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Abstract 

Lecithotrophic (non-feeding) larval development has independently evolved 

numerous times in marine invertebrates from an ancestral, planktotrophic (feeding) 

larval state. The evolution of this developmental mode in a species is accompanied by 

dramatic changes in ecology and development, including lower fecundity, higher 

maternal investment per offspring, changes in egg composition, alteration of embryonic 

fate specification, morphologically simple larvae, and reduced time to metamorphosis. 

Thus, the evolutionary switch between lecithotrophy and planktotrophy serves as an 

exemplary system for investigating the effect of changing ecological pressures on the 

evolution of novel developmental phenotypes.   

 The sea urchin genus Heliocidaris represents one of the best studied examples of 

this switch, in which H. erythrogramma evolved lecithotrophy around five million years 

ago. Over the past several decades, previous work has documented phenotypes 

distinguishing development of this species from the ancestral, planktotrophic condition. 

These phenotypes range from increased sperm size and hypertrophy of lipid deposition 

in the egg, to changes in embryonic axis determination, delayed blastomere 

specification, and alterations to spatial and temporal expression of key developmental 

network genes. Although much is known about what phenotypes are associated with 

the evolution of lecithotrophy in this species, much less is known of the regulatory 
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mechanisms for how these changes arose in the first place. This gap in knowledge is the 

subject of my thesis: to gain a better understanding of the genomic and molecular basis 

for the evolution of lecithotrophy in H. erythrogramma.  

 To accomplish this, I carried out a set of physiological and genomic comparisons 

between H. erythrogramma, a closely-related planktotrophic congener H. tuberculata, and 

a distantly-related planktotroph Lytechinus variegatus in order to identify specific 

molecules and genomic loci underlying lecithotrophic development. In Chapter One, I 

analyzed lipid and protein content of eggs and larvae from these three species using 

mass spectrometry to characterize metabolic differences in egg provisioning and 

embryogenesis in H. erythrogramma. In Chapter 2, I present a chromosome-level 

assembly of L. variegatus, highlighting a genome assembly and annotation method that 

will be applied to the two Heliocidaris species and the utility of a high-quality genome 

assembly for functional genomic analysis. In Chapter 3, I compare the genome 

assemblies of H. erythrogramma and H tuberculata to show that a conserved 

developmental network controlling sea urchin development has been dramatically 

modified in H. erythrogramma through genic and non-coding modifications. In Chapter 4, 

I compare the chromatin landscapes of these three species through development using 

ATAC-seq to access how cis-regulatory mechanisms have evolved during the 

acquisition of lecithotrophic development.  
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 From this work, I found that the enormous lipid provisioning of H. 

erythrogramma eggs is composed primarily of diacylglycerol ether lipids and that these 

lipids are not metabolized for pre-metamorphic development, but instead provisioned 

to promote post-metamorphic survivorship of juvenile individuals. Instead, upregulated 

glycolysis proteins suggest this pathway may be driving rapid pre-metamorphic 

development.  Comparative genomic analyses demonstrate positive selection and 

changes to chromatin accessibility have modified the regulatory genome of H. 

erythrogramma, especially near developmental network genes, and that these changes are 

associated with temporal and spatial differences in embryonic gene expression. 

Furthermore, the Pmar1 transcription factor family has likely lost its ancestral function 

in specifying the primary mesenchyme lineage in this species, a cell type responsible for 

larval skeletal development and patterning of the embryo. Finally, development has one 

of the largest effects on changes in chromatin accessibility in each species, but 

particularly near developmental genes, embryonic chromatin dynamics is highly 

associated with the life history strategy of each species. Future work identifying 

examples of convergent or novel pathways driving evolution of lecithotrophy in other 

echinoids will provide valuable insight into general principles governing how derived 

developmental phenotypes can evolve at short evolutionary timescales.  

  



 

 

vii 

Contents 

Abstract ......................................................................................................................................... iv 

List of Tables ................................................................................................................................ xii 

List of Figures ............................................................................................................................. xiii 

1. Introduction ................................................................................................................................ 1 

2. A comparative analysis of egg provisioning using mass spectrometry during rapid life 

history evolution in sea urchins .................................................................................................. 7 

2.1 Introduction ....................................................................................................................... 7 

2.2 Results ............................................................................................................................... 12 

2.2.1 Lipidomic Mass Spectrometry ................................................................................. 12 

2.2.3 Life history drives developmental lipidome divergence ..................................... 12 

2.2.4 Lipid storage strategy is concordant with life history strategy ........................... 14 

2.2.5 Diacylglycerol ether lipids are not significantly catabolized pre-

metamorphosis in H. erythrogramma ................................................................................ 18 

2.2.6 Mass spectrometry highlights lipid molecular diversity across sea urchin 

species ................................................................................................................................... 19 

2.2.7 Proteomic Mass Spectrometry.................................................................................. 24 

2.2.8 Phylogeny and life history differentially affect variation in developmental 

proteomes ............................................................................................................................. 25 

2.2.9 Adaptations to lecithotrophic development revealed by comparative 

proteomics ............................................................................................................................ 27 

2.3 Discussion......................................................................................................................... 31 

2.3.1  DAGE lipids are maternally provisioned for post-metamorphic survivorship

 ................................................................................................................................................ 31 



 

 

viii 

2.3.2 Support for novel and existing hypotheses on marine invertebrate larval life 

history evolution ................................................................................................................. 34 

2.4 Conclusions ...................................................................................................................... 39 

2.5 Methods ............................................................................................................................ 39 

2.5.1 Sample Collection....................................................................................................... 39 

2.5.2 Lipid Sample Preparation ......................................................................................... 40 

2.5.3 Lipid Mass Spectrometry .......................................................................................... 41 

2.5.4 Lipid Identification .................................................................................................... 43 

2.5.5 Protein Sample Preparation ...................................................................................... 44 

2.5.6  Protein Mass Spectrometry ...................................................................................... 45 

2.5.7 Statistical Analysis and Data Visualization ............................................................ 48 

2.5.8 Data Accessibility ....................................................................................................... 49 

3. Chromosomal-Level Genome Assembly of the Sea Urchin Lytechinus variegatus 

Substantially Improves Functional Genomic Analyses ......................................................... 50 

3.1 Introduction ..................................................................................................................... 50 

3.2 Methods ............................................................................................................................ 51 

3.2.1 Tissue Collection and DNA Extraction ................................................................... 51 

3.2.2 Karyotyping ................................................................................................................ 52 

3.2.3 DNA Sequencing ........................................................................................................ 52 

3.2.3 Assembly Strategy ..................................................................................................... 53 

3.2.4 Repeat Identification .................................................................................................. 55 

3.2.5 Gene Prediction and Annotation ............................................................................. 58 

3.2.6 RNA and ATAC-seq Analyses ................................................................................. 59 



 

 

ix 

3.2.7 Data Deposition .......................................................................................................... 60 

3.3 Results ............................................................................................................................... 60 

3.3.1 Genome Assembly ..................................................................................................... 60 

3.3.2 Gene Annotation ........................................................................................................ 65 

3.3.3 Chromosomal Mapping of Key Developmental Genes ....................................... 67 

3.3.4 Comparison of functional genomic data to between Lvar_3.0 and Lvar_2.2 ..... 70 

4. Recent Reconfiguration of an Ancient GRN Revealed by Sea Urchin Genomes in the 

Genus Heliocidaris ........................................................................................................................ 72 

4.1 Introduction ..................................................................................................................... 72 

4.2 Results ............................................................................................................................... 76 

4.2.1 Natural selection has sculpted the regulatory landscape of H. erythrogramma . 76 

4.2.2 Two distinct molecular mechanisms underlie divergence in transcriptomes .. 83 

4.2.3 The ancient double negative gate within the GRN is lost in H. erythrogramma 89 

4.3 Discussion......................................................................................................................... 94 

4.4 Methods ............................................................................................................................ 96 

4.4.1 Genome Sequencing and Assembly ........................................................................ 96 

4.4.1.1 Tissue Collection ................................................................................................. 96 

4.4.1.2 Genomic DNA Sequencing ............................................................................... 97 

4.4.1.3 Assembly Strategy .............................................................................................. 97 

4.4.1.4 Repeat Identification and Classification .......................................................... 98 

4.4.1.5 Gene Annotation and Prediction Strategy ...................................................... 99 

4.4.2 Whole Genome Alignment ..................................................................................... 100 



 

 

x 

4.4.3 Selection Analyses .................................................................................................... 101 

4.4.3.1 Coding ................................................................................................................ 101 

4.4.3.2 Non-coding ........................................................................................................ 101 

4.4.4. ATAC-seq ................................................................................................................. 103 

4.4.4.1 Sample Preparation .......................................................................................... 103 

4.4.4.2 ATAC-seq Protocol and Sequencing.............................................................. 104 

4.4.4.3 ATAC-seq Data Analysis ................................................................................. 105 

4.4.4.4 ATAC-seq Peak Filtering ................................................................................. 106 

4.4.4.5 ATAC-seq Functional Analysis ...................................................................... 107 

5. Cis-regulatory modifications underlying the evolution of lecithotrophic development

 ...................................................................................................................................................... 108 

5.1 Introduction ................................................................................................................... 108 

5.2 Results and Discussion ................................................................................................. 109 

5.2.1 Global variation in the developmental chromatin landscape ........................... 109 

5.2.2 Comparative developmental chromatin dynamics highlight differential gene 

regulation and onset of embryonic fate specification .................................................. 114 

5.2.3 Signatures of positive selection are polarized across developmental life 

histories ............................................................................................................................... 117 

5.2.4 Association of positive selective and genomic rearrangements of OCRs ........ 119 

5.2.5 Relationship between intergenic distance and regulatory architecture 

complexity .......................................................................................................................... 121 

5.4 Methods .......................................................................................................................... 126 

5.4.1 Sample Preparation .................................................................................................. 126 

5.4.2 ATAC-seq Protocol and Sequencing ..................................................................... 126 



 

 

xi 

5.4.3 ATAC-seq Data Analysis ........................................................................................ 127 

5.4.4 Non-coding Selection .............................................................................................. 129 

5.4.4 ATAC-seq Peak Filtering ........................................................................................ 130 

5.4.5 ATAC-seq Functional Analysis .............................................................................. 131 

6. Conclusions............................................................................................................................. 132 

References ................................................................................................................................... 136 

Biography .................................................................................................................................... 137 

 



 

 

xii 

List of Tables 

Table 1: Block design of lipidomic sample mass spectra profiling analyses. QC: quality 

control. ........................................................................................................................................... 42 

Table 2: Block design of proteomic sample mass spectra profiling analyses. QC: quality 

control. ........................................................................................................................................... 46 

Table 3: Summary of chromosome lengths, gene count, repetitive sequence and gap (N) 

sequence for the Lvar_3.0 assembly. ......................................................................................... 61 

Table 4: Assembly summary statistics (top) and analysis metrics of three functional 

genomics datasets (bottom) onto Lvar_3.0 and the previous assembly, Lvar_2.2. ............ 61 

Table 5: Gene IDs of pmar1 orthologs for each focal species of this study .......................... 92 

Table 6: Genome summary statistics for H. erythrogramma and H. tuberculata ................... 98 

 

 



 

 

xiii 

List of Figures 

Figure 1: Typical steps in the evolution of lecithotrophic development in echinoderms. 

From Wray, 1996; Systematic Biology. .......................................................................................... 4 

Figure 2: Summary of Thesis Chapters....................................................................................... 6 

Figure 3: Eggs and larvae of the three study species. Heliocidaris erythrogramma, 

Heliocidaris tuberculata, and Lytechinus variegatus. ................................................................... 11 

Figure 4: Variation in lipid content of sea urchin eggs and larvae is driven by life history 

evolution. ...................................................................................................................................... 14 

Figure 5: Differential abundance of lipids between H. erythrogramma (red) and H. 

tuberculata (blue) eggs according to lipid class ........................................................................ 16 

Figure 6: Retention time vs mass-to-charge ratios of distinct lipid metabolites identified 

in this study. ................................................................................................................................. 17 

Figure 7: Normalized mRNA counts of alkylglycerol monooxygenase (SPU_003820: 

transmembrane protein 195) for H. erythrogramma, H. tuberculata, and L. variegatus. ....... 19 

Figure 8: Glycerophospholipid (GPL) relative abundance differences by chain length and 

number of double bonds in differentially abundant molecules between sea urchins ...... 21 

Figure 9: Species-specific structural differences within lipid classes highlights lipidomic 

molecular diversity across sea urchin species. ........................................................................ 23 

Figure 10: Variation in peptide abundance is dependent on phylogeny and 

developmental life history. ......................................................................................................... 26 

Figure 11: Biological pathways enriched for differentially expressed proteins between 

lecithotroph and planktotroph egg samples. ........................................................................... 29 

Figure 12: Working model of developmental nutritive strategies of lecithotrophic and 

planktotrophic sea urchin species. ............................................................................................ 33 

Figure 13: GenomeScope (Vurture et al., 2017) profile of L. variegatus generated from 

link-read sequencing data  (10x Genomics). ............................................................................ 53 

Figure 14: Contact matrix generated by aligning Hi-C data to the L. variegatus genome . 55 



 

 

xiv 

Figure 15: Genic (black) and repetitive (red) composition of each chromosome, 

generated by dividing chromosomes into 150 equally sized bins ........................................ 57 

Figure 16: Assembly statistics visualization for the new Lvar_3.0 genome assembly (this 

study) and the latest annotated genome Lvar_2.2. ................................................................. 63 

Figure 17: Chromosomes of L. variegatus at A) metaphase and B) prophase. C) 

Karyogram of Lytechinus variegatus. Figure by A. Berrio. ...................................................... 64 

Figure 18: Distribution of the diploid number of chromosomes across 89 metaphases of 

L. variegatus. Figure by A. Berrio. .............................................................................................. 65 

Figure 19: Number of annotated genes per megabase for each of the 19 chromosome-

scale scaffolds. .............................................................................................................................. 66 

Figure 20: Ideogram and distribution of developmental genes in L. variegatus. ................ 70 

Figure 21: Simple phylogeny of Echinodermata. Figure by G. Wray. ................................. 74 

Figure 22: Comparison of embryonic stages in the ancestral developmental mode 

(planktotrophy) and derived mode (lecithotrophy). Figure by G. Wray. ........................... 75 

Figure 23: Ancestral gene regulatory network in echinoids. Figure by G. Wray. .............. 75 

Figure 24: Circos plot of chromosomes in H. erythrogramma and H. tuberculata genomes.

 ........................................................................................................................................................ 77 

Figure 25: Developmental gene expression of transmembrane protein-195 for each sea 

urchin species ............................................................................................................................... 78 

Figure 26: Distribution of dN/dS ratios (omega) for all genes and GRN genes in H. 

erythrogramma (orange) and H. tuberculata (green). ................................................................ 79 

Figure 28: Distribution of zeta values for OCRs near all genes and near GRN genes in H. 

erythrogramma (orange) and H. tuberculata (green). ................................................................ 81 

Figure 29: Zeta values of OCRs in H. tuberculata vs H. erythrogramma. ............................... 82 

Figure 30: Volcano plot of accessibility differences across 34,299 orthologous OCRs.. .... 84 

Figure 31: Conserved chromatin landscape near Prox1......................................................... 85 



 

 

xv 

Figure 32: Derived chromatin landscape near HesC. ............................................................. 85 

Figure 33: Number of differentially accessibly OCRs or OCRs evolving under positive 

selection in H. erythrogramma assigned to a gene. Purple points indicate GRN genes...... 87 

Figure 34: Two distinct mechanisms of cis-regulatory evolution have modified the 

chromatin landscape near GRN genes in H. erythrogramma. ................................................. 88 

Figure 35: Association of differential accessibility (DA) or positive selection in an OCR 

and differential expression between developmental life history strategies........................ 88 

Figure 36: Alignment of entire CDS for all pmar1 orthologs for each species of this study.

 ........................................................................................................................................................ 91 

Figure 37: Alignment of three critical domains of pmar1 orthologs for each species. ....... 93 

Figure 38: Pairwise similarity between orthologs of pmar1 within a species for the entire 

protein and just the homeodomain. .......................................................................................... 94 

Figure 39: Branch length distribution of putatively neutral non-coding sites for each sea 

urchin species ............................................................................................................................. 102 

Figure 40: Principal component analysis of chromatin accessibility through 

development. .............................................................................................................................. 110 

Figure 41: Principal component analysis of chromatin accessibility through development 

near only gene regulaotry network genes. ............................................................................. 111 

Figure 42: Variance partitioning of chromatin accessibility through development 

between all three sea urchin species. ...................................................................................... 112 

Figure 43: Variance partitioning of developmental chromatin accessibility between all 

three sea urchin species when only OCRs near GRN genes are considered. ................... 114 

Figure 44: Differential accessibility of all orthologous OCRs identified in this study for 

each stage of development. ...................................................................................................... 116 

Figure 45: Zeta values of OCRs in H. tuberculata vs H. erythrogramma. ............................. 118 

Figure 46: Distribution of zeta values for H. tuberculata at orthologous OCRs with the 

same nearest gene or OCRs whose nearest gene is different in H. erythrogramma. ......... 120 



 

 

xvi 

Figure 47: Distribution of zeta values for H. erythrogramma at orthologous OCRs with the 

same nearest gene or OCRs whose nearest gene is different in H. erythrogramma. ......... 121 

Figure 48: Relationship of number of OCRs assigned to a gene and the distance of that 

gene to the next nearest gene. .................................................................................................. 123 

Figure 49: Number of enhancers assigned to a gene and distance of that gene to its 

nearest neighboring gene for a variety of taxa. ..................................................................... 125 

 

 

 



 

1 

1. Introduction  

Across the tree of life, an extreme diversity of body plans and appendages 

underlie the incredible variation in shapes and sizes found among organisms today. 

Thus, for centuries a motivating question for biologists has been to better understand 

how this diversity originates. Comparative approaches of anatomy and development as 

well as utilization of molecular biology approaches have provided invaluable insight 

into the biological processes driving diversification of organismal phenotypes. More 

recently, advances in nucleotide sequencing technology and computing capabilities have 

significantly improved the resolution at which  evolutionary mechanisms can be studied 

via an increased capacity for sequence comparison between species.  

Alongside improvements in sequencing technology arose the research field of 

evolution and development (Evo-Devo), which integrates evolutionary theory and 

developmental biology to better understand how natural selection and change to 

developmental mechanisms manifest in variation and novelty of organismal traits. As 

sequencing data of genes became more available for different species, an early 

observation of the field noted a striking similarity in the sequences of critical 

developmental genes involved in the patterning and specification of distantly-related 

animal embryos. With this high degree of conservation among developmental genes in 

mind, gene regulation (where, when, and how much of a gene is expressed) was 

proposed to a be a critical mechanism to explain how developmental phenotypes evolve.  
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Integration of gene regulatory analysis with evolutionary development studies 

has become an increasingly powerful method for understanding natural processes 

governing the evolution of biological traits. Critical components of gene regulation 

include cis-regulatory loci such as enhancers and promoters, to which transcriptional 

regulatory and machinery can bind to modulate gene expression. However, analysis of 

these genomic loci requires relatively long, contiguous pieces of DNA, as regulatory 

interactions can span from thousands to hundreds of thousands of nucleotide bases. 

Furthermore, due to a number of factors such as binding affinity, site redundancy, and 

robustness of gene networks, cis-regulatory loci often are not constrained to the same 

degree as coding sequence, so turnover of these sites is predicted to be relatively high 

among distantly-related species.  

The enormous disparity of body plans and life histories among marine 

invertebrates has led to the inclusion of many species as models for evo-devo studies. 

