new gene expression, while the invagination of the gut involves comparatively more 
transcriptional regulation. 
 
Together, these results demonstrate that sea urchin developmental gene expression changes 
are comparatively small between most contiguous stages, with exceptions corresponding to 
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major transcriptional bursts between early and hatched blastula, and mesenchyme blastula and 
early gastrula. These findings underscore the modularity of development, which is especially 
pronounced in this echinoderm model system. It will be of interest to extend these studies to 
other echinoderm embryos, and to determine whether chromatin state changes accompany and 
underlie these major transitions. 
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Methods 
 
RNA-seq, de novo assembly, and analysis.  
L. variegatus total RNA was prepared from 1 x 106 control embryos per timepoint using TRIzol 
(Invitrogen) and DNase treatment, along with an additional six samples from embryos treated 
with the perturbants nickel chloride (Sigma) or SB203580 (Calbiochem) and collected at EG, 
MG, and LG. Data associated with the latter samples were described previously (Piacentino et 
al., 2016b) and are excluded from further analysis here; however, those transcripts were 
included in the assembly pipeline herein. RNA quantitation and integrity were determined using 
a Qubit® 2.0 Fluorometer (Life Technologies) and a 2100 Bioanalyzer (Agilent Technologies). 
Total RNA was subjected to three iterations of polyA selection using Dynabeads (Life 
Technologies) prior to cDNA synthesis. Sequencing libraries were prepared from 1 µg of size-
selected cDNA for standard Illumina paired-end sequencing. The average insert size of the 
gastrula stage libraries was ~180 bp, and was ~280 bp for all others. These smaller insert sizes 
aid in preventing chimeric assembly products (Xie et al., 2014). EG, MG, and LG samples (both 
control and treated) were initially sequenced on an Illumina GAII platform (Morozova et al., 
2009); the remaining eight control samples were sequenced using the HiSeq Illumina platform 
at a later time. In both cases, 101 bp paired-end reads were obtained. Biological replicates were 
sequenced using HiSeq4000 with barcoding; the average insert size was 200 bp, and 101 bp 
paired-ends reads were generated and adaptor- and quality-trimmed (BGI, Inc.). Prior to de 
novo sequence assembly, a custom Python script was used to trim raw Illumina reads of 
adapter sequences (on average 1-3%) and low quality reads (Phred score below 11). Reads 
containing Ns were excluded. An average of 10% of the sequences were excluded by this 
procedure. Overlapping reads were joined into longer reads and PCR duplicates were excluded. 
Approximately 1.5 billion reads were used for de novo assemblies simultaneously. The final 
assembly was generated using SOAPdenovo-Trans, which avoids chimeric assembly artifacts 
by requiring a minimum of three read pairs to define the distance and order between adjacent 
contigs (Xie et al., 2014).  Settings (other than default) used were K31, M3, F and G200. Per 
default, up to five transcripts per locus were allowed. Assembled reads shorter than 100 bp 
were excluded. Reads were mapped to the assembly with Bowtie2 using the argument k=20 
and otherwise default parameter settings. Count values were generated using a custom Python 
script, and were initially normalized using DESeq (Anders and Huber, 2010), then with the 
quantile normalization package in R (Hansen and Irizarry, 2012). Quantile-normalized values 
were used for all subsequent analyses. Annotation was performed using BLASTx (Altschul et 
al., 1990) against the S. purpuratus predicted protein database, using a cut-off of e = 1 x 10-7; 
these annotations were supplemented by BLASTx against the nr database on NCBI. GO terms 
and Enzyme Commission (EC) numbers (for iPath2 analyses) were assigned using BLAST2GO 
(Conesa et al., 2005), and Pfam domains assigned using HMMer (Eddy, 1998; Sammut et al., 
2008). GO enrichment analysis was performed using iPAGE (Goodarzi et al., 2009). Metabolic 
analysis was performed using iPath (Yamada et al., 2011).The results from the sequencing and 
assembly can be accessed at NCBI (BioProject accession number PRJNA241187) and at 
https://lvedge.bu.edu. 
 
qPCR analysis. qPCRs were performed as described (Bradham and McClay, 2006), except 
that gene expression measurements were normalized to Lv-Setmar. All qPCR analyses were 
performed on three independent biological replicates, in triplicate. qPCR primer sequences are 
provided in Table S1.  
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PCA and k-means clustering. Principal components were identified using the prcomp function 
from the R package stats (R Core Team, 2014), and plotted with the R package scatterplot3d 
(Ligges and Mächler, 2003). K-means cluster analyses were performed using Cluster 3.0 
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm#ctv) across a range of k values, 
and optimal k values were selected based on manual inspection for cluster uniqueness and 
uniformity. Final clusters were the optimal solution from 5,000 trials. Heat maps were generated 
using JavaTreeView (Saldanha, 2004) and manually organized in Canvas (ACD Systems). 
 
Database. An online database that provides access to the RNA-Seq data herein was generated 
using a Python-based interface with a MySQL database, and was named LvEDGEdb (Fig. S3). 
It is accessible at https://lvedge.bu.edu. The database is searchable and provides gene 
expression results graphically or numerically, as well as GO terms and Pfam domains, and 
sequences as fasta files. The database is also searchable by BLAST, using a ViroBLAST 
interface (Deng et al., 2007). Registered database users can contribute new or revised 
annotations.  
 
 
 
 
 
 
  

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Acknowledgements 
 
We thank Adrian Reich (Brown University) and Smadar Ben Tabou de Leon (University of Haifa) 
for helpful discussions, Keith Bradnam (UC Davis) for the CEGMA analysis, Shile Zhang 
(Boston University) for suggesting the PCA, and Gary Benson (Boston University) for organizing 
the challenge project and database courses at Boston University, whose students (J.D.H., 
J.L.K., L.L.) contributed to the bioinformatics analyses and database construction herein. This 
study was supported by start-up funds from Boston University (CAB) and by NSF OIS 1257825 
and 1656752 (CAB); CB was supported by the RISE program at Boston University. 
 
Author Contributions 
 
The study was conceived by CAB  
The sequencing samples were collected by ABC and DS, then sequenced, assembled and 
annotated by BT, AJP, JDH, JLK, ES, JHG. JI-S, and NI 
Bioinformatics analyses and database construction were performed by JDH, JLK, LL, DYH, AL, 
CB, JHG, JI-S, ES, MA and CAB  
Biological analyses were performed by MLP, DS, and DTZ  
The manuscript was written by CAB and edited by   
  

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


 
 

