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Abstract 

 
Genomic Signals of Selection Within and  

Phylogenetic Relationships Among Strongylocentrotid Sea Urchins 

by 

Kord M. Kober 

 
The availability of complete genomes allows for direct and powerful tests of the 

different processes underlying molecular evolution and quantification of their relative 

contributions. Here, I evaluate the relative contributions of natural selection and random 

genetic drift in shaping the evolution of the genome of Strongylocentrotid sea urchins using 

the assembled genome of the purple sea urchin, Strongylocentrotus purpuratus and by 

sequencing the entire genome of eight additional closely related species. I use a 

phylogenomic approach taking advantage of the data provided by 3,848 nuclear genes to 

obtain a robust and well-resolved phylogeny of the group. I observe that synonymous codon 

usage is biased in S. purpuratus and that there are five distinct clusters of codon usage. I find 

evidence that natural selection acts on slightly advantageous mutations through changes in 

synonymous codon usage bias, involving translational efficiency and/or accuracy as well as 

mRNA folding stability. Finally, using the comparative genomics of the group and the rates 

of synonymous and non-synonymous substitutions between species I detected strong 

evidence for broadly acting purifying selection and extensive signals of positive Darwinian 

selection (27.6% of genes). Sea urchins have long served as model organisms and have 

provided key insights into our basic understanding of biology and will continue to continue 

furthering our understanding of the role of natural selection on shaping the genome in the 

future. 
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Introduction 

“Of all natural systems, living matter is one which, in the face of great 
transformations, preserves inscribed in its organization the largest amount of 
its own past history. Using Hegel’s expression, we may say that there is no 
other system that is better aufgehoben (constantly abolished and 
simultaneously preserved).” (Zuckerkandl and Pauling 1965) 

 
A fundamental characteristic of the natural world is the tremendous diversity of life. 

We observe diversity between individuals within species as well as diversity between species. 

At the phenotypic level, considerable variation exists for virtually all morphological traits and 

a sizable component of this variation has a genetic basis. At the genomic level, considerable 

polymorphism exists among individuals within species and divergence is commonly 

extensive between species. Understanding the origins and the mechanisms of how the 

variation within species becomes fixed between species is fundamental for our understanding 

of evolution (Dobzhansky 1937). Indeed, our study of the processes driving this variation is 

no longer centered on whether drift or natural selection is the predominant factor. Rather, 

both processes are now known to contribute and ongoing research is focused on directly 

testing the impact of the processes directly and quantifying their relative contributions. The 

debate between drift vs. selection has shifted from a focus on general patterns of molecular 

evolution to examining specific cases where the patterns of variation has been shaped by 

natural selection (Nielsen 2005). In light of this progression, I am interested in understanding 

the role that selection has played in shaping the genome. 

Key to understanding the relative contributions of selection and drift is a clear 

understanding of the nature of the mutations introduced into a population. The nearly neutral 

theory posits the realized effect (i.e. deleterious, neutral, or advantageous) of a mutation is a 

function of both the idealized effect and the effective population size (Ne) (Ohta 1973; Ohta 

and Tachida 1990; Ohta 1992). Slightly advantageous and slightly deleterious mutations will 
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act in a neutral fashion in population with a small Ne. In contrast, in species with large 

effective population sizes (i.e., Ne > 106) natural selection can act on extremely small 

selection coefficients (|s| ≈ 1/ Ne). Therefore, the nearly neutral theory predicts that in 

populations with a very large Ne, natural selection can act effectively on both slightly 

deleterious and slightly advantageous mutations.   

The genome of the purple sea urchin, Strongylocentrotus purpuratus, and related 

Strongylocentrotids provides a robust system to study the efficacy of selection (Britten et al. 

1978; Palumbi and Wilson 1990; Addison and Pogson 2009). Foremost, the Nes of members 

of this group are extremely large with estimates from multi-locus population data (Addison 

and Pogson 2009) on the order of ~107 (Kober, unpublished). Recent research on S. 

purpuratus has demonstrated little evidence of population structure (Palumbi and Wilson 

1990; Edmands et al. 1996; Flowers et al. 2002; Addison and Pogson 2009), rare cross-

fertilization (Levitan 2002), and limited significant signals of introgression with congeners 

(Addison and Pogson 2009).  Furthermore, divergence times between Strongylocentrotid sea 

urchins range from between 3 to 18 Mya (Lee 2003; Chapter 2). Signals of selection may be 

generated and persist in this time frame, making it more straightforward to discern selection 

(Garrigan and Hedrick 2003). Finally, the genome of the purple sea urchin has been 

assembled into a high quality draft, with a well-developed and annotated set of gene 

predictions (Sodergren et al. 2006). 