One of the most common and ecologically-significant life history traits that distinguish 

these groups of organisms is the production of feeding (planktotrophic) or non-feeding 

(lecithotrophic) larvae (Strathmann, 1985). This evolutionary switch is a repeated 

occurrence found among marine invertebrate taxa, and in the Echinodermata alone, 

lecithotrophy has evolved independently over 15 times  (Raff 1987; Wray and Raff 1991; 

Wray 1996; McEdward and Miner 2001; Hart 2002). Among the echinoderms (e.g. 

crinoids, sea stars, brittle stars, sea urchins, and sea cucumbers), planktotrophy is the 
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ancestral form of development and is characterized by a feeding larval form, many 

offspring, relatively small eggs with little maternal investment, high developmental 

mortality, and a temporally long larval stage. The evolution of lecithotrophy, on the 

other hand, is typically accompanied by fewer, but significantly larger, eggs with higher 

maternal investment per offspring, rapid larval development, reduced time to 

metamorphosis, and a lower larval mortality rate (a consequence of less time in the 

water column as larvae). This derived form of development typically occurs in a set of 

several distinct changes to egg provisioning and larval development: 1) increased egg 

provisioning reduces need for larvae to feed; 2) ability to feed is subsequently lost; 3) 

because mortality in the plankton is high, shorter times to metamorphosis are strongly 

selected for; 4) larval morphology is highly simplified as larval structures are 

energetically expensive to build (Wray, 1996) (Figure 1).  
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Figure 1: Typical steps in the evolution of lecithotrophic development in 

echinoderms. From Wray, 1996; Systematic Biology. 

 

The sea urchin genus Heliocidaris represents the best studied case of this 

developmental life history switch, in which H. erythrogramma (a lecithotroph) and H. 

tuberculata (a planktotroph) diverged around 5-10 million years ago (Zigler et al. 2003). 

Despite the fact that these two species recently shared a common ancestor, H. 

erythrogramma has evolved a number of traits associated with its altered embryonic and 

larval development. These include changes to developmental physiology, increased 

maternal provisioning of lipids, modified embryonic cell fate specification, a 

morphologically simplified, non-feeding larva, and accelerated development of the 
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rudiment, which gives rise to the juvenile during metamorphosis (for reviews, see Raff 

1992; Raff and Byrne 2006). 

More recent studies have shown that lecithotrophy is also associated with altered 

developmental gene expression patterns in H. erythrogramma relative to H. tuberculata 

and other planktotrophic species like Lytechinus variegatus (Israel et al. 2016). Another 

publication using hybrids of the two Heliocidaris species has demonstrated that there is 

significant genetic basis for these differences in gene expression, driven by both cis and 

trans-acting factors (Wang et al. 2020). 

Though much is known about what phenotypes distinguish lecithotrophic 

development in H. erythrogramma from that of planktotrophic species of sea urchin, little 

is known of the genomic basis for these changes in phenotype. This gap in knowledge 

serves as the basis for my thesis: to identify and better understand genomic drivers of 

rapid phenotypic change and organismal novelty. To do this, I have taken several 

functional genomic approaches to compare three sea urchin species: H. erythrogramma, 

H. tuberculata, and L. variegatus which serves as an outgroup species of comparison that 

develops similarly to the planktotroph H. tuberculata but diverged from Heliocidaris 

around ~40 mya. 

The experiments and analyses comprising this thesis can be organized into four 

parts, each of which serves as a chapter of the thesis (Figure 2): 

1. A comparative analysis of egg provisioning using mass spectrometry during 
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rapid life history evolution in sea urchins 

2. Chromosomal-Level genome assembly of the sea urchin Lytechinus 

variegatus substantially improves functional genomic analyses  

3. Recent reconfiguration of an ancient GRN revealed by sea urchin genomes 

in the genus Heliocidaris 

4. Cis-regulatory modifications underlying the evolution of lecithotrophic  

development 

 

 

Figure 2: Summary of Thesis Chapters 
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2. A comparative analysis of egg provisioning using 
mass spectrometry during rapid life history evolution in 
sea urchins 

Adapted from Davidson et al. 2019.  

2.1 Introduction 

Life history evolution is driven by tradeoffs in reproduction, development, and 

resource utilization. The interplay between these traits and the environment has created 

numerous behavioral and morphological adaptations that contribute enormously to 

organismal diversity (Stearns 1992; Flatt and Heyland 2011). A mature body of theory 

and extensive field data provide powerful insights into the fitness consequences of shifts 

in life history including fecundity, offspring size, longevity, and mortality rate, but 

much less is known about the molecular-level differences underlying alternative life 

history strategies. Analysis of the specific molecules important to contrasting life history 

strategies has the potential to provide a deeper understanding of organismal diversity 

by revealing the molecular basis for life history shifts. 

Marine invertebrates provide an outstanding system for studying life history 

evolution as a huge diversity of larval forms and life history modes are frequently 

present in closely related species (Strathmann 1985). In these animals, life cycles are 

often biphasic including a pelagic (living in the water column) larva followed by 

metamorphosis into a benthic (sea floor-dwelling) adult. Transitions in developmental 

mode between planktotrophic (feeding) and lecithotrophic (non-feeding) larvae can 
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have profound ecological consequences on marine invertebrate populations via gene 

flow, local adaptation, and speciation (Jablonski and Lutz 1983; Strathmann 1985; Wray 

and Raff 1991). A recent survey of marine invertebrate larval life history and 

biogeography reports ocean productivity and temperature are strongly associated with 

developmental mode and offspring size such that planktotrophic species are more 

common in areas of high temperature and food availability that promote rapid larval 

development, and in turn, reduce larval mortality (Morgan, 1995; Marshall, Krug, 

Kupriyanova, Byrne, and Emlet 2012). Furthermore, planktotrophic larvae possess a 

much greater dispersal potential relative to lecithotrophs due to their prolonged larval 

phase. However, because of relatively large, maternally-derived energetic stores, 

lecithotrophic larvae can settle normally unfavorable, low-nutrient habitats more readily 

(Strathmann 1985; Wray and Raff 1991). Although researchers have investigated the 

ecology of this life history switch for many decades, less is known of the molecular 

differences underlying changes in maternal investment and development.   

The evolution of lecithotrophy is thought to generally occur in two steps: 

increase in egg size and maternal provisioning of nutrients followed by loss of larval 

feeding structures and accelerated pre-metamorphic development (Wray and Raff 1991; 

Strathmann 1985). Therefore, both physiological and developmental adaptations are 

essential to this recurrent life history switch. In echinoids, changes associated with the 

evolution of lecithotrophic larvae include first transitioning from an obligately to 
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facultatively feeding larva that can reach metamorphosis without feeding, followed by 

loss of feeding ability and reduced larval morphology until finally a highly simplified, 

non-feeding larval form is reached (Wray 1996). Importantly, this switch has occurred 

numerous times within many marine invertebrate phyla (Strathmann 1985; Haszprunar, 

Vonsalviniplawen, and Rieger 1995), and in Echinodermata alone, lecithotrophy has 

evolved at least 20 times from the inferred ancestral planktotrophic state (Raff 1987; 

Wray and Raff 1991; Wray 1996; McEdward and Miner 2001; Hart 2002). As a result, 

comparative analyses of egg provisioning strategies between planktotrophs and 

lecithotrophs provide insight into the initial evolutionary steps from feeding to non-

feeding larval development in marine invertebrates.   

Perhaps the most extensively studied case of this life history switch is found in 

the echinoid genus Heliocidaris. The planktotroph Heliocidaris tuberculata produces 

relatively small eggs (~ 95 m in diameter) and its larvae feed in the plankton for 3-5 

weeks before metamorphosing into juveniles (Williams and Anderson 1975; Emlet, 

McEdward, and Strathmann 1987; Laegdsgaard, Byrne, and Anderson 1991) (Figure  3). 

The lecithotroph Heliocidaris erythrogramma, in contrast, produces large, positively-

buoyant eggs (~ 430 m in diameter) that develop into simplified, non-feeding larvae 

that undergoes metamorphosis in just 4 days (Figure  3) (Williams and Anderson 1975; 

Laegdsgaard, Byrne, and Anderson 1991). These are classic life history trade-offs: less 

time spent in the plankton results in lower larval mortality, but at the expense of 
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reduced fecundity and dispersal (Thorson 1950; Vance 1973; Strathmann 1985; 

McEdward 1995). Embryological investigations of H. erythrogramma have uncovered 

dramatic temporal and spatial modifications to developmental mechanisms 

accompanying the transition to lecithotrophy over ~5 million years (Zigler et al. 2003) of 

divergence (for reviews see (Raff 1992; Raff and Byrne 2006). In addition, a battery of 

oogenic and metabolic adaptations fuse with these genetic and developmental 

alterations to bolster development beyond metamorphosis including a 100-fold increase 

in egg volume and hypertrophy of oocyte lipid provisioning (Williams and Anderson 

1975; Emlet and HoeghGuldberg 1997; HoeghGuldberg and Emlet 1997; Byrne et al. 

1999; Villinski et al. 2002), reported previously to be composed primarily of wax esters 

(Villinski et al. 2002).  

To more precisely and comprehensively identify the developmental and 

energetic drivers underlying larval life history evolution in Heliocidaris, we performed 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) to generate lipidomic 

and proteomic profiles of eggs and early stage larvae from three sea urchin species: H. 

erythrogramma, H. tuberculata, and Lytechinus variegatus, a planktotrophic species that 

diverged ~40 million years ago from the lineage leading to Heliocidaris (Smith 1989; 

Smith, Littlewood, and Wray 1995) (Figure  3). By including L. variegatus as an outgroup 

comparison, we can more confidently assign differences in egg provisioning as being 

associated with phylogeny (Heliocidaris vs. Lytechinus) or life history evolution 
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(planktotrophy vs. lecithotrophy). These untargeted, high-resolution analyses of lipid 

and protein content compare relative differences in lipid and protein abundance and, 

along with transcriptomic approaches, allow for a more detailed and complete 

interpretation of the biological correlates of life history evolution. This approach 

provides an innovative window into the evolution of life history, revealing predicted as 

well as unexpected maternal provisioning strategies and adaptations in developmental 

physiology associated with lecithotrophy in H. erythrogramma.  

 

Figure 3: Eggs and larvae of the three study species. Heliocidaris 

erythrogramma, Heliocidaris tuberculata, and Lytechinus variegatus. Small eggs of the 

two distantly-related planktotrophs (L. variegatus and H. tuberculata) develop into 

morphologically-similar feeding larvae. Large eggs of the lecithotroph (H. 
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erythrogramma) develop into simplified, non-feeding larvae with an abundance of 

vesicle-bound lipid stores. 

 

2.2 Results 

2.2.1 Lipidomic Mass Spectrometry  

We collected lipid samples from three biological replicates of unfertilized eggs 

and unfed, early stage larvae for each sea urchin species: H. erythrogramma, H. 

tuberculata, and L. variegatus (see Figure  3). Two L. variegatus samples (one egg and one 

larva) were not processed due to insufficient sample amount, so sixteen samples were 

analyzed in total. Samples were analyzed by label-free quantitative lipidomics using 

accurate mass and retention time alignment followed by area-under-the-curve 

measurements of identified lipids. Lipidomic LC-MS/MS data was aligned in Rosetta 

Elucidator for quantification and searched against the Lipid Maps virtual database (Fahy 

et al. 2009) for putative lipid identifications, which resulted in 1667 specific lipid 

molecules for comparative analysis. Lipids were identified at the resolution of chain 

length, degree of saturation (number of double bonds), and lipid class including tri-, di-, 

and monoacylglycerol, diacylglycerol ether, wax ester, fatty acid, acyl-carnitine, 

cholesterol ester, glycerophospholipid, and lyso-glycerophospholipid. 

2.2.3 Life history drives developmental lipidome divergence 

We first aimed to parse the relative contributions of phylogenetic divergence, life 

history, and developmental stage to differences in the quantitative lipidomic profiles 

among samples. Principal component analysis (PCA) demonstrates life history 
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(lecithotrophy or planktotrophy) dominates the variation in lipid content, with the first 

two principal components explaining 94.82% of the variation (Figure 4a). In addition, PC 

1 distinguishes egg and larva samples in H. tuberculata and L. variegatus, but not in H. 

erythrogramma, which suggests global lipidomic changes during embryogenesis may be 

more extensive in the planktotrophs relative to the lecithotroph. Differential abundance 

analyses between planktotroph and lecithotroph samples identify numerous molecular 

shifts in lipid composition in egg and larva samples (Figure 4b,c). Specifically, 475 

distinct lipid molecules were differentially abundant between H. erythrogramma and H. 

tuberculata eggs, and not differentially abundant between either planktotroph species, 

which accounts for 28.5% of all lipid molecules identified. Of these, 238 molecules were 

more abundant in H. erythrogramma whereas 237 were more abundant in the 

planktotrophs (Figure  4b). However, the median FC of lipids significantly more 

abundant in H. erythrogramma was 8.4, but only 4.5 for lipids significantly more 

abundant in H. tuberculata, which suggests an especially pronounced shift in the 

lipidome has evolved in H. erythrogramma. A comparable number of lipids were 

differentially abundant between the larval stages of these species (Figure  4c: 514 lipids). 
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Figure 4: Variation in lipid content of sea urchin eggs and larvae is driven by 

life history evolution. a) Principle component analysis of normalized lipidomic mass 

spectrum intensities measured from egg and larva samples from each sea urchin species. 

Principle component (PC) 1 explains 77.04% of the variation and distinguishes H. 

erythrogramma samples from those of the two planktotrophs. b, c) Volcano plots 

illustrating differential relative abundance of 1667 unique lipid molecules between b) 

eggs and c) larvae in H. erythrogramma (red) and H. tuberculata (blue). Only lipids that 

are differentially abundant between H. erythrogramma and H. tuberculata and not 

differentially abundant between H. tuberculata and L. variegatus are colored to mark a 

high confidence set of lipids potentially associated with either life history strategy. 

Significantly differentially abundant lipids (n) are called as having a fold-change (FC)  

2 and a Tukey’s Honest Significant Difference (HSD) corrected p-value  10%. 

2.2.4 Lipid storage strategy is concordant with life history strategy 

Breaking down differentially abundant lipid molecules by lipid class 

demonstrates strong compositional alterations to egg provisioning associated with 

developmental mode (Figure 5-6). Relative to the two planktotrophic species, eggs and 

larvae of H. erythrogramma are dominated by diacylglycerol ether (DAGE) lipids, which 

are low-density ether analogues of triacylglycerols (TAGs). At the egg and larval stages, 

95 and 94 distinct DAGE molecules were more abundant in H. erythrogramma, 

respectively, which accounts for nearly 40% of all differentially abundant lipid 
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molecules in H. erythrogramma and over 70% of all DAGE molecules identified in this 

analysis (Figure  5). DAGEs are characterized by slower metabolic turnover rates relative 

to TAGs in marine animals, which suggests they play an important role in long-term 

energy storage (Lee, Hagen, and Kattner 2006). In contrast, TAGs constitute most of the 

energetic lipid content in the planktotrophic species. Specifically, 140 and 123 TAGs 

were more abundant in H. tuberculata egg and larva samples, accounting for ~ 60% and ~ 

45%, respectively, of all differentially abundant lipids relative to H. erythrogramma 

(Figure  5). Compared to long-term storage lipids like DAGEs and wax esters, TAGs 

serve as a short-term energy storage lipid in many marine zooplankton taxa (Lee, 

Hagen, and Kattner 2006). This energy storage strategy is commensurate with the 

metabolic requirements of planktotrophic development in which larvae spend weeks 

feeding and obtaining energy in the plankton rather than relying on maternally-

deposited energetic stores. 
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Figure 5: Arranging differentially abundant lipids between H. erythrogramma 

(red) and H. tuberculata (blue) eggs (from Figure 4b) according to lipid class reveals 

qualitative differences in the energetic composition of oocyte provisioning between 

lecithotrophic 

Long-term, low density diacylglycerol ether lipids comprise many of the 

differentially abundant lipid molecules in H. erythrogramma eggs relative to H. 

tuberculata, whereas energetic lipid content in H. tuberculata eggs is dominated by 

triacylglycerols. Significantly differentially abundant lipids (n) are called as having a 

fold-change (FC)  2 and a Tukey’s Honest Significant Difference (HSD) corrected p-

value  10%. R: hydrocarbon chain. 
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Figure 6: Retention time vs mass-to-charge ratios of distinct lipid metabolites identified in this study.
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2.2.5 Diacylglycerol ether lipids are not significantly catabolized pre-
metamorphosis in H. erythrogramma 

Comparing H. erythrogramma egg and larval stages, we measured 84 

differentially abundant lipid molecules. Surprisingly, DAGEs show minimal change in 

relative abundance between these developmental stages (average FC per lipid: 0.046), 

indicating that the huge lipid stores of H. erythrogramma may not be significantly 

catabolized prior to metamorphosis. The ether linkage of DAGE lipids is thought to be 

cleaved by only one enzyme, alkylglycerol monooxygenase (Watschinger and Werner 

2013), also known as transmembrane protein 195. Our proteomic analyses did not 

quantify expression of alkylglycerol monooxygenase in the eggs or larvae of H. 

erythrogramma, likely because it is an integral membrane protein; interestingly, however, 

examination of previously published transcriptional profiling of the same three urchins 

and developmental time span (Israel et al. 2016) uncovers ~10-fold higher normalized 

mRNA expression of a gene (SPU_003820) encoding alkylglycerol monooxygenase in H. 

erythrogramma larvae samples and a robust increase in expression of this gene not found 

in either planktotroph species over the same developmental time period (Figure 7). 

These results suggest translation and utilization of this enzyme, and thus digestion of 

DAGEs, occurs after the larval stage examined here and perhaps primarily following 

metamorphosis. It is likely that a different set of metabolites and physiological pathways 

serve as the primary energetic source for rapid pre-metamorphic development in H. 

erythrogramma. Metabolism of short-term energetic lipids like TAGs offer one possible 
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pre-metamorphic energy supply. For example, we quantified a subtle reduction (FC  

1.25) in average abundance of 25 TAG molecules from egg to larvae stage in H. 

erythrogramma, and of these TAGs, 22 and 17 molecules also decreased in abundance 

through development in H. tuberculata and L. variegatus, respectively.  

 

 

Figure 7: Normalized mRNA counts of alkylglycerol monooxygenase 

(SPU_003820: transmembrane protein 195) retrieved from Israel et al. 2016 for H. 

erythrogramma, H. tuberculata, and L. variegatus over the same developmental time 

span assessed in this study. 

 

2.2.6 Mass spectrometry highlights lipid molecular diversity across 
sea urchin species 

The experimental approach carried out in this study, UPLC-ESI-MS/MS, permits 

high-resolution identification of distinct lipid molecules. The most diverse lipid classes 
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in terms of fatty acid chain length and saturation were glycerophospholipids (GPLs) 

(575 lipids), the primary lipid constituent of biological membranes, and TAGs (374 

lipids), energetic storage lipids. Closer examination of structural differences within these 

lipid classes reveals species-specific trends in the molecular composition of their 

developmental lipidomes.  

Differentially abundant GPLs in the eggs of the lecithotroph H. erythrogramma 

relative to its planktotrophic congener H. tuberculata are enriched for GPLs with short 

chain fatty acids (33-40 carbons), whereas GPLs more abundant in H. tuberculata are 

characterized by very short (28-32 carbons) and long chain fatty acids (46-62 carbons) 

(Figure  9a). Similarly, GPLs with long chain fatty acids (43-56 carbons) are also 

relatively more abundant in L. variegatus compared to H. erythrogramma (Figure 8a). 

