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SI Materials and Methods 

Animals and embryo culture 
Adult E. tribuloides were obtained from KP Aquatics (Tavernier, Florida). Eggs were collected by 
gravity and washed four times in Millipore filtered sea water (MFSW). Eggs were fertilized with a 
dilute sperm solution, and embryo cultures with less than 95% fertilization were discarded. 
Embryos were developed in glass pyrex dishes in a temperature-controlled setting of 22°C, and 
MFSW was refreshed daily. 

Cloning and gene isolation 
RNAseq and genomic databases of E. tribuloides reads were utilized for primer design using 
euechinoid sequences as seeds for BLAST searches and subsequent verification of orthology. 
PCR products were cloned into PGEM-T vector (Promega) and sequence verified in house using 
an ABI 3730xl sequencer. WMISH antisense RNA probes were synthesized from restricted 
plasmid vectors using T7 or SP6 RNA polymerase with digoxygenin or fluorescein dUTP 
incorporation (Roche). Primers for qPCR and WMISH are listed in Table S7 and Table S8 
respectively. 

Whole-mount in situ hybridization and mRNA transcript abundance 
Transcript abundance of mRNA was estimated as described (Erkenbrack et al., 2016). Briefly, 
transcripts were estimated by counting the number of embryos and spiking in an external 
standard of quantified synthetic XenoRNA (Power SYBR Green Cells-to-Ct Kit, Thermo-Fisher 
Scientific) prior to RNA isolation (RNeasy, Qiagen). Thus, to each qPCR reaction a known 
amount of embryos and RNA were added and the transcript number is deduced by ddCt method. 
Additionally, some estimates were made with an internal standard that had been previously 
quantified. 

Whole-mount in situ hybridization (WMISH) was conducted as previously described (Erkenbrack 
and Davidson, 2015). The WMISH protocol slightly modified for double fluorescent WMISH 
(dfWMISH) with different antibodies and probe detection. Antibodies for dfWMISH were either 
Anti-DIG or Anti-FLU conjugated to horseradish peroxidase (Roche) at a concentration of 0.25 
µg/mL. Probes were detected with the Tyramide Signal Amplification Plus kit (Perkin Elmer) by 
using cyanine 5 or fluorescein conjugates at a dilution of 1:4000 in TBST. The amplification 
reaction was quenched by addition of 1% hydrogen peroxide. The protocol then cycled back to 
the blocking step and proceeded as described to detect the second probe. 

Perturbations 
Microinjections. Dominant-negative cadherin RNA overexpression (dnCad or Δ-cadherin) was 
microinjected at a concentration of 1,000 ng/µL as previously described (Erkenbrack and 
Davidson, 2015). BACs were microinjected at a concentration of 60 ng per µL nuclease-free 
water in the presence of 10 ng HindIII-digested genomic carrier DNA. 

Small molecule inhibitors. For perturbation of D-V patterning, both timing and concentration of 
treatment with the Alk4/5/7-antagonist SB431542 (Cat no. 1614, Tocris Bioscience) were 
determined. MFSW containing 2x concentration of the inhibitor was added to an equal volume of 
embryo culture in a 6-well tissue culture plate. To determine the optimum concentration, embryo 
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cultures were reared in 5, 15 and 30 µM SB431542. Embryos reared at 5 µM showed no gross 
morphological deformities, whereas embryos reared at 30 µM exhibited significant developmental 
delays and gross deformities. To determine the sensitive period of inhibitor exposure, embryo 
cultures were exposed to the inhibitor at 1, 12 and 24 hpf. Embryos cultured in the inhibitor from 1 
hpf or 24 hpf onwards showed significant developmental delays or no significant morphological 
differences, respectively. Results of these manipulations showed that treatment with 15 µM 
SB431542 at 12 hpf was the concentration and sensitive period at which a majority of larvae in 
the culture showed the characteristic phenotypes of dorsalization: multiple centers of skeletal 
synthesis and an hourglass phenotype.  