References 
 

Adomako-Ankomah, A., Ettensohn, C.A., 2013. Growth factor-mediated mesodermal cell 
guidance and skeletogenesis during sea urchin gastrulation. Development 140, 4214-4225. 
Altschul, S., Gish, W., W, M., Myers, E., Lipman, D., 1990. Basic local alignment search tool. 
J Mol Biol 215, 403-410. 
Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J., 
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. 
Nucleic Acids Res 25, 3389-3402. 
Anders, S., Huber, W., 2010. Differential expression analysis for sequence 
count data. Genome Biol 11, R106. 
Angerer, L.M., Angerer, R.C., 2003. Patterning the sea urchin embryo: gene regulatory 
networks, signaling pathways, and cellular interactions. Current Topics in Developmental 
Biology 53, 159-198. 
Angerer, L.M., Oleksyn, D.W., Levine, A.M., Li, X., Klein, W.H., Angerer, R.C., 2001. Sea 
urchin goosecoid function links fate specification along the animal- vegetal and oral-aboral 
embryonic axes. Development 128, 4393-4404. 
Angerer, L.M., Oleksyn, D.W., Logan, C.Y., McClay, D.R., Dale, L., Angerer, R.C., 2000. A 
BMP pathway regulates cell fate allocation along the sea urchin animal-vegetal embryonic axis. 
Development 127, 1105-1114. 
Annunziata, R., Arnone, M.I., 2014. A dynamic regulatory network explains ParaHox gene 
control of gut patterning in the sea urchin. Development 141, 2462-2472. 
Armstrong, A.F., Blackburn, H.N., Allen, J.D., 2013. A novel report of hatching plasticity in the 
phylum Echinodermata. Am Nat 181, 264-272. 
Armstrong, N., Hardin, J., McClay, D.R., 1993. Cell-cell interactions regulate skeleton 
formation in the sea urchin embryo. Development 119, 833-840. 
Beane, W.S., Gross, J.M., McClay, D.R., 2006a. RhoA regulates initiation of invagination, but 
not convergent extension, during sea urchin gastrulation. Dev Biol 292, 213-225. 
Beane, W.S., Voronina, E., Wessel, G.M., McClay, D.R., 2006b. Lineage-specific expansions 
provide genomic complexity among sea urchin GTPases. Dev Biol 300, 165-179. 
Ben-Tabou de-Leon, S., Davidson, E.H., 2010. Information processing at the foxa node of the 
sea urchin endomesoderm specification network. Proc Natl Acad Sci U S A 107, 10103-10108. 
Ben-Tabou de-Leon, S., Su, Y.H., Lin, K.T., Li, E., Davidson, E.H., 2013. Gene regulatory 
control in the sea urchin aboral ectoderm: spatial initiation, signaling inputs, and cell fate 
lockdown. Dev Biol 374, 245-254. 
Bradham, C., Foltz, K.R., Beane, W.S., Arnone, M.I., Rizzo, F., Coffman, J.A., Mushegian, 
A., Goel, M., Morales, J., Geneviere, A.-M., et al., 2006. The Sea Urchin Kinome: A First Look. 
Developmental Biology 300, 180-193. 
Bradham, C.A., McClay, D.R., 2006. p38 MAPK is Essential for Secondary Axis Specification 
and Patterning in Sea Urchin Embryos. Development 133, 21-32. 
Bradham, C.A., Miranda, E.L., McClay, D.R., 2004. PI3K inhibitors block skeletogenesis but 
not patterning in sea urchin embryos. Dev Dyn 229, 713-721. 
Bradham, C.A., Oikonomou, C., Kuhn, A., Core, A.B., Modell, J.W., McClay, D.R., Poustka, 
A.J., 2009. Chordin is required for neural but not axial development in sea urchin embryos. Dev 
Biol 328, 221-233. 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Bradnam, K.R., Fass, J.N., Alexandrov, A., Baranay, P., Bechner, M., Birol, I., Boisvert, S., 
Chapman, J.A., Chapuis, G., Chikhi, R., et al., 2013. Assemblathon 2: evaluating de novo 
methods of genome assembly in three vertebrate species. GigaScience 2, 10. 
Buenrostro, J.D., Giresi, P.G., Zaba, L.C., Chang, H.Y., Greenleaf, W.J., 2013. Transposition 
of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding 
proteins and nucleosome position. Nat Methods 10, 1213-1218. 
Chang, W.L., Chang, Y.C., Lin, K.T., Li, H.R., Pai, C.Y., Chen, J.H., Su, Y.H., 2017. 
Asymmetric distribution of hypoxia-inducible factor alpha regulates dorsoventral axis 
establishment in the early sea urchin embryo. Development 144, 2940-2950. 
Chen, J., Zeng, B., Zhang, M., Xie, S., Wang, G., Hauck, A., Lai, J., 2014. Dynamic 
Transcriptome Landscape of Maize Embryo and Endosperm Development. Plant Physiology 
166, 252-264. 
Cherbas, L., Willingham, A., Zhang, D., Yang, L., Zou, Y., Eads, B., Carlson, J.W., 
Landolin, J.M., Kapranov, P., Dumais, J., et al., 2011. The transcriptional diversity of 25 
Drosophila cell lines. Genome Research 21, 301-314. 
Coffman, J.A., Coluccio, A., Planchart, A., Robertson, A.J., 2009. Oral-aboral axis 
specification in the sea urchin embryo III. Role of mitochondrial redox signaling via H2O2. Dev 
Biol 330, 123-130. 
Coffman, J.A., Davidson, E.H., 2001. Oral-aboral axis specification in the sea urchin embryo. I. 
Axis entrainment by respiratory asymmetry. Dev Biol 230, 18-28. 
Coffman, J.A., McCarthy, J.J., Dickey-Sims, C., Robertson, A.J., 2004. Oral-aboral axis 
specification in the sea urchin embryo II. Mitochondrial distribution and redox state contribute to 
establishing polarity in Strongylocentrotus purpuratus. Dev Biol 273, 160-171. 
Coffman, J.A., Wessels, A., DeSchiffart, C., Rydlizky, K., 2014. Oral-aboral axis specification 
in the sea urchin embryo, IV: hypoxia radializes embryos by preventing the initial spatialization 
of nodal activity. Dev Biol 386, 302-307. 
Conesa, A., Gotz, S., Garcia-Gomez, J.M., Terol, J., Talon, M., Robles, M., 2005. Blast2GO: 
a universal tool for annotation, visualization and analysis in functional genomics research. 
Bioinformatics 21, 3674-3676. 
Croce, J., Duloquin, L., Lhomond, G., McClay, D.R., Gache, C., 2006a. Frizzled5/8 is 
required in secondary mesenchyme cells to initiate archenteron invagination during sea urchin 
development. Development 133, 547-557. 
Croce, J.C., McClay, D.R., 2010. Dynamics of Delta/Notch signaling on endomesoderm 
segregation in the sea urchin embryo. Development 137, 83-91. 
Croce, J.C., Wu, S.Y., Byrum, C., Xu, R., Duloquin, L., Wikramanayake, A.H., Gache, C., 
McClay, D.R., 2006b. A genome-wide survey of the evolutionarily conserved Wnt pathways in 
the sea urchin Strongylocentrotus purpuratus. Dev Biol 300, 121-131. 
Damle, S., Davidson, E.H., 2011. Precise cis-regulatory control of spatial and temporal 
expression of the alx-1 gene in the skeletogenic lineage of s. purpuratus. Dev Biol 357, 505-
517. 
Davidson, E.H., Cameron, R.A., Ransick, A., 1998. Specification of cell fate in the sea urchin 
embryo: summary and some proposed mechanisms. Development 125, 3269-3290. 
Davidson, E.H., Rast, J.P., Oliveri, P., Ransick, A., Calestani, C., Yuh, C.H., Minokawa, T., 
Amore, G., Hinman, V., Arenas-Mena, C., et al., 2002. A genomic regulatory network for 
development. Science 295, 1669-1678. 
Deng, W., Nickle, D.C., Learn, G.H., Maust, B., Mullins, J.I., 2007. ViroBLAST: a stand-alone 
BLAST web server for flexible queries of multiple databases and user's datasets. Bioinformatics 
23, 2334-2336. 
Do, J.H., Choi, D.K., 2008. Clustering Approaches to Identifying Gene Expression Patterns 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