However, differentially abundant GPLs between the two planktotrophic species, H. 

tuberculata and L. variegatus, do not show a clear association with fatty acid chain length 

(Figure  9b), and our analyses did not detect a relationship with differential GPL 

abundance and degree of saturation in any species comparison (Figure 8a-d). This result 

suggests compositional remodeling of cell membrane in the large eggs of the 

lecithotroph H. erythrogramma may exist as a shift in fatty acid chain length of GPL 

molecules.  
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Figure 8: Glycerophospholipid (GPL) relative abundance differences by chain 

length and number of double bonds in differentially abundant molecules between 

sea urchin species. 

 

Box color indicates median log2 fold-change in GPL abundance between species 

for each chain length or number of double bonds. Black line traces the mean log2 fold-

change in GPL abundance between species for each number of carbons or double bonds. 
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a) Box-whisker plot of log2 fold-change of GPL molecule abundance at different chain 

lengths between H. erythrogramma and L. variegatus. b-d) Box-whisker plot of log2 fold-

change of GPL molecule abundance at different numbers of double bonds between H. 

erythrogramma and H. tuberculata, H. erythrogramma and L. variegatus, and H. tuberculata 

and L. variegatus, respectively.  

Although there is a clear difference in TAG abundance in the two planktotrophic 

species relative to H. erythrogramma (see above), a number of distinct TAG molecules 

were also differentially abundant between the eggs (103) and larvae (108) of either 

planktotrophic species. A sharp disparity in chain length distinguishes differentially 

abundant TAGs between H. tuberculata and L. variegatus eggs: TAGs with short (40-48 

carbons) and long (68-77 carbons) chain fatty acids comprise relatively more abundant 

molecules in H. tuberculata, and TAGs with intermediate chain length (49-65 carbons) 

fatty acids are relatively more abundant in L. variegatus (Figure  9c). These differentially 

abundant TAGs also appear to differ in degree of saturation (number of double bonds) 

between each species, such that highly saturated TAGs (0-1 double bonds) are relatively 

more abundant in H. tuberculata eggs and more unsaturated TAGs (6-8 double bonds) 

are relatively more abundant in L. variegatus eggs (Figure  9d). These results highlight 

the astounding molecular diversity among the lipidomes of these sea urchin species and 

exemplify the widespread compositional divergence between and within different types 

of lipids in marine organisms (Parrish 2013; Lee, Hagen, and Kattner 2006). 
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Figure 9: Species-specific structural differences within lipid classes highlights 

lipidomic molecular diversity across sea urchin species. 

 

a) Among differentially abundant lipids, very short (28-32 carbons) and long (46+ 

carbons) chain-length glycerophospholipids (GPLs) are relatively more abundant in H. 

tuberculata than H. erythrogramma eggs. GPLs more abundant in H. erythrogramma were 

enriched for fatty acid chain lengths between 33 and 40 carbons long. b) A similar 

relationship was not quantified between H. tuberculata and L. variegatus eggs, so 

structural differences in GPL composition may reflect molecular remodeling of the large 

eggs of H. erythrogramma. Differentially abundant triacylglycerols (TAG) between the 

two planktotroph species, H. tuberculata and L. variegatus, show species-specific 

differences in c) fatty acid chain length and d) degree of saturation. Box color indicates 

median log2 fold-change (FC) in GPL or TAG abundance between species for each chain 
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length or number of double bonds. Black line traces the mean log2 FC in GPL abundance 

between species for each fatty acid chain length or number of double bonds. 

2.2.7 Proteomic Mass Spectrometry 

We also performed label-free, quantitative proteomic mass spectrometry on three 

biological replicates of egg and early-stage larvae for each sea urchin species. Peptide 

precursor (MS1) data was aligned in Rosetta Elucidator and corresponding product ion 

(MS/MS) data was searched against a single reverse decoy database containing 

developmental transcriptomes of each of the three sea urchin species (Israel et al. 2016). 

After annotation and quantitation of identified peptides, relative protein abundances 

were calculated as the aggregate sum of peptide intensities as described in Reidel et al., 

2011. In addition, we annotated peptides with pre-existing gene models of the well-

studied sea urchin species Strongylocentrotus purpuratus (e-value  1e-10) (Sea Urchin 

Genome Sequencing et al. 2006). However, because peptide spectra intensity can vary 

with species-specific amino acid sequence differences, only peptides with identical 

amino acid sequences among the three species were included for comparative protein 

abundance analysis (2901 peptides encompassing 993 proteins). Still, we still draw from 

the much larger set of all peptides for examples of highly expressed proteins of interest 

potentially associated with lecithotrophic or planktotrophic development in these sea 

urchins (13,290 peptides encompassing 1959 proteins).  
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2.2.8 Phylogeny and life history differentially affect variation in 
developmental proteomes 

When normalized spectra intensity of all 13,290 peptides from the analysis are 

considered, PCA distinguishes most of the variation in egg and larva protein content by 

phylogeny (i.e. Heliocidaris vs Lytechinus) (Figure  10a). However, when only the set of 

peptides with sequence identity across all three species are included in the PCA (2901 

peptides), developmental life history explains most of the variation between protein 

samples (i.e. lecithotrophy vs planktotrophy) (Figure  10b). Therefore, there is a 

significant phylogenetic contribution to divergence in maternal provisioning of protein 

content, which may be partially attributed to bias in spectra intensity from higher 

peptide sequence-similarity between the two Heliocidaris species relative to L. variegatus. 

Nonetheless, when only peptides with identical sequences are considered, life history 

strategy dominates quantitative differences in the developmental proteomes between 

these three species.  

To identify which peptides may be driving the variation between the 

developmental proteomes of H. erythrogramma relative to H. tuberculata and L. variegatus, 

we applied the same differential expression criteria as in the lipidomic comparisons to 

the shared set of 993 proteins and required that for any experimental group (species, 

developmental stage), the protein must be quantified in at least 2 of the three biological 

replicates. Comparison of planktotroph to lecithotroph eggs identified 141 differentially 

expressed proteins, of which 104 were elevated in H. erythrogramma egg samples 



 

26 

compared to 37 elevated in H. tuberculata (Figure  10c). At the larval stage, the total 

number of differentially expressed proteins decreased to 103 (Figure  10d).  

 

 

Figure 10: Variation in peptide abundance is dependent on phylogeny and 

developmental life history. a) When all peptides are considered (13,290 peptides 

encompassing 1959 unique proteins), principle component analysis of 

normalized spectra intensities distinguishes samples by their phylogenetic 

relationships (Heliocidaris vs. Lytechinus). b) If only peptides with sequence 

identity across all three species are included (2901 peptides encompassing 993 

unique proteins), then most of the variation in protein content is explained by 
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developmental life history (lecithotrophy vs. planktotrophy). This shared set of 

peptides was included in the differential abundance analyses between species. b, 

c) Volcano plots illustrating differential relative abundance of protein molecules 

between b) eggs and c) larvae of H. erythrogramma (red) and H. tuberculata (blue). 

Only proteins that are differentially abundant between H. erythrogramma and H. 

tuberculata and not differentially abundant between H. tuberculata and L. 

variegatus are colored to mark a high confidence set of proteins potentially 

associated with either life history strategy. Significantly differentially abundant 

proteins are called as having a fold-change (FC)  2 and a Tukey’s Honest 

Significant Difference (HSD) corrected p-value  10%. 
 

2.2.9 Adaptations to lecithotrophic development revealed by 
comparative proteomics 

Many of the 104 differentially expressed proteins in H. erythrogramma eggs 

relative to those of the planktotrophs may be associated with the evolution of 

lecithotrophy in this species. First, a suite of proteins involved in carbohydrate 

metabolism are relatively more abundant in H. erythrogramma eggs. Specifically, five of 

the nine enzymes involved in glycolysis were more highly expressed in this species 

(Figure  11a), as well as isocitrate dehydrogenase (SPU_000236, FC: +26.5), the rate-

limiting enzyme of the TCA cycle. Several other enzymes involved in sugar metabolism 

are also expressed at higher levels in H. erythrogramma eggs including beta-galactosidase 

(SPU_027889, FC: +111.9), alpha-mannosidase (SPU_006585, FC: +34.7), fucosidase 

(SPU_026835, FC: +8.3), fructose-1,6-bisphosphatase (SPU_016377, FC: +7.2), and 

neuraminidase 1-1 (SPU_006441, FC: +6.6). Many of these enzymes break down complex 

carbohydrates, potentially providing glycolysis with an increased input of metabolites. 

Analysis of previous published transcriptomic comparisons of these three sea urchin 
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species (Israel et al. 2016) demonstrates mRNA abundance of these glycolytic genes can 

be associated with developmental life history (planktotrophy or lecithotrophy) or 

lineage specificity (Figure  11c). Furthermore, the top three most enriched Gene 

Ontology (GO) Biological Processes among differentially expressed proteins in H. 

erythrogramma are “carbohydrate metabolic process”, “oxidation-reduction process”, and 

“glycolytic process” (Benjamini-Hochberg corrected p-value: 4.86x10-4, 1.10x10-3, and 

4.71x10-3, respectively) (Figure  11d). Collectively, these data suggest elevated 

carbohydrate metabolism may be critical to sustaining the high metabolic rate and 

energetic demands of rapid pre-metamorphic development in H. erythrogramma.  

In addition, several proteins involved in oxidative stress response (detoxifying 

radical oxygen species) are relatively more abundant in H. erythrogramma egg samples 

including superoxide dismutase 2 (SPU_024657, FC: +3.1), catalase (SPU_000281, FC: 

+11.0), and glutathione reductase (SPU_025989, FC: +11.2) (Figure  11b). Similar to 

mRNA levels of the glycolytic enzymes, mRNA abundance of these oxidative stress 

enzymes is associated with life history differences (glutathione reductase) or phylogeny 

(Heliocidaris: superoxide dismutase 2, glutathione peroxidase 1; H. tuberculata: catalase) 

(Figure  11c). Furthermore, the fifth-most enriched GO Biological Process among 

proteins more abundant in H. erythrogramma eggs is “superoxide metabolic process” 

(BH corrected p-value: 3.90x10-2) (Figure  11d).  
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Figure 11: Biological pathways enriched for differentially expressed proteins 

between lecithotroph and planktotroph egg samples. a) Glycolysis and b) regulation of 

oxidative stress. Significantly upregulated proteins in H. erythrogramma eggs are bolded 

and the reaction catalyzed is highlighted in orange. c) Normalized egg mRNA 

abundance (CPM: counts-per-million) of proteins from panels a and b retrieved from 

Israel et al., 2016. d) Five most enriched GO “Biological Process” categories among 

significantly differentially abundant proteins in H. erythrogramma eggs. * indicates 

protein was not included in differential abundance analyses due to lack of peptide 

sequence similarity or lacking quantification in two or more biological replicates in a 

sample group (species, developmental stage).   
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Apolipoprotein B (apoB) is a large lipid transfer protein that functions in lipid 

transport and metabolism across many invertebrate and vertebrate animal groups 

(Smolenaars et al. 2007). Although we did not quantify any peptides representing apoB 

with 100% sequence identity across all three species (thus it was not included in our 

original comparative abundance analyses), we noted a protein coding for apoB is among 

of the most differentially abundant proteins in H. erythrogramma egg and larva samples 

when all peptides are considered (SPU_028684; 10 peptides; egg= FC: +418.1, larva= FC: 

+102.6). Elevated expression levels of apoB in H. erythrogramma eggs is likely associated 

with altered maternal provisioning towards high lipid content during oogenesis in this 

species. In contrast, one of the most differentially expressed proteins in planktotroph 

eggs compared to lecithotroph eggs is the sea urchin major yolk protein (MYP) 

(SPU_013301), which is relatively much more abundant in eggs of each of the 

planktotrophic species than those of H. erythrogramma (H. tuberculata: FC = +45.2; L. 

variegatus: FC = +54.5). MYP is a transferrin-like, iron-binding glycoprotein thought to 

potentially play a role in gamete nutrient transfer to the egg during oogenesis (Brooks 

and Wessel, 2002). Large differences in apoB and MYP abundance between H. 

erythrogramma and the two planktotrophic species suggests shifts in egg energetic 

content necessitates accompanying changes in provisioning of nutrient transfer proteins.   
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2.3 Discussion 

In this study, high-resolution, comparative analyses of metabolites and proteins 

has significantly enhanced our understanding of planktotrophic and lecithotrophic 

development by identifying the molecular basis for possible adaptive changes in 

physiology and development in H. erythrogramma. We demonstrate the utility and 

feasibility of mass spectrometry-based lipidomics and proteomics for studying life 

history evolution by way of egg provisioning in three sea urchin species. This discovery-

based approach identifies specific molecules potentially important to each sea urchin 

species or life history strategy, and notably, our findings prompt new hypotheses about 

the evolution of lecithotrophy, a life history transition that has evolved numerous times 

in phylogenetically diverse groups of marine invertebrates (Strathmann, 1985; 

Haszprunar et al., 1995).  

2.3.1  DAGE lipids are maternally provisioned for post-metamorphic 
survivorship 

The eggs of planktotrophs by definition lack sufficient energy reserves to 

complete development through metamorphosis, while those of lecithotrophs are 

generally overprovisioned with excess energy reserves. Here we show that distinct sets 

of energy-rich molecules deposited into the eggs of lecithotrophs are likely differentially 

utilized during pre- and post-metamorphic development. Specifically, our results 

suggest that maternally-deposited DAGEs, which account for the bulk of energetic 

material in H. erythrogramma eggs, serve as a long-term energy source for juvenile 
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growth and post-metamorphic survivorship in H. erythrogramma rather than fueling 

rapid embryogenesis and larval development (Figure  12). The hypothesis that DAGE 

lipids are provisioned for post-metamorphic survivorship in H. erythrogramma is 

consistent with previous work in which experimental removal of embryonic lipid stores 

did not affect larva viability, developmental metabolic rate, or time to metamorphosis, 

but instead resulted in loss of buoyancy and smaller, shorter-lived post-metamorphic 

juveniles (Emlet and HoeghGuldberg 1997; Villinski et al. 2002). Furthermore, 

unpublished data using a targeted, thin-layer chromatographic approach to measure 

absolute DAGE abundance in this species demonstrates, in agreement with the results of 

this study, no reduction in DAGE levels between fertilization and 3-day old larvae. 

However, in 6-day old unfed juveniles (2 days post-metamorphosis), 83% of DAGE 

levels remain, followed by 70% and 50% remaining in 11- and 14-day old juveniles, 

respectively (M. Byrne, University of Sydney, personal communication). These results 

support the idea that elevated energy store deposition in lecithotrophic marine 

invertebrates may be more important for the development of a high-quality juvenile 

than for supporting embryogenesis and construction of the larval body form, as 

previously suggested for other sea urchins (Alcorn and Allen 2009), sea stars (Moreno 

and Hoegh-Guldberg 1999), and polychaetes (Pernet, Amiel, and Seaver 2012). Taken 

together, these findings highlight the importance of considering the linkage between 
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temporally disparate life history phases when investigating the impacts and constraints 

of adaptations associated with life history evolution (Marshall and Morgan, 2011). 

 

Figure 12: Working model of developmental nutritive strategies of 

lecithotrophic and planktotrophic sea urchin species. Left: H. erythrogramma primarily 

relies on maternally-provisioned, non-diacylglycerol ether, energetic sources (blue) for 

embryogenesis and larval development. Upregulated carbohydrate metabolism may be 

associated with rapid pre-metamorphic development (~4 days) in this species. Abundant 
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diacylglycerol ether lipid stores are instead provisioned for post-metamorphic 

utilization and survivorship (red), which promotes larval settlement and juvenile 

development in normally unfavorable environments with low food availability. Right: 

H. tuberculata and L. variegatus rely on maternal provisions for embryogenesis and early 

larval development (blue). However, small eggs lacking overprovisioned energetic 

stores in these species requires that they acquire nutrition from external sources by 

feeding in the plankton to complete larval development, metamorphosis, and juvenile 

growth (green).  

 

 Previous histological comparisons of H. erythrogramma and H. tuberculata 

gonadal tissue describe hypertrophy of oocyte lipid deposition as a derived, secondary 

oogenic phase during which oocytes in H. erythrogramma acquire most of their mass and 

size (Byrne et al. 1999). The present study detected DAGE molecules in samples from all 

three sea urchin species examined, suggesting that upregulation of a pre-existing 

physiological pathway, rather than evolution of a novel one, underlies increased 

deposition of DAGEs during H. erythrogramma oogenesis. High levels of DAGE 

deposition in eggs have also been reported in lecithotrophic species of two other 

echinoderm classes, Asteroidea (Prowse, Falkner, Sewell, and Byrne, 2009) and 

Ophiuroidea (Falkner, Sewell, and Byrne, 2015). Thus, maternal provisioning of this 

specific class of lipids appears to represent a convergent evolutionary modification to 

lecithotrophy in echinoderms and potentially other marine invertebrate taxa. 

2.3.2 Support for novel and existing hypotheses on marine 
invertebrate larval life history evolution 

Our results prompt three new hypotheses about the molecular evolution of 

lecithotrophy in H. erythrogramma. One is that upregulated carbohydrate metabolism 
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may be critical to fueling rapid embryonic and larval development in this species. 

Higher relative abundance of enzymes involved in glycolysis and aerobic respiration in 

H. erythrogramma suggest a greater flux of molecules through the core energy-producing 

catabolic pathway exists in this species, consistent with measurements of higher 

metabolic rates during the first four days post-fertilization relative to H. tuberculata 

(Hoegh-Guldberg and Emlet, 1997). However, reduced abundance of several TAG 

molecules through development in this species may indicate this class of lipids is 

utilized for embryonic and larval morphogenesis. Previous work has demonstrated 

TAGs are metabolized for pre-metamorphic development in other echinoids (Sewell, 

2005; Meyer, Green, Moore, and Manahan, 2007; Whitehill and Moran, 2012; Prowse, 

Sewell, and Byrne, 2017), so it is reasonable to hypothesize that TAGs may serve as 

energetic source for early development in H. erythrogramma as well. 

In addition, especially high expression levels of apoB were quantified in H. 

erythrogramma eggs and larvae samples relative to the two planktotrophic species. Given 

that large lipid transfer proteins including apoB bind and assist with lipid storage across 

metazoans (Smolenaars et al. 2007), we propose this protein may play a crucial role in 

transporting and provisioning DAGEs and other lipids during oogenesis in H. 

erythrogramma. Vitellogenin typically serves as a precursor to MYPs that assist with 

oogenic lipid transfer in many metazoan taxa (Smolenaars et al. 2007) including some 

echinoderms like the Asteroidea (e.g. sea stars) (Prowse and Byrne, 2012). Interestingly, 
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the MYP of Echinozoa (e.g. sea urchins and sea cucumber) transports iron and zinc and 

is encoded by a transferrin-like gene (Brooks and Wessel, 2002; Unuma, Yamamoto, 

Akiyama, Shiraishi and Ohta, 2003). High abundance of apoB quantified in this study 

suggests these species and other echinoids may instead utilize an apoB-like LLTP for 

primary lipid transport during oogenesis. In this scenario, greater relative expression of 

apoB in H. erythrogramma eggs compared to the planktotrophic species would reflect 

hypertrophic oogenic lipid provisioning in this species. Future studies directly aimed at 

investigating the significance of apoB in oogenic lipid transfer in sea urchins will be 

crucial for testing this hypothesis.  