Recent advances in next-generation sequencing technologies over the past five years 

allow for affordable, high coverage, whole-genome sequencing and computational advances 

over the past three decades has provided accessible large-scale parallel compute 

environments.  I am fortunate to have the opportunity to take advantage of these new 

technologies to investigate core tenets of molecular evolutionary biology and predictions of 
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the nearly neutral theory. The objectives of this dissertation are to (a) interrogate the role of 

natural selection in shaping the molecular evolution of Strongylocentrotid sea urchins, and (b) 

to establish a robust phylogeny for the group. I sequence the complete genomes (including 

mitochondrial) of eight Strongylocentrotid sea urchins and use the annotated high-quality 

draft S. purpuratus genome to obtain a rich comparative genomic dataset. This dissertation is 

organized into three chapters: (1) To examine the reach of selection by evaluating the role 

natural selection has on shaping synonymous codon usage in S. purpurautus; (2) To resolve 

the historical relationships of Strongylocentrotid sea urchins by inferring a phylogeny based 

on nuclear and mitochondrial genomes; and (3) To assess how much of the divergence in 

protein coding genes is due to positive Darwinian selection. 

 The nonrandom usage of synonymous codons (codon bias) has been observed across all 

domains of life and varies in magnitude among closely related species and among genes 

within a genome (Grantham et al. 1980). The cause of this variation has been attributed to 

mutational bias, random genetic drift, and natural selection but the relative contributions of 

each remain unclear (Sharp and Li 1986; Bulmer 1991). Since synonymous codon 

substitutions do not change protein sequences, it has long been suggested that such changes 

are neutral and thus reflect of non-adaptive processes (King and Jukes 1969). Indeed, broad 

taxonomic studies examining genome-wide patterns of codon bias have generally found 

mutation processes may play a major role across broad domains of life (Chen et al. 2004). 

However, the variation available in the degeneracy of the genetic code and the multi-step 

nature of transcription through translation may provide subtle opportunities on which natural 

selection may act (Zuckerkandl and Pauling 1965; Clarke 1970; Sharp et al. 1995) and many 

studies have detected subtle forces of selection at play (reviewed by Duret 2002, Hershberg 
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and Petrov 2008; Plotkin and Kudla 2011). I assess the reach of selection in a species with a 

large Ne by examining the patterns of synonymous codon usage in S. purpuratus. 

I obtained evidence that natural selection acts on slightly advantageous mutations 

through changes in synonymous codon usage bias, both in translational efficiency and/or 

accuracy as well as mRNA folding stability. Considerable work remains to determine the 

processes influencing the persistence of sub-optimal codons. Indeed, identifying codon usage 

patterns among Strongylocentrotid species will be helpful in understanding these 

mechanisms. 

A central objective in molecular evolutionary genetics is to determine the proportion 

of mutations that fix in natural populations by the process of natural selection (Lewontin 

1974; Kimura 1983). Essential to this inquiry is a robust understanding of the phylogenetic 

relationships within the group studies. Indeed, an accurate and robust phylogeny is essential 

for reliably interpreting the whole broad range of contemporary biological research being 

performed on this group. Unfortunately, prior to my work, Strongylocentrotids have lacked 

an accurate and robust phylogeny. Although recent work has improved the overall 

understanding of the group membership, only the two major clades within the group are well 

supported and the remainder of the phylogeny remains unresolved (Biermann 1998; 

Biermann et al. 2003; Lee 2003). Using complete genome data, I attempted to establish a 

phylogenetic hypothesis for the family Strongylocentrotidae based on alignments of nuclear 

and mitochondrial genes from 9 species. I was successful in obtaining a robust and well-

resolved phylogeny of the group. As S. polyacanthus was not included in my project, 

sequencing it would complete the entire group and provide insights into the patterns of 

divergence of all north Pacific species. The distance observed between mitochondrial 

sequences of S. droebachiensis individuals suggests evidence of population differentiation 
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between the Atlantic and Pacific. Sequencing the genome of an individual from the Atlantic, 

as well as obtaining population genetic data from these two populations, would provide a 

robust system to explore the evolutionary factors driving this differentiation. In addition, a 

small amount of introgression occurs between some species of this group (Addison and 

Pogson 2009). Investigating patterns of introgression and the signals of selection at genes that 

are blocked from moving between species will provide important insights into the speciation 

of Strongylocentrotis sea urchins.  