from DNA Microarray Data. Mol. Cells 25, 279-288. 
Driesch, H., 1892. Entwicklungmechanische Studien III-VI. Z. Wiss. Zool. 55, 160-184. 
Duboc, V., Lapraz, F., Besnardeau, L., Lepage, T., 2008. Lefty acts as an essential modulator 
of Nodal activity during sea urchin oral-aboral axis formation. Dev Biol 320, 49-59. 
Duboc, V., Rottinger, E., Besnardeau, L., Lepage, T., 2004. Nodal and BMP2/4 signaling 
organizes the oral-aboral axis of the sea urchin embryo. Dev Cell 6, 397-410. 
Duboc, V., Rottinger, E., Lapraz, F., Besnardeau, L., Lepage, T., 2005. Left-right asymmetry 
in the sea urchin embryo is regulated by nodal signaling on the right side. Dev Cell 9, 147-158. 
Duloquin, L., Lhomond, G., Gache, C., 2007. Localized VEGF signaling from ectoderm to 
mesenchyme cells controls morphogenesis of the sea urchin embryo skeleton. Development 
134, 2293-2302. 
Eddy, S.R., 1998. Profile hidden Markov models. Bioinformatics 14, 755-763. 
Erkenbrack, E.M., Davidson, E.H., Peter, I.S., 2018. Conserved regulatory state expression 
controlled by divergent developmental gene regulatory networks in echinoids. Development 
145. 
Ettensohn, C.A., Kitazawa, C., Cheers, M.S., Leonard, J.D., Sharma, T., 2007. Gene 
regulatory networks and developmental plasticity in the early sea urchin embryo: alternative 
deployment of the skeletogenic gene regulatory network. Development 134, 3077-3087. 
Ettensohn, C.A., Malinda, K.M., 1993. Size regulation and morphogenesis: a cellular analysis 
of skeletogenesis in the sea urchin embryo. Development 119, 155-167. 
Fendt, S.M., Buescher, J.M., Rudroff, F., Picotti, P., Zamboni, N., Sauer, U., 2010. Tradeoff 
between enzyme and metabolite efficiency maintains metabolic homeostasis upon perturbations 
in enzyme capacity. Mol Syst Biol 6, 356. 
Gao, F., Davidson, E.H., 2008. Transfer of a large gene regulatory apparatus to a new 
developmental address in echinoid evolution. Proc Natl Acad Sci U S A 105, 6091-6096. 
Garfield, D.A., Runcie, D.E., Babbitt, C.C., Haygood, R., Nielsen, W.J., Wray, G.A., 2013. 
The impact of gene expression variation on the robustness and evolvability of a developmental 
gene regulatory network. PLoS Biol 11, e1001696. 
Gildor, T., Ben-Tabou de-Leon, S., 2015. Comparative Study of Regulatory Circuits in Two 
Sea Urchin Species Reveals Tight Control of Timing and High Conservation of Expression 
Dynamics. PLoS Genet 11. 
Goodarzi, H., Elemento, O., Tavazoie, S., 2009. Revealing global regulatory perturbations 
across human cancers. Mol Cell 36, 900-911. 
Guss, K.A., Ettensohn, C.A., 1997. Skeletal morphogenesis in the sea urchin embryo: 
regulation of primary mesenchyme gene expression and skeletal rod growth by ectoderm-
derived cues. Development 124, 1899-1908. 
Gustafson, T., Wolpert, L., 1961a. Cellular mechanisms in the morphogenesis of the sea 
urchin larva. The formation of arms. Exp Cell Res 22, 509-520. 
Gustafson, T., Wolpert, L., 1961b. Studies on the cellular basis of morphogenesis in the sea 
urchin embryo. Directed movements of primary mesenchyme cells in normal and vegetalized 
larvae. Exp Cell Res 24, 64-79. 
Gustafson, T., Wolpert, L., 1967. Cellular movement and contact in sea urchin 
morphogenesis. Biol Rev Camb Philos Soc 42, 442-498. 
Hansen, K.D., Irizarry, R.A., 2012. Removing technical variability in RNA-seq data using 
conditional quantile normalization. Biostatistics 13, 204-216. 
Hardin, J., 1996. The cellular basis of sea urchin gastrulation. Curr Top Dev Biol 33, 159-262. 
Hardin, J., Armstrong, N., 1997. Short-range cell-cell signals control ectodermal patterning in 
the oral region of the sea urchin embryo. Dev Biol 182, 134-149. 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Hardin, J., Coffman, J.A., Black, S.D., McClay, D.R., 1992. Commitment along the 
dorsoventral axis of the sea urchin embryo is altered in response to NiCl2. Development 116, 
671-685. 
Hardin, J., McClay, D.R., 1990. Target recognition by the archenteron during sea urchin 
gastrulation. Dev Biol 142, 86-102. 
Hinman, V.F., Nguyen, A.T., Cameron, R.A., Davidson, E.H., 2003. Developmental gene 
regulatory network architecture across 500 million years of echinoderm evolution. Proc Natl 
Acad Sci U S A 100, 13356-13361. 
Hofmann, F., Schon, M.A., Nodine, M.D., 2019. The embryonic transcriptome of Arabidopsis 
thaliana. Plant Reproduction. 
Horstadius, S., 1935. Uber die Determination in Verlaufe der Eiachse bei Seeiglen. Pubbl. 
Staz. Zool. Napoli 14, 251-479. 
Horstadius, S., 1939. The mechanics of sea urchin development, studies by operative 
methods. Biol. Rev. Cambridge Phil. Soc. 14, 132-179. 
Horstadius, S., 1973. Experimental Embryology of Echinoderms. Clarendon Press, Oxford. 
Howard-Ashby, M., Materna, S.C., Brown, C.T., Chen, L., Cameron, R.A., Davidson, E.H., 
2006a. Gene families encoding transcription factors expressed in early development of 
Strongylocentrotus purpuratus. Dev Biol 300, 90-107. 
Howard-Ashby, M., Materna, S.C., Brown, C.T., Tu, Q., Oliveri, P., Cameron, R.A., 
Davidson, E.H., 2006b. High regulatory gene use in sea urchin embryogenesis: Implications for 
bilaterian development and evolution. Dev Biol 300, 27-34. 
Khadka, A., Martinez-Bartolome, M., Burr, S.D., Range, R.C., 2018. A novel gene's role in an 
ancient mechanism: secreted Frizzled-related protein 1 is a critical component in the anterior-
posterior Wnt signaling network that governs the establishment of the anterior neuroectoderm in 
sea urchin embryos. Evodevo 9, 1. 
Krupke, O.A., Burke, R.D., 2014. Eph-Ephrin signaling and focal adhesion kinase regulate 
actomyosin-dependent apical constriction of ciliary band cells. Development 141, 1075-1084. 
Lapraz, F., Besnardeau, L., Lepage, T., 2009. Patterning of the dorsal-ventral axis in 
echinoderms: insights into the evolution of the BMP-chordin signaling network. PLoS Biol 7, 
e1000248. 
Lapraz, F., Rottinger, E., Duboc, V., Range, R., Duloquin, L., Walton, K., Wu, S.-Y., 
Bradham, C., Loza-Coll, M.A., Wilson, K., et al., 2006. RTK and TGF-b signaling pathways 
genes in the sea urchin genome. Dev Biol 300, 132-152. 
Lee, P.Y., Davidson, E.H., 2004. Expression of Spgatae, the Strongylocentrotus purpuratus 
ortholog of vertebrate GATA4/5/6 factors. Gene Expr Patterns 5, 161-165. 
Lee, P.Y., Nam, J., Davidson, E.H., 2007. Exclusive developmental functions of gatae cis-
regulatory modules in the Strongylocentrorus purpuratus embryo. Dev Biol 307, 434-445. 
Letunic, I., Yamada, T., Kanehisa, M., Bork, P., 2008. iPath: interactive exploration of 
biochemical pathways and networks. Trends Biochem Sci 33, 101-103. 
Levin, M., Hashimshony, T., Wagner, F., Yanai, I., 2012. Developmental Milestones 
Punctuate Gene Expression in the Caenorhabditis Embryo. Dev. Cell 22, 1101-1108. 
Li, E., Cui, M., Peter, I.S., Davidson, E.H., 2014. Encoding regulatory state boundaries in the 
pregastrular oral ectoderm of the sea urchin embryo. Proc Natl Acad Sci U S A 111, E906-913. 
Li, E., Materna, S.C., Davidson, E.H., 2012. Direct and indirect control of oral ectoderm 
regulatory gene expression by Nodal signaling in the sea urchin embryo. Developmental biology 
369, 377-385. 
Li, E., Materna, S.C., Davidson, E.H., 2013. New regulatory circuit controlling spatial and 
temporal gene expression in the sea urchin embryo oral ectoderm GRN. Dev Biol 382, 268-279. 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Ligges, U., Mächler, M., 2003. Scatterplot3d - an R Package for Visualizing Multivariate Data. 
Journal of Statistical Software 8, 1-20. 
Livi, C.B., Davidson, E.H., 2007. Regulation of spblimp1/krox1a, an alternatively transcribed 
isoform expressed in midgut and hindgut of the sea urchin gastrula. Gene Expr Patterns 7, 1-7. 
Logan, C.Y., McClay, D.R., 1997. The allocation of early blastomeres to the ectoderm and 
endoderm is variable in the sea urchin embryo. Development 124, 2213-2223. 
Logan, C.Y., Miller, J.R., Ferkowicz, M.J., McClay, D.R., 1999. Nuclear beta-catenin is 
required to specify vegetal cell fates in the sea urchin embryo. Development 126, 345-357. 
Luo, Y.J., Su, Y.H., 2012. Opposing nodal and BMP signals regulate left-right asymmetry in the 
sea urchin larva. PLoS Biol 10, e1001402. 
Martik, M.L., McClay, D.R., 2015. Deployment of a retinal determination gene network drives 
directed cell migration in the sea urchin embryo. Elife 4. 
Materna, S.C., Howard-Ashby, M., Gray, R.F., Davidson, E.H., 2006. The C2H2 zinc finger 
genes of Strongylocentrotus purpuratus and their expression in embryonic development. Dev 
Biol 300, 108-120. 
Materna, S.C., Ransick, A., Li, E., Davidson, E.H., 2013a. Diversification of oral and aboral 
mesodermal regulatory states in pregastrular sea urchin embryos. Developmental biology 375, 
92-104. 
Materna, S.C., Swartz, S.Z., Smith, J., 2013b. Notch and Nodal control forkhead factor 
expression in the specification of multipotent progenitors in sea urchin. Development 140, 1796-
1806. 
McIntyre, D.C., Seay, N.W., Croce, J.C., McClay, D.R., 2013. Short-range Wnt5 signaling 
initiates specification of sea urchin posterior ectoderm. Development 140, 4881-4889. 
Miller, J.R., McClay, D.R., 1997. Characterization of the role of cadherin in regulating cell 
adhesion during sea urchin development. Dev Biol 192, 323-339. 
Minokawa, T., Wikramanayake, A.H., Davidson, E.H., 2005. cis-Regulatory inputs of the wnt8 
gene in the sea urchin endomesoderm network. Dev Biol 288, 545-558. 
Modell, J.W., Bradham, C.A., 2011. Mitochondrial gradients and p38 activity in early sea urchin 
embryos. Mol Reprod Dev 78, 225. 
Morozova, O., Hirst, M., Marra, M.A., 2009. Applications of new sequencing technologies for 
transcriptome analysis. Annu Rev Genomics Hum Genet 10, 135-151. 
Mullen, A.C., Orlando, D.A., Newman, J.J., Loven, J., Kumar, R.M., Bilodeau, S., Reddy, J., 
Guenther, M.G., DeKoter, R.P., Young, R.A., 2011. Master transcription factors determine 
cell-type-specific responses to TGF-beta signaling. Cell 147, 565-576. 
Nam, J., Su, Y.H., Lee, P.Y., Robertson, A.J., Coffman, J.A., Davidson, E.H., 2007. Cis-
regulatory control of the nodal gene, initiator of the sea urchin oral ectoderm gene network. Dev 
Biol 306, 860-869. 
Ochiai, H., Sakamoto, N., Momiyama, A., Akasaka, K., Yamamoto, T., 2008. Analysis of cis-
regulatory elements controlling spatio-temporal expression of T-brain gene in sea urchin, 
Hemicentrotus pulcherrimus. Mech Dev 125, 2-17. 
Oliveri, P., Carrick, D.M., Davidson, E.H., 2002. A regulatory gene network that directs 
micromere specification in the sea urchin embryo. Dev Biol 246, 209-228. 
Oliveri, P., Davidson, E.H., McClay, D.R., 2003. Activation of pmar1 controls specification of 
micromeres in the sea urchin embryo. Dev Biol 258, 32-43. 
Oliveri, P., Tu, Q., Davidson, E.H., 2008. Global regulatory logic for specification of an 
embryonic cell lineage. Proc Natl Acad Sci U S A 105, 5955-5962. 
Oliveri, P., Walton, K.D., Davidson, E.H., McClay, D.R., 2006. Repression of mesodermal fate 
by foxa, a key endoderm regulator of the sea urchin embryo. Development 133, 4173-4181. 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Parra, G., Bradnam, K., Korf, I., 2007. CEGMA: a pipeline to accurately annotate core genes 
in eukaryotic genomes. Bioinformatics 23, 1061-1067. 
Peter, I.S., Davidson, E.H., 2010. The endoderm gene regulatory network in sea urchin 
embryos up to mid-blastula stage. Dev Biol 340, 188-199. 
Peter, I.S., Davidson, E.H., 2011. A gene regulatory network controlling the embryonic 
specification of endoderm. Nature 474, 635-639. 
Piacentino, M.L., Chung, O., Ramachandran, J., Zuch, D.T., Yu, J., Conaway, E.A., Reyna, 
A.E., Bradham, C.A., 2016a. Zygotic LvBMP5-8 is required for skeletal patterning and for left-
right but not dorsal-ventral specification in the sea urchin embryo. Dev Biol 412, 44-56. 
Piacentino, M.L., Ramachandran, J., Bradham, C.A., 2015. Late Alk4/5/7 signaling is 
required for anterior skeletal patterning in sea urchin embryos. Development 142, 943-952. 
Piacentino, M.L., Zuch, D.T., Fishman, J., Rose, S., Speranza, E.E., Li, C., Yu, J., Chung, 
O., Ramachandran, J., Ferrell, P., et al., 2016b. RNA-Seq identifies SPGs as a ventral skeletal 
patterning cue in sea urchins. Development 143, 703-714. 
R Core Team, 2014. R: A language and environment for statistical 
 computing, R Foundation for Statistical Computing, Vienna, Austria. 
Rafiq, K., Cheers, M.S., Ettensohn, C.A., 2012. The genomic regulatory control of skeletal 
morphogenesis in the sea urchin. Development 139, 579-590. 
Range, R., Lapraz, F., Quirin, M., Marro, S., Besnardeau, L., Lepage, T., 2007. Cis-
regulatory analysis of nodal and maternal control of dorsal-ventral axis formation by Univin, a 
TGF-beta related to Vg1. Development 134, 3649-3664. 
Range, R.C., Angerer, R.C., Angerer, L.M., 2013. Integration of canonical and noncanonical 
Wnt signaling pathways patterns the neuroectoderm along the anterior-posterior axis of sea 
urchin embryos. PLoS Biol 11, e1001467. 
Ransick, A., Davidson, E.H., 2006. cis-regulatory processing of Notch signaling input to the 
sea urchin glial cells missing gene during mesoderm specification. Dev Biol 297, 587-602. 
Ransick, A., Davidson, E.H., 2012. Cis-regulatory logic driving glial cells missing: self-
sustaining circuitry in later embryogenesis. Dev Biol 364, 259-267. 
Revilla-i-Domingo, R., Minokawa, T., Davidson, E.H., 2004. R11: a cis-regulatory node of the 
sea urchin embryo gene network that controls early expression of SpDelta in micromeres. Dev 
Biol 274, 438-451. 
Roe, J.L., Lennarz, W.J., 1990. Biosynthesis and secretion of the hatching enzyme during sea 
urchin embryogenesis. J Biol Chem 265, 8704-8711. 
Rottinger, E., Besnardeau, L., Lepage, T., 2004. A Raf/MEK/ERK signaling pathway is 
required for development of the sea urchin embryo micromere lineage through phosphorylation 
of the transcription factor Ets. Development 131, 1075-1087. 
Rottinger, E., Saudemont, A., Duboc, V., Besnardeau, L., McClay, D., Lepage, T., 2008. 
FGF signals guide migration of mesenchymal cells, control skeletal morphogenesis [corrected] 
and regulate gastrulation during sea urchin development. Development 135, 353-365. 
Ruffins, S.W., Ettensohn, C.A., 1996. A fate map of the vegetal plate of the sea urchin 
(Lytechinus variegatus) mesenchyme blastula. Development 122, 253-263. 
Saldanha, A.J., 2004. Java Treeview--extensible visualization of microarray data. 
Bioinformatics 20, 3246-3248. 
Samanta, M.P., Tongprasit, W., Istrail, S., Cameron, A., Tu, Q., Davidson, E.H., Stolc, V., 
2006. The transcriptome of the sea urchin embryo. Science 314, 960-962. 
Sammut, S., Finn, R., Bateman, A., 2008. Pfam 10 years on: 10,000 families and still growing. 
Brief Bioinform. 9, 210-219. 
Saudemont, A., Haillot, E., Mekpoh, F., Bessodes, N., Quirin, M., Lapraz, F., Duboc, V., 
Rottinger, E., Range, R., Oisel, A., et al., 2010. Ancestral regulatory circuits governing 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