Finally, our comparative proteomics results suggest defense against oxidative 

stress is especially crucial for H. erythrogramma embryos. Proteins involved in these 

physiological pathways may be important for managing high oxidative stress during the 

initial respiratory burst following fertilization (Shapiro 1991) or from elevated 

developmental metabolic rates in H. erythrogramma. Another possible explanation is 

ultraviolet radiation (UVR)-induced oxidative stress, which is known to cause 

significant physiological and developmental stress on marine invertebrates (Lesser 

2006), including sea urchin larvae (Adams, Campanale, and Foltz 2012). Many of the 

same oxidative stress proteins reported in this study have greater activity in sea urchin 

larvae exposed to increased experimental (Campanale, Tomanek, and Adams 2011) and 

natural UVR (Lister, Lamare, and Burritt 2010), and the degree of this UVR-induced 
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oxidative stress is dependent on depth in the water column (Lesser 2010). Since UVR is 

more intense for the positively-buoyant eggs of H. erythrogramma which float closer to 

the ocean surface (as opposed to the negatively-buoyant eggs of either planktotroph 

species), a higher abundance of proteins involved in regulating radical oxygen species 

may be adaptive to UVR-induced oxidative stress in H. erythrogramma embryos and 

larvae. 

The adaptations implicated in this study to be associated with the evolution 

lecithotrophy in H. erythrogramma are consistent with evolutionary tradeoffs found 

across many examples of this developmental life history transition. In general, greater 

maternal investment per offspring results in a lower mortality rate in lecithotrophic 

developers, but at the expense of reduced fecundity (Vance, 1973; Strathmann, 1985). 

Here, we show that DAGE lipids are exceedingly more abundant in the egg and larval 

lipidomes of H. erythrogramma than in the planktotrophs H. tuberculata and L. variegatus, 

and these lipids constitute the bulk of lipid provisioning in H. erythrogramma (M. Byrne, 

University of Sydney, personal communication). DAGEs are likely utilized for post-

metamorphic survivorship in a resource-poor environment rather than fueling 

accelerated larval development in this species. Oogenic upregulation of maternally 

deposited lipid transfer proteins like apoB may be crucial to provisioning lipids and 

thus lecithotrophy as a whole in H. erythrogramma. Longer larval periods spent in the 

plankton lead to higher offspring die-off rates due to predation, starvation, or chance 
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mortality (Wray and Raff, 1991), so accelerated pre-metamorphic development driven 

instead by upregulated carbohydrate may be a key adaptation acquired during this life 

history transition. However, a shorter larval period comes at the cost of reduced 

dispersal potential in lecithotrophs (Emlet, 1995; Paulay and Meyer, 2006). Lastly, 

increased regulation of oxidative stress may serve as an auxiliary trait to physical and 

metabolic modifications to oogenesis and developmental physiology to further increase 

offspring chance of survival before metamorphosis.   

Our results also provide additional support for existing hypotheses regarding 

maternal provisioning strategies of planktotrophic developers. We find conservation of a 

short-term, triacylglycerol-based lipid storage system in both planktotrophic sea urchin 

species that corroborates previous reports of an ancestral, TAG-based maternal lipid 

provisioning program in planktotrophic echinoderms (Byrne et al. 2008; Prowse et al. 

2009; Falkner, Sewell, and Byrne 2015). Also, higher relative abundance of yolk protein 

in the eggs of both planktotroph species compared to those of H. erythrogramma supports 

previous reports of the potential importance of yolk protein for nutrition during 

planktotrophic development in sea urchins and other marine invertebrates (Jaeckle 1995; 

Prowse, Sewell, and Byrne 2008). These findings are concordant with the larval 

development strategies of H. tuberculata, L. variegatus, and many other planktotrophic 

marine invertebrates that rely briefly on maternally-derived egg provisions during 

embryogenesis followed by development of a larva that feeds in the water column for 
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weeks to months prior to metamorphosis (Figure  12). In contrast to lecithotrophy, this 

developmental strategy is advantageous in environments where food availability is 

abundant and seasonally reliable (Morgan, 1995, Marshall et al., 2012), as more offspring 

will have a higher chance at survivorship despite less nutritional content per egg. 

2.4 Conclusions 

This work highlights the advantages of applying high-resolution LC-MS/MS to 

exploring molecular adaptations potentially associated with life history evolution and 

organismal diversity. Future comparative studies that identify molecular differences 

between planktotrophic and lecithotrophic species in other clades are needed to test and 

refine our hypotheses of the evolution of lecithotrophy in H. erythrogramma. These 

results will shed light on additional novel and convergent evolutionary innovations 

associated with this recurrent life history switch.   

2.5 Methods 

2.5.1 Sample Collection 

H. erythrogramma and H. tuberculata adults were collected near Sydney, Australia, 

and L. variegatus adults were collected at the Duke University Marine Lab in Beaufort, 

North Carolina, USA. H. erythrogramma and H. tuberculata were held in aquaria filled 

with natural sea water in a 22 C temperature-controlled room at the University of 

Sydney for 3-5 days prior to spawning.  L. variegatus was kept in artificial sea water for 

two weeks at the Duke University main campus in Durham, North Carolina. For all 
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three species, adults were not fed while in captivity. A unique female-male pair of adult 

sea urchins was included in each cross, resulting in three biological replicates for each 

species. Spawning was induced by 0.5 M potassium chloride injection. H. erythrogramma 

and H. tuberculata embryos were reared in glass culture dishes at 23 C with gentle 

bubbling from a glass pipette to maintain circulation. L. variegatus embryos were reared 

at 23 C. in large glass culture dishes, and sea water changes were performed every eight 

hours to minimize deleterious effects from hypoxia. Approximately 100 unfertilized 

eggs and unfed, early stage larvae were collected from each cross for mass spectrometric 

analysis. In this study, “early stage larvae” denotes the two-armed pluteus stage for L. 

variegatus (42 hours post-fertilization [hpf]) and H. tuberculata (52 hpf), and the 

developmental stage immediately following gastrula in H. erythrogramma at which the 

embryo acquires an elongated morphology and an early rudiment has started 

developing (48 hpf) (see Figure 3). Unfertilized eggs and arrested embryos were 

removed from cultures prior to sample collection of larval stage to minimize 

confounding lipid and protein measurements from earlier developmental stages. In 

total, 36 samples were collected for lipidomic and proteomic profiling. 

2.5.2 Lipid Sample Preparation 

Lipid samples were solubilized in ammonium bicarbonate with sonication and 

500 L of each sample was used for lipid profiling. A Bradford assay (BioRad, Inc.) was 

used to normalize the samples to total protein biomass, and two samples (one L. 
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variegatus egg and one L. variegatus larvae) were excluded from analysis due to 

insufficient sample quantity, leaving a total of 16 lipid samples. 200 L of methanol was 

added to normalized 50 L volumes of sample lysate and mixed at 25 C for 5 minutes. 

600 L of methyl tert-butyl ether was added to each sample and mixed for 60 cycles of 

0.5 mL automated aspiration with a Vioflo96 pipettor (Integra Biosciences, Hudson, 

NH). After mixing at 37 C for 10 minutes and centrifugation at 2000 xg for 10 minutes at 

room temperature, 400 L of the organic layer was isolated from each sample, and 

extracts were dried under N2 evaporation and resuspended in 200 L of 4/3/1 (v/v/v) 

isopropyl alcohol/acetonitrile/water. After 10 minutes of shaking at 37 C, samples were 

immediately processed for mass spectrometry analysis.  

2.5.3 Lipid Mass Spectrometry 

Samples were analyzed using Ultraperformance Liquid Chromatography-

Electrospray Ionization-Tandem Mass Spectrometry (UPLC-ESI-MS/MS) allowing 

chromatographic resolution by lipid class, total carbons, and degree of saturation. Block 

design of the mass spectrometry analysis is described in Table 1 and quality control 

pools were prepared by mixing equal volumes of all samples; these quality control pools 

were analyzed 5 times throughout the study to determine technical variance for each 

lipid feature. 2 L injection were used in ESI+ ionization mode and 6 L were used in 

ESI- ionization mode. UPLC lipid separation was performed in a nanoACQUITY UPLC 

system (Waters, Milford, MA) with a 2.1 mm x 100 mm 1.7 L CSH C18 column. Mobile 
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phase A was 10 mM ammonium formate and 0.1% formic acid in 40/60 v/v 

water/acetonitrile. Mobile phase B was 1% formic acid in 10/90 v/v acetonitrile/2-

propanol. Samples were introduced to a Synapt G2 HDMS mass spectrometer (Waters, 

Milford, MA) and analyzed in acquisition Sensitivity mode (~15,000 Rs), with 0.4 second 

MS full scan followed by two 0.2 second data-dependent MS/MS scans.  

Table 1: Block design of lipidomic sample mass spectra profiling analyses. QC: 

quality control. 

 

Raw data were imported and analyzed in Rosetta Elucidator v3.3 for peak-

picking and alignment between samples. Raw peak intensities were reported for 6,223 

electrospray positive features and 3,210 electrospray negative features. Intensity scaling 

was performed by scaling each sample to the median across all samples excluding the 
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top and bottom 10% features when calculating the median. This was performed 

independently in each ionization mode. 

2.5.4 Lipid Identification 

Lipids were identified by selecting the minimum difference between the input 

mass/charge (m/z) ratio of features from the mass spectra analysis and reference lipid 

m/z ratios in the Lipid Maps virtual database (Fahy et al. 2009). An initial search using 

the LipidMaps structure database revealed a large number of high abundance features 

without any definitive identification; these were subsequently putatively identified 

(using LipidMaps virtual database) as diacylglycerol ethers, which are not annotated in 

the LipidMaps structure database. For every input m/z from the mass spectra analysis, 

the minimum difference between the input and possible database matches with a 

maximum difference of ± 0.01 m/z allowed was selected. Next, features with greater than 

30% coefficient of variation from the pooled quality control samples were filtered out 

and spectra intensities of m/z ratios matching to the same lipid (class: total carbons: 

double bonds) were summed for each sample including different ionization forms of the 

same lipid feature. 

In total, 1667 unique lipid molecules were identified at the level of lipid class 

(triacylglycerol, diacylglycerol, diacylglycerol ether, monoacylglycerol, wax ester, fatty 

acid, acyl-carnitine, cholesterol ester, glycerophospholipid, and lyso-

glycerophospholipid), fatty acid chain length, and degree of saturation. During the 
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classification process, manual annotation and use of limited MS/MS spectra is required 

when a single m/z ratio from the mass spectra analysis has tied minimal differences to 

multiple reference m/z ratios in the Lipid Maps database. For this reason, 

glycerophospholipids and lyso-glycerophospholipids were classified as two lipid classes 

instead of broken down as specific types of glycerophospholipids (i.e. 

phosphatidylcholine and phosphatidylserine). Also, diacylglycerol ethers were typically 

annotated as matched ties between triacylglycerols and diacylglycerols of the same 

carbon number and degree of saturation.  

2.5.5 Protein Sample Preparation 

200 L of each protein sample was resuspended in 50 mM ammonium 

bicarbonate (pH 8) containing Roche cOmpleteTM protease inhibitors followed by 

sonication and centrifugation at 15000 xg for 10 minutes. Protein concentrations from the 

supernatant were quantified by Bradford assay and each sample was normalized to 0.25 

g/L with ammonium bicarbonate containing a 0.2% final concentration of acid labile 

surfactant (ALS-1) for each sample. Dithiothreitol was added to a final concentration of 

10 mM, and samples were denatured at 80 C for 10 min followed by alkylation with 25 

mM iodoacetamide for 30 minutes in the dark. Proteins were digested at 37 C with 

sequencing-grade modified trypsin (Promega, 1:50 w/w trypsin/protein) overnight. 

Then, samples were acidified with 1% trifluoroacetic acid and 2% acetonitrile, followed 

by heating at 60C for 2 hours to inactivate the trypsin and degrade the ALS-1. Waters 
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(Milford, MA) trypsinized MassPREP yeast alcohol dehydrogenase 1 was added at 50 

fmol/g as a surrogate standard. Following centrifugation, supernatants were 

transferred to Maximum Recovery LC vials (Waters, Milford, MA) and quality control 

pools were prepared by mixing equal volumes of egg and larva samples.  

2.5.6  Protein Mass Spectrometry  

LC-MS/MS was performed using a nanoACQUITY UPLC system (Waters, 

Milford, MA) coupled to a Q-Exactive Plus high-resolution tandem mass spectrometer 

(Thermo Fischer Scientific, Waltham, MA) via a nanoelectrospray ionization source as 

previously described. Approximately 333 ng of peptide digests of each sample was 

analyzed in a random order and interspersed with quality pools as described in Table 2. 
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Table 2: Block design of proteomic sample mass spectra profiling analyses. 

QC: quality control. 

 

 

Label-free quantitation used Rosetta Elucidator v 4.0 as previously described in 

Bauernfeind et al., 2015. Briefly, all samples were aligned using accurate mass and 

retention time and relative peptide abundance was calculated based on area-under-the-

curve of aligned features across all runs. MS/MS data were searched using Mascot 

Server v2.5 (Matrix Sciences) with a database containing H. erythrogramma, H. tuberculata, 

and L. variegatus developmental transcriptomes (Israel et al. 2016) and an equal number 

of reverse entries for false discovery rate (FDR) determination (901,770 total entries). 
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Database search parameters included fixed modification on Cys (carbamidomethyl) and 

variable modifications on Met (oxidation) and Asn/Gln (deamidation). Data was 

annotated at a 1% peptide FDR using the PeptideTeller algorithm in Elucidator and 

scaled to the robust median intensity across all samples.  

Initially, 13,290 peptides with hits to the database generated from each of the 

three sea urchin species developmental transcriptomes were quantified. Because the 

spectrum intensity of a peptide is sensitive to its primary amino acid sequence, only 

peptides with shared primary amino acid sequence hits to all three sea urchins’ 

transcriptomes were included for relative abundance comparisons between species (2900 

peptides encompassing 993 unique proteins). For comparison, of these 993 shared 

proteins, 674 were also quantified in a recent phosphoproteomic mass spectrometry 

analysis of S. purpuratus eggs (Guo et al., 2015).  Normalized spectra of peptides with hits 

to the same protein were summed together for downstream statistical analysis. In 

addition, identified peptides with significant hits to the sea urchin transcriptomes were 

also annotated with S. purpuratus gene models using consensus alignments of assembled 

transcripts from each study species BLASTed (Altschul et al. 1990) at the protein-level to 

the S. purpuratus gene models (e-value  1e-10) (Sea Urchin Genome Sequencing et al. 

2006) as described in Israel et al., 2016. 
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2.5.7 Statistical Analysis and Data Visualization 

Results of the lipid and protein mass spectrometry analyses were imported into 

R, and the “dpylr” v. 0.7.5 (Wickham and Francois 2016) and “purrr” v. 0.2.5 (Henry and 

Wickham 2017) packages were utilized for data organization and analysis. Normalized 

average spectra intensities for eggs and larvae samples of each sea urchin species were 

calculated, as well as fold-change (FC) for each comparison of interest. For comparisons 

between the three urchin sea species, one-way analysis of variance (ANOVA) followed 

by Tukey’s Honest Significant Difference (HSD) test was performed. Only protein 

molecules that were quantified in at least 2 of the three biological replicates were 

included in comparisons between species, which resulted in 955 and 984 proteins for 

comparison between eggs and larvae, respectively. Because our study utilizes a 

discovery-based methodology, this criterion was implemented to maximize the number 

of proteins included for comparative analysis while controlling for false positives arising 

from experimental groups with proteins represented by only one biological replicate. In 

this study, we considered differentially abundant lipids or proteins to have a relative 

abundance FC ≥ 2 between sample sets and a Tukey HSD corrected p-value ≤ 10%. 

Lipids and proteins assigned as potentially associated with lecithotrophic or 

planktotrophic development were significantly differentially abundant between H. 

erythrogramma and H. tuberculata but not significantly differentially abundant between 

the two planktotroph species, H. tuberculata and L. variegatus. 
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Principal component analysis was carried out with the prcomp function in R on 

normalized lipidomic and proteomic spectra intensities. mRNA read counts was 

retrieved from the transcriptomic datasets produced in Israel et al., 2016. Gene Ontology 

(GO) (Ashburner et al. 2000) enrichment analyses of differentially abundant proteins on 

a background set of all S. purpuratus gene identifiers were carried out with the “piano” v 

1.16.4 R package (Varemo, Nielsen, and Nookaew 2013) using the runGSAhyper function 

with Benjamini-Hochberg correction (Benjamini et al. 2001). Adobe Photoshop was 

utilized to darken background and brighten specimens of sea urchin egg and larva 

micrographs for visualization purposes. Figures were generated with the “ggplot2” v. 

2.2.1 R package (Wickham 2009) and Adobe Illustrator.  

2.5.8 Data Accessibility 

The mass spectrometry lipidomics data have been deposited on the MassIVE 

public data repository at the University of California-San Diego with the dataset 

identifier MSV000082501. The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al. 2016) partner 

repository with the dataset identifier PXD007065.



50 

3. Chromosomal-Level Genome Assembly of the Sea
Urchin Lytechinus variegatus Substantially Improves
Functional Genomic Analyses

Adapted from Davidson et al., 2020. 

3.1 Introduction 

Lytechinus variegatus, also known as the variegated sea urchin, is a widely 

distributed western Atlantic species commonly found in seagrass beds and hard-

bottomed shallow water habitats (Watts et al. 2020). The distribution of this warm water 

species ranges from North Carolina, USA, throughout the Gulf of Mexico, and to 

southern Brazil (Moore et al. 1963). Due to its abundance and distribution, L. variegatus is 

a focal species for marine ecology and environmental studies, and a popular model for 

developmental biology because of its high fecundity, translucent embryos, rapid 

development, amenability to experimental perturbation, and well-studied 

developmental gene regulatory network (GRN). L. variegatus belongs to the 

Camarodonta, a large clade of primarily shallow-water sea urchins whose crown group 

dates to ~100 MYA (Smith, 2005) and includes several other species widely studied by 

ecologists, developmental biologists, and evolutionary biologists.   

Over the past decade there has been a major impetus to increase the availability 

of genomic resources available for echinoderms, spearheaded by the late developmental 

biologist Dr. Eric H. Davidson (reviewed in Cameron et al. 2015). Among echinoderms, 

L. variegatus is among the most commonly studied species, with 45 articles focusing on
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this species published in the past five years (PubMed title and abstract search; accessed 

March 6th, 2020). Although there have been efforts to assemble the genome of L. 

variegatus using Illumina short read sequencing technology (www.echinobase.org: 

Lvar_2.2), a high-quality genome assembly is lacking. Here we report an annotated, 

chromosome-level reference assembly for L. variegatus (Lvar_3.0) which will serve as a 

powerful genomic resource for the research community.  

Because several functional genomic datasets exist for L. variegatus, we also took 

the opportunity to investigate the impact of a high-contiguity, well-annotated reference 

assembly on read mapping and quantifying genomic features. We report quality and 

informatic metrics from aligning bulk RNA-seq, single-cell RNA-seq, and ATAC-seq 

reads to our new assembly, Lvar_3.0, and the older Lvar_2.2 assembly. These results 

provide valuable information to investigators when deciding how much resources to 

invest in their own genome projects. 

3.2 Methods 

3.2.1 Tissue Collection and DNA Extraction 

L. variegatus specimens were collected near the Duke University Marine Lab in

Beaufort, North Carolina, USA. The interpyramidal muscle of Aristotle's lantern (the sea 

urchin’s feeding apparatus), tube feet, and the ovarian tissue were dissected from a 

single female individual for DNA extraction and sequencing.  
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3.2.2 Karyotyping 

To make chromosome preparations, 16-cell stage and 32 -cell stage embryos of L. 

variegatus were suspended in filtered seawater and colchicine (1 mg/mL) for 45 minutes, 

then filtered through a Nylon cell strainer (100 μm; Falcon) to remove the fertilization 

membrane and detach cell clusters. Cells were centrifuged to form a pellet and 

resuspended in a hypotonic solution of sodium citrate (7% w/v) for five minutes. Cells 

were fixed using Carnoy’s fixative (ethanol and glacial acetic acid, 3:1), and chromosome 

slides were prepared using a dropping technique (Camargo et al. 2006). Images were 

captured using a Zeiss Axioskop with a 64x oil immersion objective and analyzed in 

imageJ2 (Rueden et al. 2017).  