Comparative RNA timecourse analysis and statistics 
Absolute mRNA transcript number was estimated as described above for regulatory genes in 
early development of E. tribuloides (Table S9). Comparative analyses of this dataset were based 
on published data from two euechinoids, S. purpuratus (Materna et al., 2010) and P. lividus 
(Gildor and Ben-Tabou de Leon, 2015). As developmental timing differs between the three 
species, a one-to-one comparison of timecourse datapoints can not be obtained. Thus, I scaled 
the timepoints based on gross morphological developmental stages between E. tribuloides and P. 
lividus, as they develop at similar stages and scaling had previously been conducted for P. lividus 
and S. purpuratus (Table S1). Absolute transcript number for each timepoint was then ranked 
highest to lowest for each gene relative to itself. Spearman’s rank correlation coefficient (ρ) was 
chosen over Pearson’s correlation in order to reduce the influence of large differences sometimes 
observed in estimates of absolute mRNA transcript numbers. For each pair of orthologous genes 
for which data were available in two species ρ was calculated; these data are presented for three 
species in Figure 4 and Figure S6 and are found in Table S2. For comparative analysis of global 
embryonic regulatory factors shown in Figure 5, values for ρ were calculated for 34 regulatory 
genes in E. tribuloides and S. purpuratus and were compared. Only regulatory factors for which 
the embryonic domain of expression is known in E. tribuloides were used in the analysis, though 
data for 55 regulatory genes are presented in Table S2. Values for ρ were binned by their 
expression in embryonic regulatory domains in the S. purpuratus global developmental GRN 
(available at http://sugp.caltech.edu/endomes/). The standard statistical distribution is 
represented in Figure 5. Statistical significance was calculated for each embryonic domain using 
the average of all ρ values (55 regulatory genes) as the expected mean. Conservation of 
regulatory gene deployment is then interpreted as ρ values near 1, i.e. high correlation of 
temporal deployment between two species. For statistically weighted comparative timecourse 
analysis of E. tribuloides and S. purpuratus, the R application Mfuzz was utilized (Kumar and 
Futschik, 2007). First, the number of clusters for the S. purpuratus timecourse gene set was 
determined manually by iterative analysis of distinct cluster shapes. The function mestimate 
determined the fuzzifier coefficient, which was 1.47. Next I forced assignment of each E. 
tribuloides ortholog into the S. purpuratus clusters to obtain the analyzed membership scores 
(Tables S3 and S4). Regulatory genes were then binned according to their domain of expression 
in S. purpuratus. The highest membership score assigned to each ortholog was then used for 
downstream statistical analyses, including Standard’s t-tests and Mann-Whitney U tests. 
Membership values and cluster assignments for both S. purpuratus and E. tribuloides are 
provided in Table S5. 
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SI Figure Legends 
 
Fig S1. Spatialtemporal expression of seven euechinoid ectodermal and mesodermal 
regulatory factors involved in oral-aboral (O-A) axis formation in E. tribuloides. 
Visualization of mRNA transcripts revealed by whole mount in situ hybridization, and estimates of 
absolute mRNA transcript abundance determined by qPCR during first 35 hours post fertilization 
(hpf). Individual data points are light grey. Blue data points represent the mean at that particular 
timepoint. Red dashed lines indicate the onset of zygotic transcription.	All embryo micrographs 
are oriented with the oral ectoderm on the left. Orange asterisks denote position of archenteron.	
 (A1) Key to embryonic domains of expression.The embryonic domain of expression of each gene 
is indicated by colored boxes: Oral ectoderm (OE), yellow; mesoderm, brown; endoderm, black.  
(B1-B5) Spatiotemporal expression of gatac. At 28 hpf gatac is expressed throughout the 
mesoderm and does not show polarity. By 36 hpf, gatac is detected in ingressing cells and is 
polarized at the tip of the archenteron. (C1-C5) Spatiotemporal expression of gatae. Gatae is 
detected throughout the endomesoderm at 28 hpf. Later at 36 hpf gatae is cleared from 
progenitor foregut endodermal domains and is expressed at the blastopore, in ingressing 
mesenchymal cells and at the tip of the archenteron, where it is polarized. (D1-D5) 
Spatiotemporal expression of lefty. Spatial distribution of lefty is restricted to a small field of cells 
in OE. (E1-E5) Spatiotemporal expression of prox. Prox spatial distribution is observed 
throughout NSM at 28 hpf. By 36 hpf it is expressed in ingressing mesenchymal cells and polarity 
is not yet observed.	(F1-F5) Spatiotemporal expression of scl. Spatial distribution of scl is 
observed throughout NSM at 22 hpf. At 28 hpf it is expressed in ingressing mesenchyme and 
throughout NSM, where it is polarized. (G1) Temporal expression of bmp2/4. Transcripts of 
bmp2/4 are detected prior to hatching, around 8 hpf.	
 