ectoderm patterning downstream of Nodal and BMP2/4 revealed by gene regulatory network 
analysis in an echinoderm. PLoS Genet 6, e1001259. 
Saunders, L.R., McClay, D.R., 2014. Sub-circuits of a gene regulatory network control a 
developmental epithelial-mesenchymal transition. Development 141, 1503-1513. 
Schatzberg, D., Lawton, M., Hadyniak, S.E., Ross, E.J., Carney, T., Beane, W.S., Levin, M., 
Bradham, C.A., 2015. H+/K+ ATPase activity is required for biomineralization in sea urchin 
embryos. Dev Biol 406, 259-270. 
Sclens, J., 2005. A Tutorial on Principal Component Analysis, Systems Neurobiology 
Laboratory, Salk Insitute for Biological Studies, La Jolla, CA, 
http://www.snl.salk.edu/~shlens/pub/notes/pca.pdf 
Sethi, A.J., Angerer, R.C., Angerer, L.M., 2009. Gene regulatory network interactions in sea 
urchin endomesoderm induction. PLoS Biol 7, e1000029. 
Sethi, A.J., Wikramanayake, R.M., Angerer, R.C., Range, R.C., Angerer, L.M., 2012. 
Sequential signaling crosstalk regulates endomesoderm segregation in sea urchin embryos. 
Science 335, 590-593. 
Sharma, T., Ettensohn, C.A., 2010. Activation of the skeletogenic gene regulatory network in 
the early sea urchin embryo. Development 137, 1149-1157. 
Sherwood, D.R., McClay, D.R., 1999. LvNotch signaling mediates secondary mesenchyme 
specification in the sea urchin embryo. Development 126, 1703-1713. 
Smith, D.G., Sturmey, R.G., 2013. Parallels between embryo and cancer cell metabolism. 
Biochemical Society transactions 41, 664-669. 
Smith, J., Davidson, E.H., 2008. Gene regulatory network subcircuit controlling a dynamic 
spatial pattern of signaling in the sea urchin embryo. Proc Natl Acad Sci U S A 105, 20089-
20094. 
Smith, J., Kraemer, E., Liu, H., Theodoris, C., Davidson, E., 2008. A spatially dynamic cohort 
of regulatory genes in the endomesodermal gene network of the sea urchin embryo. Dev Biol 
313, 863-875. 
Smith, J., Theodoris, C., Davidson, E.H., 2007. A gene regulatory network subcircuit drives a 
dynamic pattern of gene expression. Science 318, 794-797. 
Sodergren, E., Weinstock, G.M., Davidson, E.H., Cameron, R.A., Gibbs, R.A., Angerer, 
R.C., Angerer, L.M., Arnone, M.I., Burgess, D.R., Burke, R.D., et al., 2006. The genome of 
the sea urchin Strongylocentrotus purpuratus. Science 314, 941-952. 
Steinley, D., 2006. K-means clustering: a half-century synthesis. Br J Math Stat Psychol 59, 1-
34. 
Su, Y.H., Li, E., Geiss, G.K., Longabaugh, W.J., Kramer, A., Davidson, E.H., 2009. A 
perturbation model of the gene regulatory network for oral and aboral ectoderm specification in 
the sea urchin embryo. Dev Biol 329, 410-421. 
Sweet, H.C., Gehring, M., Ettensohn, C.A., 2002. LvDelta is a mesoderm-inducing signal in 
the sea urchin embryo and can endow blastomeres with organizer-like properties. Development 
129, 1945-1955. 
Tang, F., Barbacioru, C., Nordman, E., Bao, S., Lee, C., Wang, X., Tuch, B.B., Heard, E., 
Lao, K., Surani, M.A., 2011. Deterministic and Stochastic Allele Specific Gene Expression in 
Single Mouse Blastomeres. PLOS One 6, 1-11. 
Tu, Q., Cameron, R.A., Davidson, E.H., 2014. Quantitative developmental transcriptomes of 
the sea urchin Strongylocentrotus purpuratus. Dev Biol 385, 160-167. 
Tu, Q., Cameron, R.A., Worley, K.C., Gibbs, R.A., Davidson, E.H., 2012. Gene structure in 
the sea urchin Strongylocentrotus purpuratus based on transcriptome analysis. Genome Res 
22, 2079-2087. 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