3.2.3 DNA Sequencing 

A 3rd-generation DNA library was sequenced on a PacBio sequel II CLR 

platform, generating 105.8 Gb of data with an N50 read length of 26.2 Kb. DNA from the 

same individual was also used to construct linked-reads (10x Genomics) and Hi-C 

libraries, which were sequenced on a BGI-SEQ 500 platform, generating 188.53 Gb and 

204.42 Gb of data, respectively. Jellyfish v2.2.6 (Marcais and Kingsford 2011) and 

GenomeScope v1.0.0 (Vurture et al. 2017) were deployed to conduct a k-mer based 

survey of genome composition using linked-read sequencing data based on 17-mer 

frequency distribution to estimate the genome size and heterozygosity of Lytechinus 

variegatus (Figure 13). 
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Figure 13: GenomeScope (Vurture et al., 2017) profile of L. variegatus 

generated from link-read sequencing data  (10x Genomics). 

 

3.2.3 Assembly Strategy 

PacBio sequencing data was employed to assemble a de novo contig-level genome 

assembly using Canu v1.8 (minReadLength=1200; minOverlapLength=1000) (Koren et al. 

2017). Subsequently, HaploMerger2 v3.6 (Huang et al. 2017) was used to create 
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breakpoints in the contigs where potential misjoins have occurred by aligning allelic 

contigs via Lastz v1.02.00 (Harris, 2007). From these fragmented contigs, the longest of 

each allelic pair was identified and selected using Redundans v0.14a (Pryszcz and 

Gabaldon 2016), resulting in a near-haploid level genome assembly. The output of this 

pipeline was polished using Pilon v1.23 (Walker et al. 2014) with 10X sequencing data to 

improve assembly quality and accuracy at single base resolution. Lastly, contigs were 

assembled into scaffolds by mapping Hi-C read pairs to the polished assembly with 

HiC-Pro (Servant et al. 2015), resulting in approximately 33.34% valid Hi-C reads pairs. 

Juicer v1.5 (Durand et al. 2016) and 3D-DNA v180419 (Dudchenko et al. 2017) were used 

to correct and finalize the construction of Lytechinus variegatus chromosomes (Figure 14). 
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Figure 14: Contact matrix generated by aligning Hi-C data (Dudchenko et al., 

2017) to the L. variegatus genome showing clear interaction boundaries marking 19 

chromosome-scale scaffolds. 

 

3.2.4 Repeat Identification 

Genomic repetitive elements were identified with RepeatModeler v2.01 (Smit 

and Hubley 2010) to generate a L. variegatus-specific repeat element library. Prior to 

masking, repeat libraries were filtered via BLASTn v2.3.0 (Camacho et al. 2009) for 

significant hits to gene models (www.echinobase.org/Echinobase/SpAbout) of the well-

studied sea urchin Strongylocentrotus purpuratus to prevent unintentional masking of 
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genic regions (91 of 2,377 repeat families removed). Repeats were mapped to the genome 

with RepeatMasker v4.0.9 (Smit et al. 2015) using the most sensitive setting (-s) to 

identify the location of repetitive elements. As centromeres and flanking DNA tend to be 

very gene poor, repeat rich, and difficult to assemble, we predict candidate centromere 

locations for select chromosomes by identifying regions with low gene density and high 

repeat density, which often correspond with increased density of gap sequence (Figure 

15; see Figure 20) (Weighill et al. 2019). 
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Figure 15: Genic (black) and repetitive (red) composition of each chromosome, generated by dividing chromosomes into 

150 equally sized bins. Contiguous regions of high repetitive content and low genic content mark putative centromere locations. 
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3.2.5 Gene Prediction and Annotation 

Repetitive regions were soft-masked prior to gene annotation and prediction. 

The developmental transcriptome of L. variegatus was retrieved from Israel et al. 2016 

and curated with EvidentialGene (Gilbert 2013) under default parameters to remove 

duplicate sequences and select the longest open reading frame for transcripts 

representing the same gene. In addition, UniProt Swiss-Prot (Bateman 2019) and S. 

purpuratus v5.0 protein models (www.ncbi.nlm.nih.gov/assembly/GCF_000002235.5) 

were incorporated in the gene annotation and prediction pipeline. 

Maker v2.31.10 (Campbell et al. 2014) was used to create an initial set of gene 

annotations by incorporating the previously mentioned resources under default 

parameters, except split_hit=20,000. Augustus v3.3.3 (Stanke et al. 2006) and SNAP 

v2006-07-28 (Korf 2004) gene prediction tools were trained on high confidence gene 

models from this run, plus an additional 1,000 bp of 5’ and 3’ flanking sequence. Trained 

gene prediction parameters from these two programs were incorporated into a second 

round of annotation with Maker to generate improved gene models. This cycle was 

repeated iteratively until gene model quality stopped improving (4 iterations). 

Assembled protein models were functionally annotated using BLASTp v2.3.0 

(Camacho et al. 2009) with three pre-existing protein databases: S. purpuratus v4.2 

protein models (models frequently referenced by the sea urchin development 

community), UniProt Knowledgebase Swiss-Prot protein models (Bateman, 2019), and 
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RefSeq invertebrate protein models (O'Leary et al. 2016) with S. purpuratus excluded (e-

value: 1e-5). In addition, protein domains were identified and annotated using 

InterproScan v5.38-76.0 (Jones et al. 2014). Lastly, BUSCO v3.0.2 (Seppey et al. 2019) was 

utilized as a measure of the completeness of the genome assembly (parameters: --long, --

db meatazoa_odb9). 

3.2.6 RNA and ATAC-seq Analyses 

Three replicates of bulk RNA-seq data from L. variegatus 32-cell embryos and 

prism stage larvae (retrieved from Israel et al. 2016) were mapped to gene models of 

each assembly using bowtie2 v2.3.5.1 (parameter: --very-sensitive) (Langmead and 

Salzberg 2012). These alignments were quantified via Salmon v0.14.1 (parameters: --

seqBias, --gcBias) (Patro et al. 2017). Single cell RNA-seq reads from an 10x Chromium 

dataset of 3hr and 24hr post-fertilization L. variegatus embryos were mapped with STAR 

(Dobin et al. 2013) via the Cell Ranger v3.0.1 software suite. Lastly, three replicates of 32-

cell and two-arm pluteus larvae ATAC-seq data were aligned with Stampy v1.0.28 

(parameter: --sensitive) (Lunter and Goodson, 2011). ATAC-seq alignments were filtered 

for L. variegatus mitochondrial sequences (Bronstein and Kroh, 2019) and required an 

alignment quality score of at least 5 using samtools v1.9 (Li et al. 2009). Peaks were 

called from these filtered alignments using the MACS2 v2.1.2 (Zhang et al. 2008) callpeak 

function (parameters: --nomodel, --keep-dup=auto, --shift 100, --extsize 200). 
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3.2.7 Data Deposition 

Sequencing data and genome assembly have been deposited at the China 

National GeneBank Database (CNGBdb) under the accession CNP0000959. 

3.3 Results 

3.3.1 Genome Assembly 

The Lvar_3.0 genome assembly contains 19 chromosome-scale scaffolds with an 

N50 length of 45.6 Mb, which cumulatively constitute over 99.9% of the 870.4 Mb 

assembly. The chromosomal-scale scaffolds range in size from 23.4 Mb to 96.7 Mb. 

Moreover, we found that the number of scaffolds larger than 20 Mb (19) match the 

haploid mean number of chromosomes from our karyotypic analyses (Figure 17, 18). 

The scaffolded genome assembly is comprised of 466 contigs (N50 length: 5.9Mb), 180Kb 

of total gap sequence (0.02% of assembly) and has a GC content of 36.1%. This represents 

a substantial improvement upon the most recently available annotated L. variegatus 

genome assembly Lvar2.2, which has a scaffold N50 of 46.3 Kb, contig N50 of 9.7 Kb, and 

5.4% of unresolved (N) gap sequence. Repetitive elements make up an estimated 45.4% 

of the Lvar_3.0 assembly but varies from 38.0% to 56.3% across the 19 chromosomes 

(Table 3). The completeness of the assembly is reflected in a BUSCO “complete” score of 

95.5%, including only 0.6% duplicated hits. 85 scaffolds with an average length of 10.2 

Kb could not be assigned to any of the 19 chromosomal scaffolds. See Table 4 and Figure 
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16 for a detailed summary of genome assembly statistics, including a comparison with 

the Lvar_2.2 assembly. 

Table 3: Summary of chromosome lengths, gene count, repetitive sequence and gap 

(N) sequence for the Lvar_3.0 assembly.

Table 4: Assembly summary statistics (top) and analysis metrics of three 

functional genomics datasets (bottom) onto Lvar_3.0 and the previous assembly, 
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Lvar_2.2. For each analysis, numbers reflect the sample average from two 

developmental timepoints: 32-cell embryo and early-stage larva. 
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Figure 16: Assembly statistics visualization generated by assembly-stats 

(www.github.com/rjchallis/assembly-stats) for the new Lvar_3.0 genome assembly 

(this study) and the latest annotated genome Lvar_2.2. 
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Figure 17: Chromosomes of L. variegatus at A) metaphase and B) prophase. C) 

Karyogram of Lytechinus variegatus. Figure by A. Berrio. We observed a mean of 19 

pairs of chromosomes distributed in three main groups by size (Figure 18). Three pairs 

of large metacentric chromosomes, four pairs of intermediate size sub-metacentric 

chromosomes and twelve small-sized chromosomes. Scale bar: 100 um. 



 

65 

 

Figure 18: Distribution of the diploid number of chromosomes across 89 

metaphases of L. variegatus. Figure by A. Berrio. 

 

3.3.2 Gene Annotation 

We identified 27,232 genes with an average length of 12.6 Kb (including UTR 

regions), which cumulatively make up 39.5% of the genome. An average of 31.5 genes 

per Mb were annotated on each chromosome, but this figure varied from 28.5 

(chromosome 3) to 33.6 (chromosome 14) (Figure 19), indicating a substantially unequal 

distribution of genic content among the chromosomes. Of the 27,232 gene models, 93.4% 

had an identifiable start (ATG) codon, while 90.3% had both a start and stop 
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(TGA|TAA|TAG) codon. 24,886 (91.4%) gene models had significant hits to S. 

purpuratus protein models, 19,312 (70.9%) to Uniprot Swiss-Prot proteins, and 22,130 

(81.3%) to non-S. purpuratus RefSeq invertebrate proteins. 1,553 (5.7%) gene models did 

not have a significant hit to any of these three protein databases. In addition, 24,169 

(88.8%) gene models had a significant hit to the InterproScan suite of protein function 

and domain databases, including 18,872 (69.3%) with a hit to Pfam protein families (El-

Gebali et al. 2019). 26 genes were modelled on 18 of the 85 unplaced scaffolds, but were 

of poor annotation quality (average length: 1.7 Kb).  

 

Figure 19: Number of annotated genes per megabase for each of the 19 

chromosome-scale scaffolds. Dotted line marks the average number of genes per 

megabase across the entire genome assembly (31.5). 
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3.3.3 Chromosomal Mapping of Key Developmental Genes 

The ability to map gene locations at the scale of entire chromosomes reveals 

several noteworthy features of the L. variegatus genome. We mapped > 100 

developmental regulatory genes (Figure 20A, red). Of the 12 genes encoding Wnt-family 

ligands, five are located within a < 90 Mb region on chromosome 1. The ten Hox genes 

form a tight cluster within a region of < 700 Kb that is devoid of other genes, as in many 

other marine invertebrates. Although the order of Hox genes is highly conserved among 

metazoan phyla, an inversion of the first three genes is present in the sea urchin 

Strongylocentrotus purpuratus (Cameron et al. 2006). We find that this inversion is present 

in L. variegatus as well (Figure 20B), suggesting that it predates the origin of the 

Camarodonta. The Pmar1 gene family, which encodes a paired-box transcription factor, 

is represented by 10 tandemly repeated genes in two tight clusters separated by ~432kb 

and 17 unrelated genes on chromosome 2 (Figure 20C). Although expression of Pmar1 is 

critical for cell fate specification in the early embryo (Oliveri et al. 2002), its high copy 

number has prevented an accurate reconstruction of the number and organization of 

orthologues in any sea urchin species until now. Also of interest are genes encoding 

proteins associated with the calcite endoskeleton, an autapomorphy for the phylum 

(Brusca and Brusca, 2003), that are highly expressed in the developing larva (Figure 20A, 

blue). The 10 genes of the msp130 family that encode a Ca2+ ion transporter critical for 

skeletogenesis are all located on chromosome 14 in three small tandem clusters and one 
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singleton. Six genes encoding skeletal matrix proteins (SM family) are located on 

chromosome 18, with two highly similar copies on chromosome 6. Genomic 

organization thus suggests that non-homologous recombination was primarily 

responsible for the expansion of the Pmar1, msp130, and SM gene families. 
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Figure 20: Ideogram and distribution of developmental genes in L. variegatus. 

A) Physical distribution of developmentally significant genes. Black = regulatory genes 

encoding components of the GRN (gene regulatory network); blue = genes encoding 

proteins of the biomineral matrix of the endoskeleton; green = Hox genes; red = Pmar1 

genes; gray = other developmental genes of interest. Inferred centromere location is 

shown for seven chromosomes (see Methods and Table 3 for criteria). B) Hox cluster 

organization (chromosome 3). C) The two clusters containing 10 Pmar1 paralogues 

(chromosome 2). In panels B and C arrowheads indicate direction of  

transcription and colors are the same as in panel A. 

 

3.3.4 Comparison of functional genomic data to between Lvar_3.0 and 
Lvar_2.2 

We aligned three types of functional genomics data (bulk RNA-seq, single cell 

RNA-seq, and ATAC-seq) to this genome assembly as well as to Lvar_2.2 to compare 

how chromosomal-scale assemblies improves acquisition of biological information over 

less contiguous ones. For each data type, two developmental stages (32-cell embryo and 

early larva) were analyzed under identical parameters (results summarized in Table 4). 

First, whole embryo RNA-seq was aligned to each assembly’s gene models (CDS+UTR). 

On average, read mapping rate and counts per sample increased by nearly 50% and 

mean counts per transcript almost doubled by mapping to the gene models of the 

Lvar_3.0 assembly over the older Lvar_2.2 models. Next, scRNA-seq data from these two 

stages were aligned to each genome assembly. Relative to Lvar_2.2, mapping to Lvar_3.0 

increased exon mapping rate by 16.7% (2.6-fold increase), which contributed a 1.7-fold 

increase in median genes per cell, 2.0-fold increase in median UMIs (unique molecular 

identifiers) per cell, and a 3.6% change in total number of cells confidently identified. 
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Lastly, ATAC-seq data was mapped to the nuclear genomes from each assembly, which 

resulted in slightly higher alignment rate (+2.7%) and many more peaks (+37.2%) being 

called in Lvar_2.2 relative to Lvar_3.0. This is likely a consequence of the larger assembly 

size, higher duplication rate, and increased fragmentation of the Lvar_2.2 assembly. 

However, ATAC-seq data aligned to Lvar_3.0 had a significant signal-to-noise 

improvement with fewer peaks and marked increase in the average read pileup per 

peak (+10.9%). Importantly, 99.99% of peaks were located on a scaffold with a gene 

model (as opposed to 70.4% in Lvar_2.2).  

These results demonstrate that a high-quality, chromosomal scale genome 

assembly can add substantial value to functional genomic datasets -- in this case, more 

than doubling some informatic metrics. Although there are trade-offs between cost, 

sequencing strategy, and ultimately genome assembly quality, researchers will likely 

reap long-term value from a larger initial investment in a high-quality genome 

assembly, particularly in cases where additional population and functional genomics 

datasets for the organism exist. Moving forward, as sequencing technologies and 

assembly strategies improve, this trade-off will be increasingly important to researchers 

considering the assembly or reassembly of more species’ genomes. 
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4. Recent Reconfiguration of an Ancient GRN Revealed
by Sea Urchin Genomes in the Genus Heliocidaris

Adapted from Davidson et al. 2021a. 

4.1 Introduction 

Over half a billion years of evolution has given rise to diverse early patterning 

mechanisms of animal embryos across the tree of life (Heyn et al. 2014), yet there are few 

documented examples of evolutionary recent, adaptive changes to critical early 

developmental networks and processes. While modifications to egg provisioning are 

often attributed to mediating rapid developmental evolution, the contribution, if any, of 

gene network architecture evolution to novel selective regimes is generally thought to be 

minimal due to selective constraints inherent to early embryonic mechanisms. To test 

this idea, we analyzed genomes and their molecular states during early development in 

two closely related sea urchins with divergent life histories and in an outgroup species. 

Signatures of positive selection and changes in chromatin status within putative gene 

regulatory elements are both enriched on the branch leading to the derived life history, 

and particularly so near core developmental patterning genes; in contrast, positive 

selection within protein-coding regions lack these enrichments in branch and function. 

Moreover, single-cell transcriptomes reveal a dramatic delay in cell fate specification in 

the derived state, which also has far fewer open chromatin regions, especially near genes 

with conserved roles in cell fate specification. Experimental perturbations reveal 

profound changes in the earliest regulatory interactions that pattern the sea urchin 
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embryo. Together, these results demonstrate that even highly conserved gene networks 

and patterning mechanisms in the early embryo remain evolvable under appropriate 

ecological circumstances.   

The well-defined gene regulatory network (GRN) of early development in sea 

urchins (Oliveri and Davidson 2004) provides a powerful framework for investigating 

the evolution of embryonic patterning mechanisms. Interactions within this GRN are 

almost completely conserved among species that diverged ~30-40 million years (my) ago 

(McClay 2011; Gildor and Ben-Tabou de-Leon 2015), with some interactions conserved 

for ~250 my (Erkenbrack, Davidson, and Peter 2018) or even ~480 my(Hinman et al. 

2003). Although developmental constraints may be responsible, a confound remains 

untested: the species with deeply conserved developmental mechanisms all share the 

same life history mode, involving low maternal provisioning and an extended feeding 

larval phase. Species with derived life histories involving massive maternal provisioning 

and highly abbreviated nonfeeding premetamorphic development have evolved on 

multiple occasions within sea urchins (Raff 1987; Wray 1996; McEdward and Miner 

2001), possibly in response to lower or more unpredictable food availability (Marshall et 

al. 2012).  These species provide a valuable test of the manner in which conserved 

regulatory interactions and patterning mechainsms respond to major shifts in selective 

regimes. The Australian sea urchin genus Heliocidaris includes H. tuberculata, 

representing the ancestral life history, and H. erythrogramma, with the derived state 
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(Laegdsgaard, Byrne, and Anderson 1991) (Figure 21). Numerous features and 

molecular mechanisms of early development that are broadly conserved among sea 

urchins differ markedly between these species (Raff 1992; Raff and Byrne 2006) (Figure 

22). We sought to learn whether these recently evolved differences are merely superficial 

and mask deeply conserved developmental mechanisms, or whether they are the 

product of substantive evolutionary changes in early cell fate specification and GRN 

organization.   

Figure 21: Simple phylogeny of Echinodermata. Large eggs and simplified 

larva of H. erythrogramma has evolved very recently following hundreds of millions 

of years of prior conservation. Figure by G. Wray. 
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Figure 22: Comparison of embryonic stages in the ancestral developmental 

mode (planktotrophy) and derived mode (lecithotrophy). Figure by G. Wray. 