Positive Darwinian selection results in the fixation of abeneficial allelesand thus 

increases the fitness of individuals in a population (Hurst 2009).  It has been frequently 

observed in genes involved in defense mechanisms, fertilization and adaptation to 

microenvironments (Zhang et al. 2002). Here, I take advantage of recent advances in high 

throughput sequencing technology to generate a whole-genome comparative dataset of nine 

species of sea urchins and use maximumlikelihood models of codon substitution to test for 

positive Darwinian selection. Using the comparative genomics of the group and the fixed 

differences observed between species, I found evidence for broadly acting purifying selection 

and extremely high levels of positive Darwinian selection. The level of polymorphism 

observed in the sea urchin genomes was very high. However, since these data were excluded 

from the analysis presented here there remains a tremendous opportunity to explore signals of 

natural selection at these sites. Although not examined here, the genomic data showed 

expansions of gene families both within S. purpuratus and within other taxa. The comparative 

genomic data provides an excellent opportunity to investigate the role selection plays in the 

elaboration of gene families such as TLRs. The finding that positive selection is pervasive at 

EBR1 provides support for the hypothesis that sexual conflict might drive the co-evolutionary 

interactions between sperm and egg proteins. Whole-genome comparative data will provide 
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an opportunity to investigate the importance of sexual conflict and its effects on speciation in 

the group. 

Of the five codon usage groups detected, one displays a larger preference for A and T 

in the 3rd position and shows only a small variation of synonymous codon usage relative to 

random usage. However, this same group shows the same evidence of preferred synonymous 

codon usage of conserved sites (purifying selection) and those that lead to increased mRNA 

folding stability as seen in the rest of the genes in other groups. As such, this group may 

reflect a background level of synonymous codon usage where selection on synonymous 

codon usage is weakest relative to drift, but natural selection remains the most significant 

contributor. Synonymous codon usage does not appear to be truly neutral in S. purpuratus. 

Indeed, negative selection is acting on amino acid replacements and synonymous codon 

usage across the genome.   

Weak selection on the patterns of codon usage in a small subset of genes appears to 

act on translational efficiency. Positive Darwinian selection acts on amino acid replacement 

mutations and was detected at over a quarter of all genes tested. In light of the weak selection 

on synonymous codons, strong purifying selection and strong positive selection, the sea 

urchin genomes are rife for interference selection between mutations across this entire 

spectrum. Linked selection will cause interference between these mutations and impact their 

efficacy. Positive Darwinian selection will drive amino acid replacement substitutions at a 

subset of sites, strong purifying selection will drive the conservation of amino acids at the 

majority of sites and linked sites will be fixed independently of weak selective pressures. As 

such, highly biased highly expressed genes are likely not experiencing positive Darwinian 

selection and are likely to be highly conserved. Along these lines, I find ribosomal proteins 

are not candidates for positive selection and positively selected genes are not overrepresented 
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in any codon usage group. Furthermore, interference selection on synonymous codons was 

not detected. This is likely due to high levels of recombination and is supported by the 

considerable variation observed in GC content in regions within and around genes. High 

levels of recombination and large effective population size expand the reach of adaptive 

selection in the S. purpuratus genome. 

Sea urchins have had a long tradition as model organisms for studying many aspects 

of basic biology including fertilization, embryology, development, and genome regulation. In 

light of the findings of the work presented here, it has now proven to be useful as a model 

organism for the study of adaptive evolution. As such, the sea urchin will continue to be at 

the forefront of biology as it continues to provide an excellent model system in the post-

genomic era. 
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Chapter 1 Genome-wide patterns of codon bias in the 

purple sea urchin, Strongylocentrotus purpuratus 
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Abstract 

Codon usage bias has been documented in a wide diversity of species but the relative 

contributions of mutational bias and various forms of natural selection remain unclear. Here, I 

describe for the first time genome-wide patterns of codon bias at 4,623 genes in the purple 

sea urchin, Strongylocentrotus purpuratus. Genome-wide preferred codons were identified at 

18 amino acids that exclusively used G or C at third positions, which contrasted with the 

strong AT bias of the genome (genome-wide GC content is 36.9%). Five distinct clusters of 

genes were identified that had different codon usage patterns. A strong relationship between 

codon bias and mRNA expression supporting translational selection was observed for only 

one of the clusters. Preferred codons at two other codon usage groups were found to be paired 

significantly more often in stems than in loops of mRNA secondary structure predictions, 

suggesting that codon bias was aiding in mRNA stability. Application of the clustering 

method to 11,223 Drosophila melanogaster genes also resulted in the identification of five 

different codon usage groups. As found for S. purpuratus, only one of the D. melanogaster 

groups were comprised of highly biased highly expressed genes as predicted by selection for 

translational efficiency. My results suggest that mutational bias has played a minor role in 

determining codon bias and that preferred codon may be heterogeneous across different gene 

groups and subject to different forms of natural selection. 