van Heijster, P., Hardway, H., Kaper, T.J., Bradham, C.A., 2014. A computational model for 
BMP movement in sea urchin embryos. J Theor Biol 363, 277-289. 
Walton, K.D., Croce, J.C., Glenn, T.D., Wu, S.Y., McClay, D.R., 2006. Genomics and 
expression profiles of the Hedgehog and Notch signaling pathways in sea urchin development. 
Dev Biol 300, 153-164. 
Walton, K.D., Warner, J., Hertzler, P.H., McClay, D.R., 2009. Hedgehog signaling patterns 
mesoderm in the sea urchin. Dev Biol. 
Warkentin, K.M., 2011a. Environmentally cued hatching across taxa: embryos respond to risk 
and opportunity. Integr Comp Biol 51, 14-25. 
Warkentin, K.M., 2011b. Plasticity of hatching in amphibians: evolution, trade-offs, cues and 
mechanisms. Integr Comp Biol 51, 111-127. 
Wei, Z., Angerer, L.M., Gagnon, M.L., Angerer, R.C., 1995. Characterization of the SpHE 
promoter that is spatially regulated along the animal-vegetal axis of the sea urchin embryo. Dev 
Biol 171, 195-211. 
Wei, Z., Yaguchi, J., Yaguchi, S., Angerer, R.C., Angerer, L.M., 2009. The sea urchin animal 
pole domain is a Six3-dependent neurogenic patterning center. Development 136, 1179-1189. 
Wikramanayake, A.H., Huang, L., Klein, W.H., 1998. beta-Catenin is essential for patterning 
the maternally specified animal-vegetal axis in the sea urchin embryo. Proc Natl Acad Sci U S A 
95, 9343-9348. 
Wikramanayake, A.H., Peterson, R., Chen, J., Huang, L., Bince, J.M., McClay, D.R., Klein, 
W.H., 2004. Nuclear beta-catenin-dependent Wnt8 signaling in vegetal cells of the early sea 
urchin embryo regulates gastrulation and differentiation of endoderm and mesodermal cell 
lineages. Genesis 39, 194-205. 
Wolpert, L., Gustafson, T., 1961. Studies on the cellular basis of morphogenesis of the sea 
urchin embryo. Development of the skeletal pattern. Exp Cell Res 25, 311-325. 
Wu, S.Y., Ferkowicz, M., McClay, D.R., 2007. Ingression of primary mesenchyme cells of the 
sea urchin embryo: a precisely timed epithelial mesenchymal transition. Birth defects research. 
Part C, Embryo today : reviews 81, 241-252. 
Wu, S.Y., McClay, D.R., 2007. The Snail repressor is required for PMC ingression in the sea 
urchin embryo. Development 134, 1061-1070. 
Wygoda, J.A., Yang, Y., Byrne, M., Wray, G.A., 2014. Transcriptomic analysis of the highly 
derived radial body plan of a sea urchin. Genome biology and evolution 6, 964-973. 
Xie, Y., Wu, G., Tang, J., Luo, R., Patterson, J., Liu, S., Huang, W., He, G., Gu, S., Li, S., et 
al., 2014. SOAPdenovo-Trans: De novo transcriptome assembly with short 
RNA-Seq reads. Bioinformatics 30, 1660-1666. 
Xu, N., Niemeyer, C.C., Gonzalez-Rimbau, M., Bogosian, E.A., Flytzanis, C.N., 1996. Distal 
cis-acting elements restrict expression of the CyIIIb actin gene in the aboral ectoderm of the sea 
urchin embryo. Mech Dev 60, 151-162. 
Yaguchi, S., Yaguchi, J., Angerer, R.C., Angerer, L.M., 2008. A Wnt-FoxQ2-nodal pathway 
links primary and secondary axis specification in sea urchin embryos. Dev Cell 14, 97-107. 
Yaguchi, S., Yaguchi, J., Angerer, R.C., Angerer, L.M., Burke, R.D., 2010. TGFbeta 
signaling positions the ciliary band and patterns neurons in the sea urchin embryo. Dev Biol 
347, 71-81. 
Yamada, T., Letunic, I., Okuda, S., Kanehisa, M., Bork, P., 2011. iPath2.0: interactive 
pathway explorer. Nucleic Acids Res 39, W412-415. 
Yang, H., Zhou, Y., Gu, J., Xie, S., Xu, Y., Zhu, G., Wang, L., Huang, J., Ma, H., Yao, J., 
2013. Deep mRNA Sequencing Analysis to Capture the Transcriptome Landscape of Zebrafish 
Embryos and Larvae. PLOS One 8, 1-16. 