Fig S2. Additional WMISH micrographs of oral and aboral ectodermal regulatory genes in 
this study. Images of selected timepoints for (A1-A6) bra, (B1-B8) chordin, (C1-C8) foxq2, (D1-
D6) lefty, (E1-E4) msx, (F1-F3) nodal, (G1) not, and (H1-H4) tbx2/3. 
 
Fig S3. Additional WMISH micrographs of ciliary band regulatory genes in this study. 
Images of selected timepoints for (A1-A9) gsc, (B1-B9) onecut, and (C1-C5) irxa. 
 
Fig S4. Spatial expression of euechinoid non-skeletogenic mesodermal regulatory factors 
in E. tribuloides, including pregastrular timepoints and double fluorescent WMISH. 
Additional WMISH images of selected timepoints for (A1-A12) ese, (B1-B6) gatac, (C1-C4) gatae, 
(D1-D6) gcm, (E1-E6) prox, (F1-F4) scl. Double fluorescent WMISH is reported for (G1,G2) gcm 
and ese, (H1,H2) gcm and alx1, and (I1,I2) ets1 and tbrain. 
 
Fig S5. Indirect perturbation of Nodal signaling via cadherin overexpression and exposure 
to SB431542. (A) Caderhin MOE affects Nodal and its downstream targets. Change in Ct (ddCt) 
values relative to internal control is listed on the y-axis. When cadherin is overexpressed in E. 
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tribuloides, transcript levels of foxq2 increase and nodal and its targets are strongly 
downregulated. (B)	Effect of SB431542 on embryonic morphology of E. tribuloides. At 120 hpf, 
Eucidaris shows two triradiate skeletal rods extending anteriorly and orally. When cultured in the 
presence of 15 µM SB431542, E. tribuloides embryos show aboral radialization and exhibit serial 
loci of spiculogenesis (black arrows). (C) Effect of SB431542 at mid-gastrula stage in E. 
tribuloides. At 40 hpf, chordin, nodal and not are not detected. Gcm fails to be restricted to one 
side of the archenteron. Tbx2/3, which is normally expressed in AE and the aboral side of the 
archenteron, is now expressed in a concentric band nearer the blastopore than the equator. 
 
Fig S6. Additional comparative gene expression analysis on echinoid regulatory 
orthologs. Strongylocentrotus purpuratus, purple line; Paracentrotus lividus, green dashed line; 
Eucidaris tribuloides, black dashed line. Region of expression is indicated by a colored box. 
Transcripts per embryo for each gene were normalized to their maximal expression over the first 
30 hours of development and are plotted against E. tribuloides development on the x-ordinate. 
Comparative developmental staging for each species is listed in Table S1. Each analysis is 
accompanied by a matrix of Spearman correlation coefficients (indicated as ρ).  
 
Fig S7. Additional micrographs exhibiting S. purpuratus onecut engineered reporter BACs 
in E. tribuloides. (A) S. purpuratus onecut BACs 2, 4 and 5 at five days post fertilization. The 
activity of these reporters are described in Figure 3. (B) Additional micrographs of wild-type BAC 
reporter 5, which has no mutations and GFP inserted at exon1. At three days post- fertilization, 
this reporter BAC shows striking activity in the CB embryonic domain of E. tribuloides after 268.8 
million years of evolution. 
 