 

 

Figure 23: Ancestral gene regulatory network in echinoids. Figure by G. Wray. 
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4.2 Results 

4.2.1 Natural selection has sculpted the regulatory landscape of H. 
erythrogramma 

We took advantage of the recent (~5 my) divergence between the two Heliocidaris 

species to carry out detailed analyses of orthologous coding and noncoding regions of 

the genome, focusing on the transcription factors and regulatory elements that constitute 

the backbone of GRNs and underlie cell fate specification mechanisms. Genomes of H. 

erythrogramma and H. tuberculata were each sequenced, assembled into twenty-one full 

length chromosomes, and annotated (Figure 24). Genome sequences were then aligned 

to one another and to that of Lytechinus variegatus (Davidson et al. 2020), an outgroup 

representing the ancestral life history condition (Figure 21). 



 

77 

 

Figure 24: Circos plot of chromosomes in H. erythrogramma and H. tuberculata 

genomes. Outer ring: Repetitive element content. Middle ring: Gene content. Inner ring: 

Zeta values. Blue points denote OCRs in top 10% of PhastCon scores. Green and orange 

points denote OCRs evolving under positive selection in H. tuberculata and H. 

erythrogramma, respectively. Triangles denote OCRs proximal to GRN genes.  

 

To understand how natural selection altered the genome during the evolution of 

nonfeeding development in Heliocidaris, we began by testing for branch-specific positive 
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selection within protein-coding regions. An interesting example on the H. erythrogramma 

branch is tmem195, which encodes alkylglycerol monooxygenase, the enzyme that 

releases fatty acids from diacylglycerol ethers for beta-oxidation(Watschinger and 

Werner 2013). The eggs of H. erythrogramma, unlike those of species with feeding larvae, 

contain massive reserves of maternally-deposited diacylglycerol ethers stored as a post-

metamorphic nutritional source (Davidson et al. 2019; Byrne and Sewell 2019). tmem195 

is also transcribed at much higher levels during development in H. erythrogramma 

(Figure 25), making it a possible case of adaptive change in both protein function and 

expression profile for the same gene, with readily-interpretable consequences for 

developmental metabolism. 

 

Figure 25: Developmental gene expression of transmembrane protein-195 for 

each sea urchin species 
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At a genome-wide scale, however, we found no statistical support for 

enrichment of adaptive change in coding sequences on either branch throughout the 

genome, among developmental genes broadly, or among GRN genes specifically (Figure 

26-27). Only two genes encoding transcription factors that are part of the defined GRN 

showed branch-elevated levels of positive selection: smo and klf7 (Walton et al. 2009; 

Chen, Luo, and Su 2011). Both operate relatively late during embryonic development 

and within specific cell lineages , suggesting that changes in the function of these 

proteins are unlikely to be responsible for most of the dramatic differences in the early 

development of H. erythrogramma.  

 

Figure 26: Distribution of dN/dS ratios (omega) for all genes and GRN genes 

in H. erythrogramma (orange) and H. tuberculata (green). 
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Figure 27: dN/dS rations in the genome of H. tuberculata vs H. erythrogramma. 

GRN genes denoted in purple. 

 

Therefore, we hypothesized that functional changes in non-coding regulatory 

elements are instead largely responsible for changes in development that evolved within 

Heliocidaris. We used ATAC-seq to identify 34,299 orthologous open chromatin regions 

(OCRs) representing putative regulatory elements in blastula-stage embryos of the two 

Heliocidaris species and of L. variegatus time when initial  cell fates have been specified. 

At a global scale, these putative enhancer and promoter regions are enriched for positive 

selection on the branch leading to H. erythrogramma relative to H. tuberculata (difference 
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in median: 0.078; Wilcoxon p-value < 2.2e-16) (Figure 28). Rates of sequence substitution 

within OCRs are overall higher the H. erythrogramma branch (Figure 28-29). This shift in 

the overall distribution of substitution rates specifically within OCRs on the H. 

erythrogramma branch is consistent with branch-specific weak positive selection on 

regulatory element function that is remarkably widespread within its genome. This 

result is consistent with our earlier finding that many of the expression differences 

between the two Heliocidaris species are genetically based in cis (Wang et al. 2020). 

 

Figure 28: Distribution of zeta values for OCRs near all genes and near GRN 

genes in H. erythrogramma (orange) and H. tuberculata (green). 
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Figure 29: Zeta values of OCRs in H. tuberculata vs H. erythrogramma. 

Lineage-specific levels of positive selection in OCRs near GRN genes are denoted for 

H. erythrogramma (orange: 26) and H. tuberculata (green: 4) 

 

Strikingly, the strongest signals of branch-specific positive selection are even 

more enriched when only considering putative regulatory elements near GRN genes 

(Figure 28-29); difference in median: 0.182; Wilcoxon p-value < 4.02e-10). In all, 26 

putative regulatory elements located near 24 distinct GRN genes exhibit accelerated 

sequence evolution on the H. erythrogramma branch, as opposed to just four on the H. 

tuberculata branch (Figure 24,29). These 24 genes represent 14.1% of the total within the 

defined GRN, a marked enrichment compared with the remainder of the genome, where 

accelerated OCRs are present near just 1.34% of genes.  
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4.2.2 Two distinct molecular mechanisms underlie divergence in 
transcriptomes 

We also observed a striking decrease in chromatin accessibility of putative 

regulatory elements throughout the H. erythrogramma genome relative to both species 

representing the ancestral life history (Figure 30-32). Of 2,625 differentially accessible 

OCRs between developmental modes, 1,795 sites (68.4%) are significantly less accessible 

in H. erythrogramma. Because decreased chromatin accessibility can limit transcription 

factor access to regulatory elements and because most regulatory interactions in the 

early sea urchin embryo involve activation of transcription, widespread evolutionary 

reduction in chromatin accessibility throughout the genome in H. erythrogramma 

embryos likely indicates decreased or delayed zygotic transcription for many genes. 

This interpretation is consistent with a general delay in cell fate specification in embryos 

of this species (Wray and Raff 1989, 1990; Smith, Turner, and Raff 2008; Wilson, 

Andrews, and Raff 2005; Love and Raff 2006; Israel et al. 2016).  
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Figure 30: Volcano plot of accessibility differences across 34,299 orthologous 

OCRs. Colored points indicate significant differential accessibility in H. 

erythrogramma (orange) or both planktotrophs (green).  
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Figure 31: Conserved chromatin accessibility landscape near Prox1 in H. 

erythrogramma (top) and H. tuberculata (bottom).  

 

 

Figure 32: Derived chromatin accessibility landscape near HesC in H. 

erythrogramma (top) and H. tuberculata (bottom).  
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In a previous study we analyzed changes in temporal gene expression profiles 

during early development within Heliocidaris and found that the largest changes are 

concentrated on the branch leading to H. erythrogramma and are enriched for 

developmental regulatory genes generally and GRN genes specifically (Israel et al. 

2016). Results reported here suggest that these derived expression profiles are the 

product of two distinct molecular mechanisms: changes in regulatory element 

nucleotide sequence and changes in chromatin configuration (Figure 33). The former 

may alter protein:DNA binding while the latter may alter protein access to regulatory 

elements. Both modes of regulatory evolution appear to be concentrated upstream of 

GRN genes relative to the rest of the transcriptome in H. erythrogramma (Figure 33-34). 

Notably, accelerated sequence evolution or altered chromatin state (or both) is present in 

an OCR upstream of a differentially expressed GRN gene 2-3X more frequently than the 

rest of the transcriptome in H. erythrogramma, while no such relationship is evident in H. 

tuberculata (Figure 35).  
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Figure 33: Number of differentially accessibly OCRs (x-axis) or OCRs evolving 

under positive selection (y-axis) in H. erythrogramma assigned to a gene. Purple 

points indicate GRN genes.  
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Figure 34: Two distinct mechanisms of cis-regulatory evolution have modified 

the chromatin landscape near GRN genes in H. erythrogramma.  

 

 

Figure 35: Association of differential accessibility (DA) or positive selection in 

an OCR near a gene and if that gene is differentially expressed between 
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developmental life history strategies. Gray bars signify all genes, purple bars signify 

GRN genes.   

The distribution of both mechanisms of regulatory evolution is highly 

nonrandom within the genome (enriched near differentially expressed genes and 

developmental regulatory genes) and phylogenetically (enriched on the H. 

erythrogramma branch). These departures from the null expectation of random 

distribution (i.e. from genetic drift) suggest that many of the specific changes are 

adaptive. Adults of the two Heliocidaris species occupy overlapping habitats and ranges 

(O'Hara and Byrne 2017), making the suite of derived life history traits that evolved on 

the H. erythrogramma branch a plausible driver of some of the extensive gene regulatory 

changes. 

4.2.3 The ancient double negative gate within the GRN is lost in H. 
erythrogramma 

The skeletogenic lineage represents the best studied cell type in sea urchin, 

including a well characterized gene regulatory network responsible for its specification 

and function. We therefore turned to Pmar1, another transcriptional repressor that 

interacts with HesC to form a double-negative logic gate within the GRN (Revilla-i-

Domingo, Oliveri, and Davidson 2007b): throughout most of the embryo HesC directly 

represses transcription of alx1 and other genes encoding positive regulators of the 

skeletogenic cell fate, permitting differentiation of other cell types; in the vegetal-most 

cells of the embryo, however, pmar1 is transiently expressed beginning the 16-cell stage 
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where it represses hesC, allowing alx1 transcription and thus specification of the 

skeletogenic cell fate (Oliveri, Davidson, and McClay 2003) (Figure 23).  

Pmar1 is encoded by a cluster of tandem genes in sea urchins (Yamazaki et al. 

2020). We identified 10 and 20 closely linked pmar1 orthologues in L. variegatus and H. 

tuberculata respectively (Figure 36; Table 5). The homeodomain, nuclear localization 

signal, and two EH1 protein:protein interaction domains are typically well conserved, 

although a few likely pseudogenes are present in each species (Figure 37). In H. 

erythrogramma we identified 11 pmar1 orthologues (Figure 36). Surprisingly, all of these 

copies contain deletions and/or frameshifts that often alter over half of the residues 

within the homeodomain, typically including one or more of five critical amino acids 

required for dimerization and DNA binding specificity (Figure 37). In contrast, likely 

functional orthologues in the other two species differ by 0-3 amino acids out of 60 within 

the homeodomain and these differences rarely involve the five critical residues. 

Furthermore, pairwise similarity between Pmar1 orthologs within a species averages 

greater than 88% for the entire peptide and 93% for the homeodomain in the ancestral 

state, while H. erythrogramma averages just 71.0 % and 45.3%, respectively (Figure 38). 

Taken together, the integrity of the Pmar1 gene family has dramatically decayed in H. 

erythrogramma, raising the question if this critical gene family has maintained its function 

in the derived developmental mode. 
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Figure 36: Alignment of entire CDS for all pmar1 orthologs for each species of this study. 
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Table 5: Gene IDs of pmar1 orthologs for each focal species of this study. 

*Complete ID: HTU_11633.t1_HTU_11639.t1_HTU_11641.t1. Bolded gene models will 

be functionally validated.  

 

Heliocidaris erythrogramma Heliocidaris tuberculata Lytechinus variegatus 

HER_759.t1 HTU_11625.t1 LVA_25831.t1 

HER_761.t1 HTU_11626.t1 LVA_25832.t1 

HER_762.t1 HTU_11627.t1 LVA_25833.t1 

HER_763.t1 HTU_11628.t1 LVA_25834.t1 

HER_764.t1 HTU_11630.t1 LVA_25853.t1 

HER_765.t1 HTU_11631.t1 LVA_25854.t1 

HER_770.t1 HTU_11632.t1 LVA_25855.t1 

HER_772.t1 HTU_11633.t1* LVA_25856.t1 

HER_773.t1 HTU_11634.t1 LVA_25857.t1 

HER_774.t1 HTU_11635.t1 LVA_25858.t1 

HER_775.t1 HTU_11636.t1  

HER_776.t1 HTU_11637.t1  

HER_777.t1 HTU_11638.t1  

 HTU_11640.t1  

 HTU_11642.t1  

 HTU_11643.t1  

 HTU_11644.t1  

 HTU_11645.t1  
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Figure 37: Alignment of three critical domains of pmar1 orthologs for each species. Green indicates a likely functional 

copy, yellow indicates a questionable copy, red indicates a likely non-functional copy. Red stars denote 5 critical amino 

acids involved  in the proteins function (see text). 



 

94 

 

Figure 38: Pairwise similarity between orthologs of pmar1 within a species for 

the entire protein and just the homeodomain. 

 

4.3 Discussion 

The evolution of nonfeeding development in Heliocidaris was accompanied by 

overt changes in oogenesis, cleavage geometry, morphogenesis, and larval morphology, 

with extensive underlying changes in gene expression (Raff and Byrne 2006; Israel et al. 

2016; Wang et al. 2020; Raff 1992). Whole genome sequence analysis shows that these 

changes are not merely superficial consequences of amplified maternal provisioning. We 

find limited evidence for adaptive changes within coding regions, but these are dwarfed 
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by the sheer number and widespread distribution of apparently non-neutral changes in 

the sequence of putative regulatory elements and in the regulation of their chromatin. 

Both types of molecular change are strikingly enriched on the branch where nonfeeding 

development evolved and are over-represented among differentially expressed genes 

and especially among GRN genes. While the potential for weak selection and epigenetic 

regulation to influence trait evolution through changes in gene regulation is widely 

appreciated, we are aware of few cases that illustrate the influence of both so clearly at a 

genomic scale. 

Focusing on transcriptional regulation that patterns the early embryo provides a 

test of the idea that evolutionary conservation of early development is the product of 

intrinsic constraints. We examined the specification event in the sea urchin embryo, 

where three transcription factors interact to specify two distinct cell fates and 

simultaneously establish the primary signaling center of the embryo. There is arguably 

no set of interactions within the GRN that is more fundamental to patterning the early 

sea urchin embryo, and they are conserved among sea urchins that diverged up to 40 

my ago. Remarkably, however, Pmar1, which interacts with HesC to form a crucial 

double-negative logic gate (Revilla-i-Domingo, Oliveri, and Davidson 2007b), appears to 

have lost its repressive functions in H. erythrogramma, though functional validation is 

needed. The case of pmar1 is particularly striking, as it is present as a tandem array of 

genes and uniquely in H. erythrogramma structural mutations have evolved that alter 
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many nucleotides of the homeodomain in each of its 10 orthologues (Figure 37). It is 

likely that these changes in genome sequence and function evolved in concert with the 

life history switch to nonfeeding development. The history of animal evolution contains 

many dramatic changes in life history – here, a genomic imprint of an evolutionarily 

recent flip in selective regime is readily interpretable from the genome and early gene 

network architecture of H. erythrogramma. We predict that adaptive modification of 

conserved regulatory interactions in early development are more common than 

previously appreciated and rapidly evolve on relatively short timescales when changes 

in life history rearrange selective pressures. 

4.4 Methods 

4.4.1 Genome Sequencing and Assembly 

4.4.1.1 Tissue Collection 

Heliocidaris erythrogramma (He) and H. tuberculata (Ht) specimens were collected 

near Sydney Harbor in Sydney, NSW, Australia and housed in natural sea water at the 

Sydney Institute of Marine Science in Mosman, NSW, AU. The interpyramidal muscle of 

Aristotle's lantern (the sea urchin’s feeding apparatus), tube feet, and the ovarian tissue 

were dissected from a single female individual, flash-frozen in liquid nitrogen, and 

prepared for DNA extraction and sequencing.  
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4.4.1.2 Genomic DNA Sequencing 

For each species, a 3rd-generation DNA library was sequenced on a PacBio 

sequel II CLR platform, generating xx,yy  Gb of data (He,Ht) with an N50 read length of 

xx,yy Kb (He,Ht). DNA from the same individual for each species was also used to 

construct 10x Genomics linked-reads and Hi-C libraries, which were sequenced on a 

BGI-SEQ 500 platform, generating xx,yy Gb (He,Ht) and xx,yy Gb (He,Ht)  of data, 

respectively. Jellyfish v2.2.6 (Marcais and Kingsford 2011) and GenomeScope v1.0.0 

(Vurture et al. 2017) were deployed to conduct a k-mer based survey of genome 

composition using linked-read sequencing data based on 17-mer frequency distribution 

to estimate the genome size and heterozygosity of both He and Ht. 

4.4.1.3 Assembly Strategy 

PacBio sequencing data was employed to assemble a de novo contig-level genome 

assembly using Canu v1.8 (minReadLength=1200; minOverlapLength=1000) (Koren et al. 

2017). Subsequently, HaploMerger2 v3.6 (Huang, Kang, and Xu 2017) was used to create 

breakpoints in the contigs where potential misjoins have occurred by aligning allelic 

contigs via Lastz v1.02.00 (Harris 2007) .From these fragmented contigs, the longest of 

each allelic pair was identified and selected using Redundans v0.14a (Pryszcz and 

Gabaldon 2016) resulting in a near-haploid level genome assembly. The output of this 

pipeline was polished using Pilon v1.23 (Walker et al. 2014) with 10X sequencing data to 

improve assembly quality and accuracy at single base resolution. Lastly, contigs were 
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assembled into scaffolds by mapping Hi-C read pairs to the polished assembly with 

HiC-Pro (Servant et al. 2015). Juicer v1.5 (Durand et al. 2016) and 3D-DNA v180419 

(Dudchenko et al. 2017) were used to correct and finalize the construction of 

chromosome-length scaffolds for each species. Summary statistics for each assembly are 

available in Table 6.  

Table 6: Genome summary statistics for H. erythrogramma and H. tuberculata 

 H. erythrogramma H. tuberculata 

Size 1.06 GB 0.897 GB 

# contigs 1979 1837 

N50 contig 0.96 MB 1.14 MB 

# scaffolds 29 174 

N50 scaffolds 52.2 MB 44.0 MB 

Gap % 0.09% 0.09% 

# Chromosomes 21 21 

BUSCO (C) 94.2% 93.3% 

BUSCO (D) 1.4% 2.6% 

 

4.4.1.4 Repeat Identification and Classification 

Genomic repetitive elements were identified with RepeatModeler v2.01(Smit and 

Hubley 2010) to generate species-specific repeat element libraries for each . Repeat 

families were filtered via BLASTn v2.3.0 (Camacho et al. 2009) for significant hits to gene 

models of the well-studied sea urchin Strongylocentrotus purpuratus 
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(www.echinobase.org) to prevent unintentional masking of genic regions. Repeats were 

masked from the genome of each species with RepeatMasker v4.1.1 (Smit et al. 2015) 

using the most sensitive setting (-s) to identify the location of repetitive elements. Long-

terminal repeats were also secondarily identified with LTR_Finder v1.0.7(Smit and 

Hubley 2010). Outputs of both RepeatMasker and LTR_Finder were then input into 

RepeatCraft v1.0 (Wong and Simakov 2019) under default paramaters to improve repeat 

element annotation and identification, resulting in a final genome annotation of 

repetitive elements. Lastly, repeats were broadly classified into functional categories 

described by their mode of transposition using TEclass (Abrusan et al. 2009).  