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Yuh, C.H., Brown, C.T., Livi, C.B., Rowen, L., Clarke, P.J., Davidson, E.H., 2002. Patchy 
interspecific sequence similarities efficiently identify positive cis-regulatory elements in the sea 
urchin. Dev Biol 246, 148-161. 
Yuh, C.H., Dorman, E.R., Howard, M.L., Davidson, E.H., 2004. An otx cis-regulatory module: 
a key node in the sea urchin endomesoderm gene regulatory network. Dev Biol 269, 536-551. 
Yuh, C.H., Li, X., Davidson, E.H., Klein, W.H., 2001. Correct Expression of spec2a in the sea 
urchin embryo requires both Otx and other cis-regulatory elements. Dev Biol 232, 424-438. 
Zaret, K.S., Carroll, J.S., 2011. Pioneer transcription factors: establishing competence for gene 
expression. Genes Dev 25, 2227-2241. 
Zelezniak, A., Sheridan, S., Patil, K.R., 2014. Contribution of network connectivity in 
determining the relationship between gene expression and metabolite concentration changes. 
PLoS computational biology 10, e1003572. 
Zhong, L., Mu, H., Wen, B., Zhang, W., Wei, Q., Gao, G., Han, J., Cao, S., 2018. Long non-
coding RNAs involved in the regulatory network during porcine pre-implantation embryonic 
development and iPSC induction. Scientific Reports 8, 6649. 
   

.CC-BY 4.0 International licenseIt is made available under a 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/572388doi: bioRxiv preprint first posted online Mar. 8, 2019; 

http://dx.doi.org/10.1101/572388
http://creativecommons.org/licenses/by/4.0/


Figure Legends 
 
Figure 1. Transcriptome assembly analysis. A. A schematic indicating the developmental 
stages sequenced in this study. The earliest stages are enclosed in a fertilization envelope from 
which the embryo hatches at HB. The skeletogenic primary mesenchyme cells (PMCs) are 
indicated in red, while the skeleton is depicted in yellow. The secondary mesenchyme cells 
(SMCs) are depicted in orange. The PMCs ingress from the vegetal plate at MB, while the 
SMCs delaminate from the tip of the archenteron at LG. The growth of the skeleton supports the 
final shape of the larva. The mouth (M) and anus (A) are indicated. B. A histogram of transcript 
lengths (kb) for the Lv assembly is shown, with the upper range enlarged in the inset. C. A plot 
of N10-N90 values for the scaffolds in the Lv assembly is shown. See also Fig. S1. D. A plot of 
genomic alignments for annotated and unannotated genes is shown as a function of the 
transcript length. E. RNA-seq (blue) and QPCR (red) quantitations are compared for the 
indicated well-known genes. QPCRs were normalized to Lv-Setmar (Fig. S2). In each case, the 
results were scaled from 0 to 100, then plotted as average ± SEM for three biological replicates. 
See Table S1 for qPCR primer sequences. 
 
Figure 2. A comparison of the relative timing of gene expression onsets in five known 
GRN circuits that operate in distinct territories. A. Schematics illustrating five well-known 
and conserved network motifs, each composed of five or six genes that encode transcription 
factors or signals (i.e. Delta, Wnt8, Nodal, Vegf, and BMP2/4) in a range of territories, including 
the PMCs (1), the SMCs (2), the endoderm (3), the ventral ectoderm (4) and the dorsal 
ectoderm (5). AP, apical plate; VE, vegetal ectoderm. B. Unscaled and C. scaled temporal gene 
expression profiles are shown for the genes depicted in A. The unscaled plots reveal the relative 
gene expression levels, while the scaled plots more clearly show the temporal onset 
relationships.  
 