 

1.1 Introduction 

  The nonrandom usage of synonymous codons (codon bias) has been observed across 

all domains of life and varies in magnitude among closely related species and among genes 

within a genome (Grantham et al. 1980). The identity of the most frequently used 

synonymous codons within a genome may be similar among genes or variable among 
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different loci (Bailly-Bechet et al. 2006). This cause of this variation has been attributed to 

mutational bias, random genetic drift, and natural selection but the relative contributions of 

each remain unclear (Sharp and Li 1986; Bulmer 1991). Since synonymous codon 

substitutions do not change protein sequences, it has long been suggested that such changes 

are neutral and thus reflect of non-adaptive processes (King and Jukes 1969). Indeed, broad 

taxonomic studies examining genome-wide patterns of codon bias have generally found 

mutation processes may play a major role across broad domains of life (Chen et al. 2004). 

However, the variation available in the degeneracy of the genetic code and the multi-step 

nature of transcription through translation may provide subtle opportunities on which natural 

selection may act (Clarke 1970; Sharp et al. 1995) and many studies have detected subtle 

forces of selection at play (reviewed by Duret 2002, Hershberg and Petrov 2008; Plotkin and 

Kudla 2011). 

  The possibility that natural selection could affect the rate of polypeptide synthesis 

through the matching of tRNA abundance and codon usage is not new (Zuckerkandl and 

Pauling 1965). The in vivo rate and accuracy of translation are affected by the use or disuse of 

‘major’ codons in E. coli (Tuller et al. 2010; Navon and Pilpel 2011) and early observations 

of genome-wide synonymous codon usage in D. melanogaster and C. elegans showed a 

biased towards a subset of codons (Shields et al. 1988; Stenico et al. 1994). This set of 

preferred codons corresponds to the most abundant tRNAs in the cell and, by proxy, the 

number of tRNA gene copies in the genome (Moriyama and Powell 1997; Duret 2000). 

Subtle effects on fitness may be realized by a decrease in the cost of protein synthesis (Sharp 

et al. 1995) or by an increase in growth rate (Andersson and Kurland 1990; Kudla et al. 

2009). Accordingly, highly transcribed genes have been found to be the most biased loci in 

both Drosophila and yeast (Duret and Mouchiroud 1999). Furthermore, in Drosophila the 
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magnitude of codon bias is accentuated at genes expressed during the high growth rate larval 

stage (Powell et al. 1993; Vicario et al. 2008).  

  Early studies on the nature of the synonymous codon usage in yeast identified two 

relatively homogeneous groups of genes with different patterns of synonymous codon 

preference (Sharp et al. 1986). These groupings proved to be biologically significant because 

they differentiated highly and lowly expressed genes. The selective advantages of 

translational efficiency and accuracy are clear and might explain the greater codon bias of 

highly expressed genes. However, it is unclear what selective processes, if any, might 

influence the persistence of the translationally sub-optimal synonymous codons. It is possible 

that selection might influence the frequency of both major and minor codons in some taxa 

(Kreitman and Antezana 2000). This antagonistic pleiotropy hypothesis posits that minor 

codon frequencies may be driven by conflicting adaptive forces acting in competition on 

synonymous codons (Akashi and Eyre-Walker 1998). According to this hypothesis, major 

codons reflect translationally optimal codons whereas minor codons represent translationally 

sub-optimal codons. Different forms of natural selection on synonymous codons may thus 

compete for the synonymous state of the same codon.  