Fig S8. Comparative timecourse clustering analysis of regulatory orthologs of E. 
tribuloides and S. purpuratus. (A) 55 regulatory genes in S. purpuratus early development were 
assigned to six clusters using the R application Mfuzz. Falling out of this analysis were clusters 
for maternal early zygotic genes (Clusters 4 & 6), early zygotic genes (Cluster 2), early to mid 
zygotic activation factors (Clusters 1 & 3), and late zygotic genes (Cluster 5). (B) Venn diagrams 
exhibiting cluster jumping and overlap between E. tribuloides and S. purpuratus orthologs. 
Individual orthologs either clustered together (overlap) or apart (jumping). (C) Elaboration of 
overlap and jumping showing individual orthologs from each species.  
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Fig S2 
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Fig S3 
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Fig S4 
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Fig S5 
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Fig S6 
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Fig S7 
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Fig S8 
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SI Tables 
 

Table	S1.	Comparative	timepoints	in	early	development	of	three	echinoid	species.	
	

Timepoint	 Morphological	Stage	

Species	

E.	tribuloides	
P.	
lividus	

1	 Zygote	 0	 0	
2	 16-cell	 3	 2	
3	 128-cell	 6	 5	
4	 		 8	 6	
5	 hatching	 10	 8	
6	 		 12	 10	
7	 		 13	 11	

8	 mesenchyme	blastula/mid-blastula	 14	 12	
9	 		 16	 14	
10	 		 18	 15	
11	 gastrula	 20	 18	
12	 		 22	 20	
13	 		 24	 22	
14	 early	gastrula	 26	 24	

 

	 	



15 
	

Table	S2.	Spearmann’s	rank	correlation	coefficients	of	55	regulatory	genes	for	E.	
tribuloides	and	S.	purpuratus.	
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Table	S3.	Mfuzz	membership	scores	for	cluster	analysis	of	S.	purpuratus	orthologs	in	this	
study.	
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Table	S4.	Mfuzz	membership	scores	for	cluster	analysis	of	E.	tribuloides	orthologs	
assigned	to	S.	purpuratus	clusters	in	this	study.	
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Table	S5.	Mfuzz	cluster	assignment	and	membership	scores	for	cluster	analysis	of	E.	
tribuloides	orthologs	assigned	to	S.	purpuratus	clusters.	
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Table S6. Enumeration of alterations to ectodermal and mesodermal GRN linkages since 
the cidaroid-euechinoid divergence.  
No. Regulatory 

factor 
Change in 
spatiotemporal 
dynamics 

Description of change Euechinoid 
citations 
(main text) 

1 bmp2/4 heterotopy Altered regulation in O-A perturbation background 40 

2 brachyury heterochrony Heterochronic shift in VE 39 

3 ese heterochrony Heterochronic shift in NSM, E. tribuloides polarity prior to SM 
ingression 

71 

4 ese heterotopy Altered spatial distribution, first broadly mesodermal in E. 
tribuloides then polarized 

27 

5 foxa heterochrony Heterochronic shift in OE 40 

6 foxq2 heterotopy Altered spatial distribution in ectoderm 89 

7 gatac heterochrony Heterochronic shift in NSM, E. tribuloides polarity after SM 
ingression 

27, 71 

8 gatac heterotopy Altered spatial distribution, first broadly mesodermal then 
polarized 

27 

9 gatae heterochrony Heterochronic shift in NSM, E. tribuloides polarity after SM 
ingression 

27 

10 gcm heterotopy Altered spatial distribution in ectoderm 94 

11 gcm heterochrony Heterochronic shift in NSM, E. tribuloides polarity prior to SM 
ingression 

27, 71, 94 

12 onecut heterotopy Altered spatial distribution in O-A perturbation background 40 

13 onecut heterochrony Heterochronic shift in CB restriction/activation 28, 67 

14 prox heterotopy Altered maternal distribution, maternal in S. purpuratus 27 

15 prox heterotopy Altered spatial distribution in NSM, no observed polarity in E. 
tribuloides 

27,66 

16 scl heterotopy Altered spatial distribution, in E. tribuloides broadly 
mesodermal then polarized 

27 

17 tbx2/3 heterochrony Heterochronic shift in SM 60, 61 

18 tbx2/3 heterotopy Altered spatial distribution in O-A perturbation background 40 

19 tbx2/3 heterotopy Altered spatial distribution in AE 60, 61
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Table S7. Sequences of primer sets for qPCR detection. 
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Table S8. Sequences of WMISH primer sets used in this study. 
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Table S9. Estimate of per embryo absolute mRNA transcript number for 55 regulatory genes in 
E. tribuloides. 
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