Figure 3. Principal component analysis (PCA) indicates that the transition from early 
blastula to hatched blastula stage accounts for the largest variation in the Lv 
transcriptome, and separates the developmental stages into four phases of gene 
expression. A. PCs were calculated using the complete set of transcripts from each sequenced 
developmental stage, and the results are plotted along the first three principal components 
(PC1, PC2, and PC3). The temporal relationships between the stages are indicated with dashed 
lines. The largest transitions along each PC are indicated by circled numbers; for the third PC, 
three transitions are indicated (3a, 3b, and 3c). This series of transitions divides the 
developmental stages into 4 phases, designated a-d. The major transitions (red arrows) and 
phases (dotted boxes) are noted in the schematic below the plot. See also Table S2 for PCA 
values. B. Euclidean distances in phase space (blue) and the rate of change (red) are shown 
between each developmental stage. C. The number of newly enriched GO terms within each 
stage is plotted. See also Fig. S4 and Table S3. 
 
Figure 4. K-means clustering corroborates the PCA results. K-means clustering was 
performed on the annotated transcripts, divided into two groups: the non-ubiquitously expressed 
and ubiquitously expressed transcripts. Transcripts encoding transcription factors were also 
analyzed separately. A. The number of newly expressed transcripts (blue) and the rate of their 
expression (red) at each stage was estimated from the k-means clusters. For these calculations, 
each cluster profile was assigned to a stage of initial expression, then the number of transcripts 
per stage was summed. B. Exemplars of heat maps are shown that depict the major categories 
of gene expression profiles: confined to a single expression phase (a-d), confined to multiple 
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phases (e, multi), and non-adherent to the expression phases (f, other). C. Average normalized 
expression profile plots for the heat maps shown in B, with the phase boundaries indicated by 
vertical dotted lines. See also Fig. S6-8 for the complete k-means heat maps and averaged 
expression plots for each phase, which include these exemplars, and Tables S5-7 for gene lists. 
D. The distribution of annotated transcripts in each of the six categories illustrated in B and C is 
shown for the non-ubiquitous transcripts (a), the ubiquitous transcripts (b), the sum of non-
ubiquitous and ubiquitous transcripts (c), and the transcription factors (TFs, d). The inset pie 
chart shows the proportions of the ubiquitous and non-ubiquitous transcripts. E. Expression 
profiles for TFs whose expression is confined to a specific expression phase and which 
exhibited both the lowest expression level variance across the phase and the highest 
expression level within that phase (a-d).  
 
Figure 5. Among the major GRN genes, the maximal number of onsets occurs between 
EB and HB stages, consistent with the PCA results. A. A summary of the onset analysis for 
68 genes in the known endomesodermal or ectodermal gene regulatory network (GRN) models, 
presented as the number of GRN gene expression onsets at each developmental stage. B. 
Genes with maternal onsets, separated into endomesodermal and ectodermal genes. C.-H. 
Genes with zygotic onsets are separated by stage of onset and tissue (primary mesenchyme 
cells (PMC), endomesoderm, or ectoderm). Onsets at midgastrula (MG) or later are combined 
into single plots (H). I. The network relationships among the GRN genes, sorted by time of onset  
in Lv and tissue. The expression onset for the indicated genes is depicted by their appearance 
along the horizontal axis, representing time, with the associated stages indicated schematically 
along the top. The ectodermal territories are ventral (light blue), dorsal (medium blue), the ciliary 
band (royal blue), which is positioned as a stripe at the boundary between the dorsal and ventral 
ectodermal territories, the animal plate, which is neurogenic (deep blue), and the posterior-most 
ectodermal belt which is derived from vegetal blastomeres (light green). The endomesodermal 
territories are the primary mesenchyme cells (PMCs, red), the secondary mesenchyme cells 
(orange), and the endoderm (yellow). Maternally expressed genes are also indicated (grey). 
Midgastrula and late gastrula onsets are combined into a single column. Colored edges are 
drawn based on relationships identified in Sp and/or Pl. Some genes are expressed in more 
than one tissue. In some cases, the gene is shown in both tissues (e.g. Bra, FoxA). In other 
cases, the gene is shown in the earliest tissue (e.g. ß-catenin). 
 
Figure 6. Metabolic gene expression changes coincide with expression phase 
transitions. Metabolic genes were analyzed using iPath, and expression changes between 
stages were determined for each metabolic gene. A. The number of changes in the expression 
levels of 372 genes encoding metabolic enzymes is shown at the indicated thresholds for each 
sequential transition in the dataset. B., C. The sea urchin metabolic network, with increases 
(green) and decreases (red) above a 4-fold threshold mapped onto the network for the first two 
phase transitions, EB to HB (B) and LG to EP (C). See also Fig. S9. 
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Supplemental Figure Legends 
 
Figure S1. Box-and-whisker plots depicting the range of expression values per developmental 
stage, with DESeq normalization (A) or quantile normalization (B). See also Figure 1.   
 
Figure S2. Lv-Setmar expression has low variation over developmental time. A. A plot of 
Lv-setmar versus Lv-ubiquitin expression over time demonstrates that Lv-setmar exhibits less 
temporal variation than Lv-ubiquitin. B. A representative gel showing Lv-setmar qPCR products 
amplified from cDNAs representing each sequenced stage in this study, demonstrating 
comparable product levels and an absence of spurious amplification products. See also Figure 
1E. 
 
Figure S3. LvEDGE database. Screen shots showing the home page (A), the search window 
(B), an example search with a temporal expression plot (C), and the numerical data reflected in 
the plot (D) for the LvEDGE public database, which hosts the data described herein.  
 
Figure S4. GO term enrichment is shown at each sequenced developmental stage. 96 GO 
terms identified as enriched in one or more of the sequenced stages were sorted into nine 
categories (various colors), and are shown here for each instance of enrichment relative to the 
adjacent timepoints. See also Fig. 1D and Table S3. 
 
Figure S5. GO term enrichment among expression phases.  Only transcripts whose 
expression is limited to a specific expression phase were considered for this analysis. The 
results are shown as an enrichment heat map. See also Table S4. 
 
Figure S6. k-means cluster analysis of the non-ubiquitous transcriptome reveals 
complete adherence to the expression phases. K-means clustering (k=19) was performed on 
annotated sequences whose expression is ≤ 1% of the maximum expression level per gene for 
at least one timepoint (n = 4792 sequences). Left: A heat map depicts the clusters; bright red is 
maximal expression. Right: Plots of the average normalized expression values for each cluster. 
Expression phase boundaries are indicated by vertical dashed lines. Clusters a2, b1, c1, d3 and 
e2 are also shown in Figure 4. See also Table S5. 
 
Figure S7. Cluster analysis of the ubiquitous transcriptome reveals clusters that do not 
adhere to the expression phases. K-means clustering (k=37) was performed on annotated 
sequences whose expression is > 1% of the maximum expression level for all timepoints (n = 
14,773 sequences). Left: A heat map depicts the clusters; bright red is maximal expression. 
Right: Plots of the average normalized expression values for each cluster. Expression phase 
boundaries are indicated by vertical dashed lines. Cluster f1 is also shown in Figure 4. See also 
Table S6. 
 