  Natural selection and mutation affect base composition and DNA sequence variation 

at the level of the genome, the gene, and at individual sites within genes. Genome-wide 

studies are capable of identifying major effectors of codon bias but the focus on major and 

minor codons may miss more subtle forms of natural selection. Identifying patterns of 

synonymous codon usage has proven useful in identifying group of genes likely under 

translational selection (Sharp et al. 1986). However, more than two clusters of synonymous 

codon usage patterns have been recently identified in both E. coli and B. subtilus and only 

one cluster in each species was associated with translational selection (Bailly-Bechet et al. 
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2006). These results are intriguing because they suggest that different patterns of synonymous 

codon usage might exist among different groups of genes and that multiple forms of selection 

(or mutation) may be acting on the different groups. At present, it is unclear if multiple 

clusters of codon usage groups occur outside of bacteria. 

  Previous work on codon bias in metazoans has been done primarily in the 

protostomes such as Drosophila and C. elegans.  In deuterostomes, codon bias has been 

studied in vertebrates such as Xenopus (Musto et al. 2001) and Gallus (Rao et al. 2011), as 

well as in mammals (Chamary et al. 2006). However, there are a large number of non-

chordate deuterostome species with large effective population sizes that could enable natural 

selection to act effectively on the subtle selection coefficients associated with synonymous 

codon usage (i.e., Nes ~1). Here, I investigate the patterns of synonymous codon usage in the 

purple sea urchin, Strongylocentrotus purpuratus. The purple sea urchin is an excellent 

candidate non-vertebrate deuterostome species in which to study codon bias. It is a widely 

distributed, broadcast spawner with a free swimming larval period of 2 – 3 months 

(Strathmann 1978) resulting in a large effective population size, extensive levels of 

nucleotide polymorphism, and minimal population structuring (Britten et al. 1978; Palumbi 

and Wilson 1990; Addison and Pogson 2009). S. purpuratus has been studied as a model 

organism for early development for over a century and a half (Pederson 2006), has a well 

annotated genome assembly and transcriptome (Sodergren et al. 2006; Cameron et al. 2009), 

and is phylogenetically positioned to provide insight into vertebrate model systems (Andrew 

Cameron and Davidson 2007). Furthermore, the majority of its predicted ~23,300 genes 

reside in regions with a narrow range of GC between 35 and 39% Sodergren et al. (2006), 

thus minimizing the contribution of variable mutational bias across the genome to patterns of 

codon bias.  
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  The objectives of the present study were to (i) investigate the presence of codon bias 

and the identity of preferred codons in the S. purpuratus genome, (ii) assess the presence of 

distinct clusters of codon usage, and (iii) examine the relative contributions of translational 

selection, interference selection, and selection on mRNA stability on the observed patterns of 

codon bias. I describe for the first time the existence of codon bias a marine invertebrate and 

show how mutational bias is an unlikely explanation for the nonrandom usage of synonymous 

codons. I document the existence of five distinct clusters of genes with different codon usage 

patterns and show how translational selection and selection for mRNA secondary structure 

differentially affect subsets of the codon usage groups. Finally, I identify the presence of five 

codon usage clusters in D. melanogaster and show how translational selection is acting upon 

one group (as in S. purpuratus), suggesting the wide generality of these patterns.  

 

1.2   Materials and Methods 

1.2.1   S. purpuratus genomics 

S. purpuratus genomic sequences were obtained from the Baylor College of 

Medicine (ftp://ftp.hgsc.bcm.tmc.edu/pub/data/Spurpuratus/fasta/Spur_v2.1). The Official 

Gene Set (OGS), GLEAN3_b-2.1-revised.gff, and coding sequence annotations were 

obtained from the Sea Urchin Genome Database SpBase (Cameron et al. 2009). Estimates of 

mRNA expression levels for early developmental stages (2, 15, 30, 48, and 72 hour) for all S. 

purpuratus genes were downloaded from the NIDCR 

(http://urchin.nidcr.nih.gov/blast/exp.html). Following Wei et al. (2006), I defined high 

expression as having an AU>25,000 and used the maximum expression observed across all 

five stages for all subsequent analyses. 
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Each gene prediction in the OGS underwent basic validation using CodonW 

(http://codonw.sourceforge.net/) and sequences with non-recognized start codons, non-

translatable codons, partial last codons and internal stop codons were discarded. Gene 

predictions with excessive repeats, without annotation data in SpBase (or annotated as 

“duplicates), or as having insufficient degrees of freedom by SCUMBLE (Kloster and Tang 

2008) were also excluded. Of the remaining gene models, those with maximum expression 

scores less than 200 AU were removed. Finally, genes with identical expression scores for all 

time periods were identified and those with the smallest codon bias scores (Wright’s Nc; see 

later) were retained. These filters left 4623 unique gene models for the study.Gene ontology 