4.4.1.5 Gene Annotation and Prediction Strategy 

Previously published paired-end RNA-seq reads from six developmental stages 

for each Heliocidaris species (Israel et al. 2016) were trimmed using Trimmomatic 

v0.39(Bolger, Lohse, and Usadel 2014) (TruSeq3-PE.fa: 2:30:10; leading: 3; trailing: 3; 

slidingwindow: 4:15; minlen: 36) and properly paired reads were mapped to their 

respective genomes using STAR v2.7.2. For each species, these RNA-seq alignments as 

well as protein models of the S. purpuratus v5.0 genome were input into BRAKER2 

(Bruna et al. 2021) (--etpmode). This program utilizes a number of additional software as 

a part of its pipeline including Augustus (Stanke et al. 2006), Genmark-EP+ (Bruna, 

Lomsadze, and Borodovsky 2020), Genemark-ET (Lomsadze, Burns, and Borodovsky 

2014), DIAMOND (Buchfink, Xie, and Huson 2015), and Samtools (Li et al. 2009). Gene 
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models from the BRAKER output for filtered for transposable elements by aligning to a 

combined database of transposable element sequences from the MAKER gene 

annotations pipeline (Campbell et al. 2014) and the Dfam v3.3 transposable element 

database (Storer et al. 2021) using BLAST-P (Camacho et al. 2009). Lastly, gene models 

were improved using the PASA pipeline (Haas et al. 2008) by supplementing pre-

existing gene models with a de-novo transcriptome retrieved from reference 14. These 

gene models were annotated by aligning peptide sequences three separate databases 

using BLAST-P v2.3.0 (Camacho et al. 2009) : 1) S. purpuratus v4.2  gene models; 2) 

UniProt KnowledgeBase SwissProt protein models (Bateman 2019); 3) RefSeq 

invertebrate protein models with S. purpuratus excluded (e-value cutoff: 1e-5) (O'Leary 

et al. 2016).  

4.4.2 Whole Genome Alignment 

Prior to whole genome alignment, each genome was soft-masked for repetitive 

elements using each species repeat element library (see above). An optimal scoring 

matrix for whole genome alignment between each set of species was inferred using the 

lastz_D_Wrapper.pl script of HaploMerger2 v3.6 (Huang, Kang, and Xu 2017). Next 

whole genome alignment between each species pair was performed in both directions 

following UCSC guidelines outlined in the runLastzChain.sh and doBlastzChainNet.pl 

(https://github.com/ucscGenomeBrowser/kent) to produce .psl, .lav, .chain, and finally 

liftOver files for each whole genome alignment. In addition, .maf files were generated 

https://github.com/ucscGenomeBrowser/kent
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for H. erythrogramma, H. tuberculata, and L. variegatus for each chromosome using H. 

erythrogramma as the reference genome using Multiz and TBA (Blanchette et al. 2004).  

4.4.3 Selection Analyses 

4.4.3.1 Coding 

For each species pair, coding sequences from predicted gene models (see above) 

were aligned and dN/dS ratios estimated using the “orthologr” (Drost et al. 2015) v0.4.0 

package in R v4.0.2. For each analysis, the following parameters were used: 

ortho_detection = "RBH", aa_aln_type = "pairwise", aa_aln_tool = "NW", codon_aln_tool 

= "pal2nal", dnds_est.method = "Comeron". To access branch-specific levels of positive 

selection in coding sites, diffrences in dN/dS ratios between H. erythrogramma and L. 

variegatus and dN/dS ratios between H. tuberculata and L. variegatus were calculated to 

identify species-specific signatures of positive selection.  

4.4.3.2 Non-coding 

A neutral genomic reference was first defined masking repetitive elements, 

coding sequence, untranslated sequence, non-coding RNAs (including microRNAs, 

ribosomal RNAs, small nuclear RNAs, and transfer RNAs) and ATAC-seq open 

chromatin regions (OCRs) (see below) in the genome. The remaining, putatively 

neutrally evolving genome was then divided into 300 bp windows, orthologous regions 

retrieved from each species’ genome, and filtered using the filtering.py and pruning.py 

scripts of the “adaptiphy” (Berrio, Haygood, and Wray 2020) program 
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(https://github.com/wodanaz/adaptiPhy). Next, branch lengths of each of these neutral 

sites was estimated using phyloFit (Siepel and Haussler 2004) (--subst-mod HKY85), 

highly-conserved sites removed (see Fig 39), relative branch lengths calculated, and sites 

falling within the middle 50% of relative branch lengths in the H. erythrogramma genome 

were selected as the neutral reference (88,004 sites).  

 

Figure 39: Branch length distribution of putatively neutral non-coding sites for 

each sea urchin species 

 

 To measure branch-specific signatures of positive selection in the non-coding 

genome, the “adaptiPhy” (Berrio, Haygood, and Wray 2020) pipeline 

H. erythrogramma

H. tuberculata

L. variegatus

https://github.com/wodanaz/adaptiPhy
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(https://github.com/wodanaz/adaptiPhy) for global tests of natural selection was 

followed. First, orthologous sequences for non-coding sites of interest were selected 

from each species’ genome into FASTA format. Sequences were trimmed to include only 

contiguous DNA sequence using the prunning.py script and filtered using the filtering.py 

script, requiring a minimum alignment length of 75 bases. These trimmed and filtered 

alignments serve as  “query” sequences of tests for selection. To generate a neutral 

reference for comparison, ten neutral sites were randomly selected (see above) and 

concatenated into a single neutral reference sequence. In addition, test for positive 

selection were repeated 10 times for each query site. For each query site replicate, 

substitution rates of both the query and randomly concatenated neutral reference were 

estimated using phyloFit (Siepel and Haussler 2004). In addition, p-values of likelihood 

ratio tests for significant levels of branch-specific positive selection were calculated with 

adaptiPhy (Berrio, Haygood, and Wray 2020) pipeline using HyPhy (Pond, Frost, and 

Muse 2005). P-values and substitution rates for all query and neutral sites were then 

imported in R v4.0.2 for analysis.  

4.4.4. ATAC-seq 

4.4.4.1 Sample Preparation 

For each sea urchin species (H. erythrogramma, H. tuberculata, and Lytechinus 

variegatus), adult animals were induced to spawn via injection of 0.5 M KCl solution into 

the coelom. For each species, three unique male-female pairs were crossed to produce 

https://github.com/wodanaz/adaptiPhy
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three biologically-independent replicates of sea urchin embryos. Each culture was reared 

in large glass dishes supplied with 20 m filtered sea water (FSW) that was changed 

every six hours. Because these species exhibit different developmental rates, a 

conspicuous developmental milestone, shedding of the fertilization envelope at hatched 

blastula-stage, was selected to maximize developmental synchrony within cultures and 

across species for comparison.  Once a culture reached the blastula stage, live embryos 

were collected and processed immediately for nuclei preparation and transposase 

treatment as a part of the ATAC-seq protocol.  

4.4.4.2 ATAC-seq Protocol and Sequencing 

ATAC sample preparation was carried out according to the Omni-ATAC-seq 

protocol (Corces et al. 2017). For each replicate, embryos were washed once in 1 m 

FSW, lysed, and 50,000 nuclei were isolated for the transposition reaction as described in 

the Omni-ATAC-seq protocol using the Illumina TDE1 enzyme and tagmentation (TD) 

buffer (Cat. No. 20034197 and 20034198) (San Diego, CA, USA). Sequencing libraries for 

each replicate were generated via qPCR as described in Buenrostro et al. 2015) and 

sequencing libraries were purified and size selected using Ampure XP Beads at a 1.8:1 

bead volume: library volume (Beckman Coulter, Brea, CA, USA). Library quality and 

transposition efficiency was accessed using a Fragment Analyzer and PROSize 2.0 

(Agilent). H. erythrogramma and L. variegatus libraries were sequenced on an Illumina 

HiSeq 4000 instrument using 50 bp SE sequencing at an average of 41.9 million and 37.3 
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million reads per sample, respectively. H. tuberculata libraries were sequenced on an 

Illumina NovaSeq 6000 instrument using 50 bp PE sequencing (only SE were used for 

data analysis) at an average of 31.4 million reads per sample.  

4.4.4.3 ATAC-seq Data Analysis 

Raw ATAC-seq reads were trimmed for quality and sequencing adapters using 

cutadapt(Martin 2011) v2.3 with the following parameters: -a 

CTGTCTCTTATACACATCT -q 20 --trim-n -m 40. Trimmed reads were then aligned to 

each species’ respective genome using stampy (Lunter and Goodson 2011) v.1.0.28 using 

the “—sensitive” set of parameters. ATAC-seq alignments were filtered for 

mitochondrial sequences and required an alignment quality score of at least 5 using 

samtools v1.9(Li et al. 2009).  

In this study, we aimed to compare evolution of orthologous non-coding sites. 

To accomplish this, we performed a series of liftOvers (Hinrichs et al. 2006) to convert 

ATAC-seq alignments between genomic coordinates of each sea urchin species. We took 

an iterative, reciprocal strategy described below to minimize possible reference bias 

associated with converting between genome assemblies: 1) H. erythrogramma: He  Lv  

He; 2) H. tuberculata: Ht  Lv  He; 3) L. variegatus: Lv  He  Lv  He. And the end of 

filtering and coordinate conversion, all ATAC-seq alignments were referenced to the H. 

erythrogramma genome with average of 5.9 million alignments per sample to orthologous 

genomic loci.  
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Following filtering and coordinate conversion, peaks were called from these 

alignments using the MACS2 v2.1.2 (Zhang et al. 2008) callpeak function (parameters: –

nomodel, –keep-dup=auto, –shift 100, –extsize 200) for each species separately. Peak 

coordinates were merged using the bedtools (Quinlan and Hall 2010) v2.25 merge 

function requiring a peak overlap of at least 200 bp to be merged into a single peak. 

Lastly, for each sample, accessibility of each peak was measured with the bedtools 

(Quinlan and Hall 2010) v2.25 multiBamCov function and imported into R v4.0.2 for 

statistical analysis.  

4.4.4.4 ATAC-seq Peak Filtering 

After accessibility and rates of selection were calculated for each ATAC-seq peak, 

herein referred to as an “open chromatin region” (OCR), a series of filtering and quality 

control metrics were carried out to ensure only high confidence and quality peaks were 

compared between species. These filtering steps are as follows: 1) each OCR is required 

to have at least 75bp of contiguous, single copy sequence (see Section 3.2) for accurate 

estimations of selection; 2) for each species, a local composition complexity (LCC) 

(Konopka 2001) value of 1.9 or more was required for the OCR to remove repetitive or 

other low-complexity sequences that may generate inaccurate estimations of selection 

(module: biopython.org/docs/1.75/api/Bio.SeqUtils.lcc.html); 3) a CPM of 3 or more was 

required in at least 2 (of the 9) samples to remove OCRs with extremely low 

accessibility; 4) the midpoint of the OCR must lie within 25kb (in either direction) of the 
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translational start site of a gene model; 5) the gene nearest to an OCR must be the same 

gene in each of the species’ genomes —in other words, for each OCR and its nearest 

gene in the H. erythrogramma, the orthologous region in the H. tuberculata and L. 

variegatus genome must also be closest to a gene model that is orthologous (determined 

by annotation) to the same gene in the H. erythrogramma genome. Given nearly no prior 

knowledge is known of the cis-regulaotry landscape for these sea urchin species, these 

stringent filtering methods were carried out in order to maximize confidence in 

comparisons of non-coding sequence evolution and function. This method resulted in a 

final set  34,299 high-confidence OCRs for cross-species analysis.  

4.4.4.5 ATAC-seq Functional Analysis 

Raw counts of the filtered OCRs were loaded into DESeq2 (Love, Huber, and 

Anders 2014) v1.30 to calculate differential accessibility between sample groups. For life 

history strategy comparisons, H. tuberculata and L. variegatus were treated as single 

group. Differentially accessible sites were classified as having a 2-fold accessibility 

difference between sample groups and supported by an FDR of 10%.  Significant levels 

of positive selection were classified as having a median zeta value (ratio of query 

substitution rate to neutral reference substitution rate) greater than 1.5 and supported by 

a median false-discovery rate less than 10% across 10 replicates for each query site. 
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5. Cis-regulatory modifications underlying the evolution 
of lecithotrophic development 

5.1 Introduction 

In Chapter 4, I demonstrated cis-regulatory modifications, including changes in 

accessibility and sequence evolution, have likely played a critical role in how the sea 

urchin GRN has changed during the evolution of lecithotrophy. However, only a single 

developmental stage (blastula) was compared between species, providing a snapshot of 

an otherwise highly dynamic developmental chromatin landscape. Genome-wide 

comparisons of developmental cis-regulatory modifications between species and life 

history strategies can provide a more complete picture of how developmental gene 

regulation has evolved in H. erythrogramma. To do this, I collected ATAC-seq samples 

for 9 developmental stages in triplicate for H. erythrogramma and the two planktotrophs, 

H. tuberculata and L. variegatus. In addition to characterizing and comparing putative 

regulatory sites identified by ATAC-seq, I access how changes in genome structure in H. 

erythrogramma affecting OCRs may be associated with changes in regulatory function in 

this species. Lastly, using annotated regulatory sites from a diverse set of taxa, I use 

empirical data to test a hypothesis regarding intergenic distance, complexity of 

regulatory architecture, and genome evolution. This work represents a series of analyses 

that are still in progress, and whose results and interpretation are subject to change as 

additional analyses are carried out. Therefore, the results presented here should be 

considered preliminary and a part of an actively researched project.   
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5.2 Results and Discussion 

5.2.1 Global variation in the developmental chromatin landscape 

Following peak filtering and quantification, 35,788 orthologous OCRs were 

identified for cross-species analysis. Of these 35,788 OCRs, 4,180 were classified as 

having a life history “rearrangement,” meaning these OCRs’ closest gene was the same 

gene in the ancestral condition but nearest to a different gene in H. erythrogramma, 

representing the derived developmental mode. 31,608 orthologous OCRs, on the other 

hand, had the same nearest gene in all species.  

When all OCRs are considered, principal component analysis (PCA) 

demonstrates the primary source of variation in chromatin landscape arises from 

species-specific differences (Figure 40; PC1: 20.3%). PC2 (18.5%), on the other hand, 

appears to capture variation in chromatin accessibility through developmental time, 

with developmental stages more dissimilar within a species exhibiting in the ancestral 

condition (L. variegatus and H. tuberculata) relative to H. erythrogramma. This result is 

consistent with the developmental mode of these species, in which differentiation and 

development of more complex larval structures in the ancestral mode may require more 

changes in gene regulation during early development. Additionally, fate specification 

and activation of the zygotic genome is predicted to be significantly delayed in. H. 

erythrogramma (Wray and Raff, 1989), which may be associated with fewer changes in 

chromatin accessibility during early development in this species.  
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Figure 40: Principal component analysis of chromatin accessibility through 

development.  

Interestingly, when only OCRs positioned near gene regulatory network genes 

are considered (1,298 OCRs), the primary source of variation in the chromatin landscape 

shifts from species differences to developmental life history (Figure 41; PC2: 25.5%). In 

this case, species, and possibly genus, level differences account for the second most 

amount of variation in the dataset (PC2: 17.6%). GRN genes are largely responsible for 

carrying out cell specification and morphogenesis in the developing embryo. Therefore, 

development being the dominant source of variation in chromatin accessibility near 

these genes is consistent with the biological role predicted of these genes at this time. 
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Furthermore, the distribution of samples across development (PC1) is much more 

similar between H. tuberculata and L. variegatus relative to H. erythrogramma, consistent 

with the life histories and developmental strategies distinguishing these species.  

 

Figure 41: Principal component analysis of chromatin accessibility through 

development near only gene regulaotry network genes.  

In addition to principal component analysis, variance partitioning (Hoffman and 

Schadt, 2016) using a linear mixed model provides a complementary way of accessing 

global differences in chromatin accessibility across samples. When all OCRs are 

considered, developmental stage, followed by the interaction of stage and life history 

strategy, accouts for more variation in chromatin accessibility than any other variable 

considered (genus, species, and life history strategy) (Figure 42).  Still, most of the 
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variation in the chromatin dataset is not accounted for by these variables (residuals), 

which could be a result of no significant differences in chromatin accessibility between 

sample groups accounted for by these variable, or statistical noise inherent to chromatin 

accessibility data.  

 

 

Figure 42: Variance partitioning of chromatin accessibility through 

development between all three sea urchin species.  

When only OCRs near GRN genes are considered, however, a much greater 

fraction in the global variation across the ATAC-seq dataset can be attributed to one of 

the five factors considered (Stage, Stage:Life_History, Genus, Species, Life_History) 

(Figure 43), illustrated by higher median variation attributed to each factor and lower 
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residual values for these sites. Considering these genes have an especially important role 

at this stage of development, it makes sense that tighter control and more biological 

signal is measured in their nearby chromatin landscape, as opposed to noise or random 

variation in accessibility found across the entire genome. Like when all OCRs are 

considered, stage and stage-by-life history are still the variables responsible for the most 

of the variation in chromatin accessibility near GRN genes. Importantly, however, life 

history now accounts for the third, as opposed to the least, amount of variation across all 

factors, indicative of the critical role regulation of these genes plays in the constrasting 

developmental life strategies between these three species.  
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Figure 43: Variance partitioning of chromatin accessibility through 

development between all three sea urchin species when only OCRs near GRN genes 

are considered. 

5.2.2 Comparative developmental chromatin dynamics highlight 
differential gene regulation and onset of embryonic fate specification 

Regulation of gene expression is dependent on the recruitment and binding of 

transcription factors to initiate or repress gene expression. Thus, the accessibility of a 

gene’s regulatory architecture to binding of these transcriptional modulators can serve 

as a proxy for how its expression is regulated. During embryogenesis, specification of 

cell and tissue types is highly dependent on the presence or absence of critical regulatory 

and differentiation products. So taken together, comparisons of chromatin accessibility 

through early embryogenesis can provide valuable insight into how differing 
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development phenotypes and mechanisms of embryonic specification are generated, 

and ultimately, evolve. 

  At each stage of development, there is increased accessibility across the 

genomes of indirect developers at orthologous OCRs between the three species (Figure 

44). Interestingly, this asymmetry is further magnified as development proceeds, 

indicating OCRs are becoming increasingly accessible in the planktotrophs relative to H. 

erythrogramma. One possible explanation for this pattern is an earlier activation of the 

zygotic genome and cell fate specification during planktotrophic development —

embryonic cell types are specified by the regulatory factors they express, so increased 

accessibility may be associated with a more dynamic genomic architecture regulating 

the differentiation of disparate cell lineages. The apparent quiescence found across the 

H. erythrogramma genome is consistent with delayed and altered embryonic cell fate 

specification found in this species.  
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Figure 44: Differential accessibility of all orthologous OCRs identified in this 

study for each stage of development. Colored points indicate significant differential 

accessibility in H. erythrogramma (orange) or both planktotrophs (green). 
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5.2.3 Signatures of positive selection are polarized across 
developmental life histories  

In addition to accessibility of OCRs, measurements of sequence evolution within 

OCRs can provide powerful insight into potential functional changes occurring in how 

these regulatory sites function. These changes may occur through a gain or increase of a 

binding site or binding affinity of a transcriptional regulator, or partial to complete loss 

of function in a regulatory site via changes in nucleotide sequence. For coding sequence, 

a common metric for positive selection is the ratio of non-synonymous to synonymous 

(dN/dS) changes along the protein sequence, leveraging prior knowledge of how specific 

changes in nucleotide sequence will or will not lead to a change in the amino acid 

sequence. For non-coding sequence, however, far less is known about how sequence 

changes affect the function of the loci, especially for non-model organisms. However, 

sites potentially evolving under neutral selection in the genome (neither selected for nor 

against) can be predicted using functional genomics data and annotation. These 

neutrally evolving sites provide a “base rate” of nucleotide evolution against which 

substitution rates of non-coding sites of interest can be compared (see Section 5.4 for 

additional details).  

I carried out branch-specific measurements of positive selection on all 35,788 

OCRs identified in this study using the adaptiPhy (Berrio et al., 2020) method. Across 

the entire genome, slightly more OCRs are evolving under positive selection in H. 

tuberculata than H. erythrogramma: 1,384 in H. erythrogramma, 1,421 H. tuberculata. 
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However, when only OCRs near GRN genes are considered, 28 OCRs are evolving 

under positive selection on only the H. erythrogramma branch as opposed to 11 OCRs in 

H. tuberculata (Figure 45). Considering these changes near GRN genes are highly 

concentrated in H. erythrogramma, this result suggests regulation of novel developmental 

mechanisms found in this species may be mediated change in function of regulatory 

OCRs via sequence evolution.  