Figure S8. Cluster analysis of the transcription factors reveals that most are expressed in 
three or more sequential stages. K-means clustering (k = 23) was performed on all the 
identified transcription factors in the Lv transcriptome (n = 521). Left: A heat map depicts the 
clusters; bright red is maximum expression. Right: Plots of the average normalized expression 
value for each cluster. Phase boundaries are indicated by vertical dashed lines. See also Figure 
4 and Table S7. 
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Figure S9. Temporal metabolic network analysis. A. The S. purpuratus-specific network, 
produced by the built-in filter in iPath. B.-L. The metabolic network expressed in each indicated 
developmental stage. For these maps, zero expression is depicted in black; expression from 0 – 
100 is in light blue, 100 – 1000 is in medium blue, and >1000 is in dark blue. Thin gray lines 
indicate edges expected to be present based on the filter, but for which expression was not 
detected in any developmental stage. See also Figure 6. 
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Figure 1. Transcriptome assembly analysis. A. A schematic indicating the developmental stages sequenced in this 
study. The earliest stages are enclosed in a fertilization envelope from which the embryo hatches at HB. The skeletogenic 
primary mesenchyme cells (PMCs) are indicated in red, while the skeleton is depicted in yellow. The secondary 
mesenchyme cells (SMCs) are depicted in orange. The PMCs ingress from the vegetal plate at MB, while the SMCs 
delaminate from the tip of the archenteron at LG. The growth of the skeleton supports the final shape of the larva. The 
mouth (M) and anus (A) are indicated. B. A histogram of transcript lengths (kb) for the Lv assembly is shown, with the 
upper range enlarged in the inset. C. A plot of N10-N90 values for the scaffolds in the Lv assembly is shown. See also 
Fig. S1. D. A plot of genomic alignments for annotated and unannotated genes is shown as a function of the transcript 
length. E. RNA-seq (blue) and QPCR (red) quantitations are compared for the indicated well-known genes. QPCRs were 
normalized to Lv-Setmar (Fig. S2). In each case, the results were scaled from 0 to 100, then plotted as average ± SEM for 
three biological replicates. See Table S1 for qPCR primer sequences.
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Figure 2. A comparison of the relative timing of gene expression onsets in five known GRN circuits 
that operate in distinct territories. A. Schematics illustrating five well-known and conserved network motifs, 
each composed of five or six genes that encode transcription factors or signals (i.e. Delta, Wnt8, Nodal, Vegf, 
and BMP2/4) in a range of territories, including the PMCs (1), the SMCs (2), the endoderm (3), the ventral 
ectoderm (4) and the dorsal ectoderm (5). AP, apical plate; VE, vegetal ectoderm. B. Unscaled and C. scaled 
temporal gene expression profiles are shown for the genes depicted in A. The unscaled plots reveal the 
relative gene expression levels, while the scaled plots more clearly show the temporal onset relationships.  
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Figure 3. Principal component analysis (PCA) indicates that the transition from early blastula to 
hatched blastula stage accounts for the largest variation in the Lv transcriptome, and separates the 
developmental stages into four phases of gene expression. A. PCs were calculated using the complete 
set of transcripts from each sequenced developmental stage, and the results are plotted along the first three 
principal components (PC1, PC2, and PC3). The temporal relationships between the stages are indicated with 
dashed lines. The largest transitions along each PC are indicated by circled numbers; for the third PC, three 
transitions are indicated (3a, 3b, and 3c). This series of transitions divides the developmental stages into 4 
phases, designated a-d. The major transitions (red arrows) and phases (dotted boxes) are noted in the 
schematic below the plot. See also Table S2 for PCA values. B. Euclidean distances in phase space (blue) 
and the rate of change (red) are shown between each developmental stage. C. The number of newly enriched 
GO terms within each stage is plotted. See also Fig. S4 and Table S3. 
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Figure 4. K-means clustering corroborates the PCA results. K-means clustering was performed on the 
annotated transcripts, divided into two groups: the non-ubiquitously expressed and ubiquitously expressed 
transcripts. Transcripts encoding transcription factors were also analyzed separately. A. The number of newly 
expressed transcripts (blue) and the rate of their expression (red) at each stage was estimated from the k-
means clusters. For these calculations, each cluster profile was assigned to a stage of initial expression, then 
the number of transcripts per stage was summed. B. Exemplars of heat maps are shown that depict the major 
categories of gene expression profiles: confined to a single expression phase (a-d), confined to multiple 
phases (e, multi), and non-adherent to the expression phases (f, other). C. Average normalized expression 
profile plots for the heat maps shown in B, with the phase boundaries indicated by vertical dotted lines. See 
also Fig. S6-8 for the complete k-means heat maps and averaged expression plots for each phase, which 
include these exemplars, and Tables S5-7 for gene lists. D. The distribution of annotated transcripts in each of 
the six categories illustrated in B and C is shown for the non-ubiquitous transcripts (a), the ubiquitous 
transcripts (b), the sum of non-ubiquitous and ubiquitous transcripts (c), and the transcription factors (TFs, d). 
The inset pie chart shows the proportions of the ubiquitous and non-ubiquitous transcripts. E. Expression 
profiles for TFs whose expression is confined to a specific expression phase and which exhibited both the 
lowest expression level variance across the phase and the highest expression level within that phase (a-d).  
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Figure 5. Among the major GRN genes, 
the maximal number of onsets occurs 
between EB and HB stages, consistent 
with the PCA results. A. A summary of the 
onset analysis for 68 genes in the known 
endomesodermal or ectodermal gene 
regulatory network (GRN) models, 
presented as the number of GRN gene 
expression onsets at each developmental 
stage. B. Genes with maternal onsets, 
separated into endomesodermal and 
ectodermal genes. C.-H. Genes with zygotic 
onsets are separated by stage of onset and 
tissue (primary mesenchyme cells (PMC), 
endomesoderm, or ectoderm). Onsets at 
midgastrula (MG) or later are combined into 
single plots (H). I. The network relationships 
among the GRN genes, sorted by time of 
onset  in Lv and tissue. The expression 
onset for the indicated genes is depicted by 
their appearance along the horizontal axis, 
representing time, with the associated 
stages indicated schematically along the 
top. The ectodermal territories are ventral 
(light blue), dorsal (medium blue), the ciliary 
band (royal blue), which is positioned as a 
stripe at the boundary between the dorsal 
and ventral ectodermal territories, the 
animal plate, which is neurogenic (deep 
blue), and the posterior-most ectodermal 
belt which is derived from vegetal 
blastomeres (light green). The 
endomesodermal territories are the primary 
mesenchyme cells (PMCs, red), the 
secondary mesenchyme cells (orange), and 
the endoderm (yellow). Maternally 
expressed genes are also indicated (grey). 
Midgastrula and late gastrula onsets are 
combined into a single column. Colored 
edges are drawn based on relationships 
identified in Sp and/or Pl. Some genes are 
expressed in more than one tissue. In some 
cases, the gene is shown in both tissues 
(e.g. Bra, FoxA). In other cases, the gene is 
shown in the earliest tissue (e.g. ß-catenin). 
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Figure 6. Metabolic gene expression changes coincide with expression phase transitions. Metabolic 
genes were analyzed using iPath, and expression changes between stages were determined for each 
metabolic gene. A. The number of changes in the expression levels of 372 genes encoding metabolic enzymes 
is shown at the indicated thresholds for each sequential transition in the dataset. B., C. The sea urchin 
metabolic network, with increases (green) and decreases (red) above a 4-fold threshold mapped onto the 
network for the first two phase transitions, EB to HB (B) and LG to EP (C). See also Fig. S9. 
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