(GO) terms (Harris et al. 2004) for 4232 of the 4623 genes were annotated using blastx 

interrogation of the SWISSPROT database (v. b2g.may10) with Blast2GO v. 2.4.9 (Conesa et 

al. 2005). Fisher’s exact test with FDR multiple testing corrections were used to assess 

enrichment of GO terms associated with genes in each group relative to entire set. 

tRNA genes were predicted for the multi-contig scaffolds in the v2.1 S. purpuratus 

genome assembly using tRNAscan-SE (Lowe and Eddy 1997). Counts of tRNA genes 

predicted by tRNAscan-SE were obtained from the UCSC tRNA lab 

(http://gtrnadb.ucsc.edu/Spurp/Spurp-stats.html). Codons were grouped by codon family and 

the correlations between tRNA frequencies in the codon group and the codon frequencies in 

each codon family were determined using the cor() function in the R statistical package 

(Ihaka and Gentleman 1996). Methionine and tryptophan were excluded because they are 

specified by single codons. In addition, secondarily filtered counts of tRNA genes predicted 

by tRNAscan-SE were obtained from the UCSC tRNA lab 

(http://gtrnadb.ucsc.edu/Spurp/Spurp-stats.html) as a conservative set. I computed the 
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Spearman correlations between counts of isoaccepting tRNA genes for each amino acid with 

the counts of the amino acid in the genome. 

 Data manipulations were performed using the Jim Kent’s source tools 

(http://hgwdev.cse.ucsc.edu/~kent/src), the UCSC Sea Urchin Genome Browser strPur2 

(Karolchik et al. 2007), BioPerl (Stajich et al. 2002) and BioPython (Cock et al. 2009). 

Comparative alignments and dS estimates for 2,954 genes Allocentrotus fragilis and S. 

franciscanus genes were kindly provided by David Garfield (Oliver et al. 2010). 

 

1.2.2   Codon bias measures 

  I used the effective number of codons, Nc (Wright 1990), to estimate codon bias. Nc 

is analogous to the effective number of alleles at a locus and ranges from 60 (random usage) 

to 20 (highly biased usage). To account for background nucleotide composition, Nc’ scores 

were also determined using ENCprime (Novembre 2002). Coding sequence GC levels 

(GCcds) and third position codon GC levels (GC3) were calculated using CodonW 

(http://codonw.sourceforge.net/). The GC content of flanking regions (GCf) was estimated 

from the nucleotide sequences 1000 bp upstream and downstream of the predicted start and 

stop codons, respectively. GC levels for introns (GCi) were calculated for all genes 

possessing introns (N=4389). 

  To examine the relative contributions of individual amino acids to the overall codon 

bias of a gene, sENC-X scores were calculated for each amino acid (where X is a particular 

amino acid) (Powell and Moriyama 1997). Since unscaled ENC-X scores depend on the 

degeneracy of the amino acid (e.g., fourfold degenerate amino acids have ENC-X scores 

between 0 and 4), the sENC-X values are scaled to fall between 0 (no bias) and 1 (maximum 
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bias) for all amino acids. sENC-X scores were estimated using the ‘cusage’ program kindly 

provided by Etsuko Moriyama. 

 To identify genome-wide preferred codons, I determined frequency of each codon’s 

usage within its codon family for each gene and tested the Spearman correlation between 

these frequencies with the overall codon bias of that gene (Nc’). The preferred codon for each 

amino acid was identified as that with the most significant negative correlation with Nc’ 

(Hershberg and Petrov 2008). In other words, the genome-wide preferred codons are defined 

as the codons that are used more frequently as the bias of the gene increases (Figure S1). The 

significance threshold was defined by a P-value smaller than 0.05/n, where n is the number of 

codons in the codon family. This adjustment is to correct for performing more comparisons 

on more degenerate codon families (Hershberg and Petrov 2008) . 

 

1.2.3    Clustering genes by codon usage distributions 

  I used the clustering method of Bailly-Bechet et al. (2006) to identify groups based 

on their codon usage patterns. Each identified group is defined by a distribution of 

synonymous codon usage, the composition of which differs from group to group. The number 

of clusters, S, is optimized in terms of the information content. Sis determined by maximizing 

the difference in self-consistency, 𝑏!
(!), between the real data and a null model. 𝑏!