 

 

Figure 45: Zeta values of OCRs in H. tuberculata vs H. erythrogramma. 

Lineage-specific levels of positive selection in OCRs near GRN genes are denoted for 

H. erythrogramma (orange: 28) and H. tuberculata (green: 11) 
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5.2.4 Association of positive selective and genomic rearrangements 
of OCRs 

Among orthologous OCRs, most (31,608 sites) are positioned near the same gene 

in all three species examined here. 4,180 OCRs, however, are positioned near the same 

gene in both planktotroph species but lie closer to a different gene in the lecithotroph, H. 

erythrogramma, indicating a genomic rearrangement, of either a gene or the OCR, may 

have occurred in this species. These rearrangements are potentially significant as 

repositioning of a gene or regulatory loci can have a significant effect on the expression 

of a gene. For example, an enhancer responsible for transcription of a developmental 

gene may no longer function if repositioned 100s of kilobases away from the gene it 

normally regulates, or it may take on a new role in regulating transcription of a different 

gene altogether.  

Another possibility is that rearrangement of a regulaotry site relieves the site of 

its previously conserved role in transcriptional regulation and can acquire a novel 

regulatory function. To test this, I computed zeta values along the H. tuberculata and H. 

erythrogramma branch for OCRs who have no rearrangement (“shared”) and for those 

that have been rearranged in H. erythrogramma to test if levels of positive selection 

differed between these two sets of OCRs. As expected, the distribution of zeta values 

along the H. tuberculata branch did not differ between OCRs that were rearranged or not 

in H. erythrogramma (Figure 46). Interestingly, though, while zeta values along the H. 

erythrogramma branch show a similar distribution in rearranged and shared OCRs, a 
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notable set of high zeta value (~3.0+) OCRs are found among OCRs that are rearranged 

in this species (Figure 47). Although more in-depth analysis of these sites in needed to 

validate this signal, this result suggests that genomic rearrangement of OCRs is 

associated with higher levels of positive selection at some loci, possibly due to 

neofunctionalization following rearrangement.   

  

 

Figure 46: Distribution of zeta values for H. tuberculata at orthologous OCRs 

with the same nearest gene (shared) or OCRs whose nearest gene is different in H. 

erythrogramma relative to the planktotrophs.  
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Figure 47: Distribution of zeta values for H. erythrogramma at orthologous 

OCRs with the same nearest gene (shared) or OCRs whose nearest gene is different in 

H. erythrogramma relative to the planktotrophs. 

 

5.2.5 Relationship between intergenic distance and regulatory 
architecture complexity 

  Intergenic distance (distance between genes along a chromosome) is predicted to 

scale positively with complexity of regulatory architecture, as genes whose expression  

must be tightly regulated, whether that be spatially, temporally, or in magnitude, are 

more likely to have a complex cis-regulatory architecture and should not interfere with 

the expression of nearby genes (Nelson, Hersh, and Carroll, 2004). Although this 

hypothesis has existed for some time, very little empirical evidence exists to test this 

idea. With an increasing amount of functional genomic and annotation data available for 

many taxa, it is now possible to further analyze this question across a broad range of 
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species, genome sizes, and life histories. Here, I am measuring intergenic distance as the 

distance from the translational start site of a gene to the translational start site of its 

closest neighboring gene. As a simple proxy for “regulatory complexity” of sea urchins, I 

am counting the number of OCRs assigned to each gene (see Methods for how this is 

done). Although there are many limitations associated with such a proxy, given OCRs 

frequently correspond to enhancers, promoters, or other non-coding regulatory sites, it 

serves as a rough measurement for the number of elements potentially near a gene. For 

model organisms, I am using a validated lists of enhancers retrieved from 

http://www.enhanceratlas.org/ (Gao and Qian, 2020).  

 Starting with sea urchins, I find when all OCRs are considered on a species-by-

species basis (not necessarily orthologous between species and conserved within 

Echinoderms), is no relationship is measured between number of OCRs assigned to a 

gene and the distance of that gene to its nearest neighboring gene (Figure 48; colored 

lines), with the exception of genes with greater than 20 OCRs in L. variegatus. Strikingly, 

when only orthologous OCRs are considered in this analysis (Figure 48; gray line), a 

strong association between intergenic distance and number of OCRs is measured. 

Recovery of this signal when only orthologous OCRs are considering may reflect higher 

confidence in annotations of these OCRs as possible regulatory sites, as being functional 

or biologically important across these species would demand sequence conservation. For 

this same reason, when both orthologous and lineage-specific OCRs are considered, this 
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association is not found, possibly because the biological signal is masked by many OCRs 

that are less biologically important or conserved but still measured by ATAC-seq.  

 

Figure 48: Relationship of number of OCRs assigned to a gene and the 

distance of that gene to the next nearest gene. Colored lines denote all OCRs in that 

species, regardless of conservation or lineage-specificity. Gray line (shared) denote 

only OCRs that are found in each of the three sea urchin species.  

 

 Furthermore, intergenic distance and number of nearby enhancers also scales 

positively in Drosophila melanogaster and Caenorhabditis elegans (Figure 49), following a 

similar trend found among orthologous OCRs in sea urchins. However, this trend is not 

found in the yeast, Saccharomyces cerevisiae. In chicken Gallus gallus, number of nearby 

enhancers initially decreases with intergenic distance and then increases for genes with 

15 or more enhancers nearby. In the mouse, Mus musculus, a negative relationship is 
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initially found between intergenic distance and enhancers, which later stabilizes for 

genes with numerous enhancers assigned to it.  

 Although a more exhaustive analysis, including more taxa and alternative 

methods of enhancer-to-gene assignment, is needed, a few plausible explanations exist 

for these results. Extremely large effective population sizes of sea urchins, flies, and 

nematodes predicts natural selection acts very efficiently on populations of these 

species, potentially leading to restructuring of a more efficient genome architecture 

responsible for gene expression regulation. It is not surpassingly that a relationship is 

not measured in yeast, given its extremely small genome and, relative to metazoans, 

simple cis-regulatory landscape. Relatively large genome sizes of chicken and mouse 

could explain the lack of signal measured in these genomes. In other words, their 

genomes and thus intergenic distances are large enough already, so partitioning of 

genomic space according to complexity of gene regulatory architecture is not necessary 

to properly regulate intricate gene expression patterns. Such compelling evidence for a 

possible relationship between intergenic distance and regulatory complexity warrants 

further investigation into validating whether or not this signal can be generally applied 

across the Metazoa.  
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Figure 49: Number of enhancers assigned to a gene and distance of that gene to 

its nearest neighboring gene for a variety of taxa.  
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5.4 Methods 

5.4.1 Sample Preparation 

For each sea urchin species (H. erythrogramma, H. tuberculata, and L. variegatus), 

adult animals were induced to spawn via injection of 0.5 M KCl solution into the 

coelom. For each species, three unique male-female pairs were crossed to produce three 

biologically-independent replicates of sea urchin embryos. Each culture was reared in 

large glass dishes supplied with 20 m filtered sea water (FSW) that was changed every 

six hours. For each species, the following developmental stages were collected for 

sequencing: 4th, 5th, 6th, 7th, 8th, 9th, hatched blastula, mid-gastrula, and early larva (two-

arm pluteus for indirect developers). Once a culture reached the correct developmental 

stage, live embryos were collected and processed immediately for nuclei preparation 

and transposase treatment as a part of the ATAC-seq protocol.  

5.4.2 ATAC-seq Protocol and Sequencing 

ATAC sample preparation was carried out according to the Omni-ATAC-seq 

protocol (Corces et al. 2017). For each replicate, planktotroph embryos were washed 

once in 1 m FSW, lysed, and 50,000 nuclei were isolated for the transposition reaction 

as described in the Omni-ATAC-seq protocol using the Illumina TDE1 enzyme and 

tagmentation (TD) buffer (Cat. No. 20034197 and 20034198) (San Diego, CA, USA). For 

H. erythrogramma, embryos are large and lipid-rich, so protocol modifications were made 

to account for the positive buoyancy and abundance of cell debris. One modification 
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includes increasing the “hard” lysis buffer concentration from 0.1 to 1%. In addition, for 

the initial “hard” lysis step, all filtered sea water was carefully removed using a P100 

down to P1 pipettor from the bottom of the Eppendorf tube containing the embryos for 

sampling. After all water was removed, a small plastic pestle was turned 5 times on the 

embryo pellet to grind up the large, lipid-rich cells. Ice-cold “hard” lysis buffer was 

immediately added to the cell debris as stated in the OmniSeq protocol. The remainder 

of the OmniSeq protocol was followed as-is, except an additional wash with PBS was 

added prior to transcription to help clear excess cell debris.  

 Sequencing libraries for each replicate were generated via qPCR as described in 

Buenrostro et al. 2015 and sequencing libraries were purified and size selected using 

Ampure XP Beads at a 1.8:1 bead volume: library volume (Beckman Coulter, Brea, CA, 

USA). Library quality and transposition efficiency was accessed using a Fragment 

Analyzer and PROSize 2.0 (Agilent). H. erythrogramma and L. variegatus libraries were 

sequenced on an Illumina HiSeq 4000 instrument using 50 bp SE sequencing. H. 

tuberculata libraries were sequenced on an Illumina NovaSeq 6000 instrument using 50 

bp PE sequencing (only SE were used for data analysis) at an average of 31.4 million 

reads per sample.  

5.4.3 ATAC-seq Data Analysis 

Raw ATAC-seq reads were trimmed for quality and sequencing adapters using 

cutadapt (Martin 2011) v2.3 with the following parameters: -a 
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CTGTCTCTTATACACATCT -q 20 --trim-n -m 40. Trimmed reads were then aligned to 

each species’ respective genome using stampy (Lunter and Goodson 2011) v.1.0.28 using 

the “—sensitive” set of parameters. ATAC-seq alignments were filtered for 

mitochondrial sequences and required an alignment quality score of at least 5 using 

samtools v1. 9(Li et al. 2009). 

In this study, we aimed to compare evolution of orthologous non-coding sites as 

well as sites only present in one or two species. For orthologous regions,  we performed 

a series of liftOvers (Hinrichs et al. 2006) to convert ATAC-seq alignments between 

genomic coordinates of each sea urchin species. We took an iterative, reciprocal strategy 

described below to minimize possible reference bias associated with converting between 

genome assemblies: 1) H. erythrogramma: He  Lv  He; 2) H. tuberculata: Ht  Lv  He; 

3) L. variegatus: Lv  He  Lv  He. And the end of filtering and coordinate conversion, 

all ATAC-seq alignments were referenced to the H. erythrogramma genome with average 

of 5.9 million alignments per sample to orthologous genomic loci.  

Following filtering and coordinate conversion, peaks were called from these 

alignments using the MACS2 v2.1.2 (Zhang et al. 2008) callpeak function (parameters: –

nomodel, –keep-dup=auto, –shift 100, –extsize 200) for each species and stage separately, 

combining 4th & 5th cleavage, 6th & 7th cleavage, and 8th & 9th cleavage stages. Peak 

coordinates from each species and stages merged using the bedtools (Quinlan and Hall 

2010) v2.25 merge function requiring a peak overlap of at least 200 bp to be merged into a 



 

129 

single peak. Lastly, for each sample, accessibility of each peak was measured with the 

bedtools (Quinlan and Hall 2010) v2.25 multiBamCov function and imported into R v4.0.2 

for statistical analysis.  

Conversely, for lineage-specific peaks, no initial coordinate conversion was 

carried out and ATAC-seq peaks were called on each species’ reference genome. These 

peaks were called, merged, and quantified as described in the previous paragraph. 

Lastly, peaks were converted across genome assemblies using liftOver has described 

above: peaks that were successfully converted are assumed to be orthologous and 

conserved among species. Species that are unable to be converted between a given set of 

species are assumed to be a result of a lineage-specific gain or loss 

5.4.4 Non-coding Selection 

The same neutral reference generated in Chapter 3 was used to test for elevated 

signatures of positive selection .To measure branch-specific signatures of positive 

selection in the non-coding genome, the “adaptiPhy” (Berrio, Haygood, and Wray 2020) 

pipeline (https://github.com/wodanaz/adaptiPhy) for global tests of natural selection 

was followed. First, orthologous sequences for non-coding sites of interest were selected 

from each species’ genome into FASTA format. Sequences were trimmed to include only 

contiguous DNA sequence using the prunning.py script and filtered using the filtering.py 

script, requiring a minimum alignment length of 75 bases. These trimmed and filtered 

alignments serve as  “query” sequences of tests for selection. To generate a neutral 

https://github.com/wodanaz/adaptiPhy
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reference for comparison, ten neutral sites were randomly selected (see above) and 

concatenated into a single neutral reference sequence. In addition, test for positive 

selection were repeated 10 times for each query site. For each query site replicate, 

substitution rates of both the query and randomly concatenated neutral reference were 

estimated using phyloFit (Siepel and Haussler 2004). In addition, p-values of likelihood 

ratio tests for significant levels of branch-specific positive selection were calculated with 

adaptiPhy (Berrio, Haygood, and Wray 2020) pipeline using HyPhy (Pond, Frost, and 

Muse 2005). P-values and substitution rates for all query and neutral sites were then 

imported in R v4.0.2 for analysis.  

5.4.4 ATAC-seq Peak Filtering 

After accessibility and rates of selection were calculated for each ATAC-seq peak, 

herein referred to as an “open chromatin region” (OCR), a series of filtering and quality 

control metrics were carried out to ensure only high confidence and quality peaks were 

compared between species for orthologous OCRs. These filtering steps are as follows: 1) 

each OCR is required to have at least 75bp of contiguous, single copy sequence (see 

Section 3.2) for accurate estimations of selection; 2) for each species, a local composition 

complexity (LCC) (Konopka 2001) value of 1.9 or more was required for the OCR to 

remove repetitive or other low-complexity sequences that may generate inaccurate 

estimations of selection (module: biopython.org/docs/1.75/api/Bio.SeqUtils.lcc.html); 3) a 

CPM of 3 or more was required in at least 2 (of the 9) samples to remove OCRs with 
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extremely low accessibility; 4) the midpoint of the OCR must lie within 25kb (in either 

direction) of the translational start site of a gene model; 5) the gene nearest to an OCR 

must be the same gene in each of the species’ genomes —in other words, for each OCR 

and its nearest gene in the H. erythrogramma, the orthologous region in the H. tuberculata 

and L. variegatus genome must also be closest to a gene model that is orthologous 

(determined by annotation) to the same gene in the H. erythrogramma genome. Given 

nearly no prior knowledge is known of the cis-regulaotry landscape for these sea urchin 

species, these stringent filtering methods were carried out in order to maximize 

confidence in comparisons of non-coding sequence evolution and function. This method 

resulted in a final set  34,299 high-confidence OCRs for cross-species analysis.  

5.4.5 ATAC-seq Functional Analysis 

Raw counts of the filtered OCRs were loaded into DESeq2 (Love, Huber, and 

Anders 2014) v1.30 to calculate differential accessibility between sample groups. For life 

history strategy comparisons, H. tuberculata and L. variegatus were treated as single 

group. Differentially accessible sites were classified as having a 2-fold accessibility 

difference between sample groups and supported by an FDR of 10%.  Significant levels 

of positive selection were classified as having a median zeta value (ratio of query 

substitution rate to neutral reference substitution rate) greater than 1.5 and supported by 

a median false-discovery rate less than 10% across 10 replicates for each query site. 



 

132 

Variance measurements were calculated using the “variancePartition” (Hoffman and 

Schadt 2016) v1.18.3 package.  

6. Conclusions 

My thesis aimed to identify the genomic and molecular basis for the evolution of 

lecithotrophy in the sea urchin H. erythrogramma. To do this, I carried out a series of 

mass spectrometric, evolutionary genomics, and gene regulatory assays between this 

species and two planktotrophic species, the closely related H. tuberculata, and an 

outgroup species, L. variegatus.  

Comparative analysis of egg provisioning demonstates that the evolution of 

lecithotrophy in marine invertebrates is not simply hypertrophy of egg capacity, but also 

includes significant qualitative changes to the metabolic content of the egg itself. 

Furthermore, these modifications to egg provisioning of metabolites are not an 

adaptation for an abbreviated larval period, but are instead stored in the embryo for 

post-metamorphic survivorship. This finding provides an illustrative example of how 

adaptations associated with developmental life history evolution can transcend the 

linear order of developmental stages and instead affect fitness at temporally disparate 

life history stages.  Lastly, this study serves as an example of how discovery-based mass 

spectrometry analysis can provide valuable biological insight into evo-devo systems and 

origination of novel traits.  
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Sequencing and de-novo assembly of chromosome-level genome assemblies 

from three sea urchin species has significantly increased the quality and quantity of 

echinoderm genomic resources. In generating these assemblies, I also developed two 

reproducible bioinformatic pipelines that improve the structure and annotation of 

genome assemblies.  In Chapter 3, I present a pipeline to remove redundancy of high-

contiguity genomes from highly heterozygous species to produce haploid reference 

assemblies. In Chapter 4, I present an optimized pipeline for ab-initio generation of gene 

models within a species’ genome. Both of these pipelines have been applied to other 

researcher’s work and will ideally continue to be a useful resource for curation of future 

genome assemblies of other species.    

Genome and gene regulatory network evolutionary analysis of the Heliocidaris 

species has provided valuable insight into the role of early embryonic gene networks 

and the evolution of developmental phenotypes. Highly-conserved gene networks 

governing early embryonic specification and patterning mechanisms are generally 

thought to be immutable among closely-related species given their essentiality in 

reaching critical developmental milestones. My work provides compelling evidence 

that, under appropriate selective pressure from the environment, these early gene 

network interactions remain evolvable at even short evolutionary timescales. 

Furthermore, these results imply that deep conservation of developmental gene 
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networks does not necessarily imply developmental constraint, but instead may reflect 

long-term stabilizing selection that is actively subject to natural selection.  

Lastly, comparative analysis of regulatory elements between sea urchin species 

highlights the significance of non-coding elements for the evolution of developmental 

systems. I identify two distinct mechanisms of evolutionary change on cis-regulatory 

elements that are likely associated with the evolution of lecithotrophy in H. 

erythrogramma: 1) sequence evolution via positive selection and 2) modification to 

chromatin accessibility. Importantly, regulatory changes near GRN genes are highly 

polarized along the H. erythrogramma branch, suggesting rewiring of the developmental 

cis-regulatory landscape in this species may be responsible for the evolution of its 

unique embryonic phenotypes. Changes in chromatin accessibility are relatively more 

common than sequence evolution of non-coding elements between these species, 

suggesting changes in chromatin configuration may represent an efficient evolutionary 

mechanism for rapid modification to gene regulation.  

At a time when assembly of high-quality genomes and compiling functional 

genomic data is increasingly feasible for non-model species, evolutionary genomics 

represents an increasingly important avenue for studying how developmental 

mechanisms can evolve. Here, only three species were analyzed, but increasing the 

number of taxa in large-scale functional genomic assays will be essential to identifying 

convergent phenotypes associated with derived developmental modes and molecular 
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determinants of organismal novelty. Furthermore, integration of population genomic 

data into non-coding and evolutionary developmental analysis has the potential to 

provide new insight into plasticity and evolvability of gene regulatory networks 

responsible for developmental change, including how populations and species may 

respond to future environmental pressures. Integration of more species and population 

data will be essential to acquiring a more complete understanding of how cis-regulatory 

mechanisms of developmental phenotypes evolve, and thus how organismal diversity 

and novelty can arise from genomic change. 
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