(!)provides a 

value reflecting the quality of the assignment of the gene g to cluster s where the quality of 

the assignment relates to how close the value is to unity (Bailly-Bechet et al. 2006). The 

geometric average, 𝐵(𝑆), of all clusters provides the quality of corresponding assignments. A 

null distribution was generated using an artificial dataset generated from the real data and the 

quality of this set, 𝐵!"#$%&(𝑆), was also determined. The maximum difference Δ 𝑆 =

𝐵(𝑆) − 𝐵!"#$%&(𝑆) gives the number of clusters S retained. Clustering and assessments were 
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performed using the software implementation of (Bailly-Bechet et al. 2006). For visualization 

in heatmaps, codon usage frequencies were centered on a random expectation using the 

degeneracy of the codon. The centered value, 𝑣!
! 𝑐 , was calculated from the observed 

frequency 𝑝!
(!)(𝑐) of group g for codon c for amino acid a and the expected equal usage 

frequency based on the degeneracy d of the codon: 

 

𝑣!
! 𝑐 =

𝑝!
(!)(𝑐) − 1

𝑑! 𝑐

1 − 1
𝑑! 𝑐

 (1) 

 

  I also applied the probabilistic model of codon bias implemented by SCUMBLE 

(Kloster and Tang 2008) to identify clusters of genes with similar patterns of codon usage. 

The algorithm fits a codon usage model in which each gene g is assigned a given number of 

‘offsets’ βi(g). An offset indicates to what extent gene g is affected by estimated bias (‘trend’) 

number i. A ‘preference function’ Ei(c) for each trend indicates how much trend i 

favors/disfavors codon c (Kloster and Tang 2008). I explored models with 0 to 10 trends 

using Scumble v1.0. The number of trends used for analysis was based on the normalized 

variance NV(g) of the genes. 

 

1.2.4    Conservation of preferred synonymous codons  

To test for the conservation of preferred codons, I followed the approach of (Akashi 

1994). For all genes, each codon was identified as preferred or non-preferred and as 

conserved (synonymous) or non-conserved (nonsynonymous) between S. purpuratus and 

either A. fragilis or S. franciscanus (Stoletzki and Eyre-Walker 2007). Preferred codons 
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within groups delineated by the clustering methods described above were identified as having 

the highest frequency of usage within each separate group. Only genes with sufficient strata 

were used (N=2,349). The Woolf test for homogeneity over strata (Woolf 1955) was 

implemented using  woolf_test from the vcd library in the R statistical package (Ihaka and 

Gentleman 1996). All tables for genes clustering into different groups were combined for 

analysis using the Cochran–Mantel–Haenszel procedure (Cochran 1954; Mantel and 

Haenszel 1959) and tested using mantelhaen.test from the stats library in R. This allowed us 

to determine if site conservation (i.e., synonymous substitutions) was independent of codon 

preference in any given stratum. 

 

1.2.5    Preference for mRNA folding stabilizing codons 

To test if the third nucleotide positions of preferred codons were more likely to be 

stem-paired in RNA secondary structure, the data were stratified by gene. RNA secondary 

structure predictions were performed using RNAfold from the Vienna RNA Package v1.8.5 

(Hofacker 2004). Nucleotides in the third position of each codon (N3) were identified as 

either preferred or non-preferred and as falling in a stem or loop in the folding prediction. 

Preferred codons for each grouping were determined as described above for the Akashi 

(1994) test. 2x2 contingency tables were constructed for each gene (e.g. Table S1) and Woolf 

tests for homogeneity and association tests using the Cochran–Mantel–Haenszel procedure 

were performed as described above. This allowed us to test if folding role (i.e., paired in a 

stem or unpaired in a loop) is independent of codon preference. 
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1.2.6    D. melanogaster genomics 

  The genomic assembly for D. melanogaster was obtained from the UCSC Genome 

Browser (dm3, Apr. 2006, BDGP R5). A total of 11,776 gene models were obtained for the 

Release 5.4 Annotation Update from flyBase.org (Flybase 2007_03 Update). Each gene 

prediction underwent the same validation procedure described earlier for S. pupuratus, 

leaving 11,223 gene models for analyses. The coding sequence for Notch and 1000bp of 

flanking sequence was obtained from flyBase.org. Estimates of mRNA expression for D. 

melanogaster were obtained from the LS mean of overall expression of D. melanogaster (y; 

cn bw sp) from the Affymetrix GeneChip Drosophila Tiling 1.0R Arrays (Graze et al. 2009). 

Expression values for Notch were not available for this data. 

 

1.3   Results 

1.3.1    Genome-wide patterns of codon bias 

The mean GC content of the S. purpuratus genome is 36.9% and the vast majority of 

the ~23,300 genes fall in regions of GC between 35 and 39% Sodergren et al. (2006). For the 

4,623 genes analyzed in the present study, the GC content of coding regions was higher than 

the genome-wide mean (48.4%) but the GC content of introns and flanking regions were not 

(35.1% and 36.3%, respectively). Figure 1 presents the overall extent of codon bias in my 

sample. Wright’s (1990) effective number of codons (Nc) ranged from 32 to 61, exhibiting a 

mean of 54.5 (Figure 1). Correcting for background GC yielded Nc’ scores (Novembre 2002) 

ranging from 25.4 to 61 with mean of 51.0. 

Despite the weak overall signal of codon bias, I identified preferred codons at all 18 

amino acids having two or more synonymous codons (Table 1). Figure S1 shows for Ile how 

the usage of the preferred codon (ATG) increases as the magnitude of codon bias increases. 
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In contrast to the AT bias in the S. purpuratus genome, all preferred codons used a C or a G 

at the third position and the former were used far more frequently than the latter (15 vs. 3; 

Table 1). I also observed a significant genome-wide correlation between the relative 

frequency of synonymous codon usage and relative frequency of tRNA copies (rho= 0.480, P 

= 0.0001) with my predicted tRNA gene set and a significant genome-wide correlation 

between isoaccepting tRNA gene copy numbers and genome-wide amino acid counts (rho= 0. 

6365, P = 0.0034). 

 

1.3.2    Identification of different codon usage groups 

The clustering method of Bailly-Bechet et al. (2006) identified five significantly 

distinct clusters of genes having different codon usage patterns (Table 2 and Figure 2). The 

support for five groups was significantly better than six groups for both assignment 

probability (B(S) = 0.900 ± 0.002 and 0.880 ± 0.002, respectively) and maximum cluster 

stability (Δ(S) = 0.312 ± 0.003 and 0.306 ± 0.002, respectively) (see Figure S1). Table 2 

shows that although codon bias was evident across all five groups (i.e., GC3 was elevated 

above both GCi and GCf), it was most highly skewed in groups 0 and 1. Genes in groups 0 

and 1 showed the highest levels of GC3 and the most extreme degrees of codon bias. 

Although groups 0 and 1 were similar in their levels of codon bias and patterns of 

synonymous codon usage (Figure 2), group 0 genes exhibited dramatically higher levels of 

mRNA expression than the others. 

 The SCUMBLE model of Kloster and Tang (2008) produced results that 

corroborated the existence of five distinct codon usage groups. Histograms of normalized 

variance (NV) suggested that at least 4 trends were required to explain the data (Figure S3A) 

and models with >4 trends failed to show improvement (Figure S3B). Offsets β1  and β3 
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correlated most strongly with GC3 and CT3 in all groups and in the pooled data, respectively 

(Table S2). Groups were differentiated, however, only by offset β2 that was most strongly 

associated with mRNA expression levels at 72h for group 0, GT3 in group 2, and CT3 in 

groups 1, 3, and 4 (Table S2). Codon usage and cluster assignments obtained for S. 

purpuratus genes are provided in Supplemental File A1. 

 

1.3.3    Patterns of codon usage bias  

Codon bias in S. purpuratus was driven by a subset of the genome-wide preferred 

codons (Table 3). Four amino acids contributed significantly to codon bias in all five groups 

and in the pooled data (Leu, Ile, Ser, and Thr) while two amino acids did not contribute to 

codon bias in any group (His and Cys). Groups 0 and 1 exhibited the most strongly negative 

correlations (i.e., P < 10-10) between sENC-X and Nc’ (9 each) and group 3 had the fewest (3). 

Although there was considerable variability in the contributions of individual amino acids 

across groups, the strongest correlations in the entire set of 4623 genes tended to show 

significant patterns in 4 or 5 of the groups. 

The GC content of third positions (GC3) and coding regions (GCcds) exhibited 

significant correlations with the degree of codon bias (Figure 2 and Table 4). By contrast, 

there was a limited association between the GC content of introns or flanking regions and the 

degree of codon bias (Figure 2). Table 4 shows that the GC content of introns or flanking 

regions displayed weak associations with Nc and no significant correlations with Nc’. GC3 

was strongly correlated with GCcds in all groups. Relationships between the GC content of 

introns and flanking regions with both GC3 and GCcds
 were much weaker and inconsistent 

among groups.  
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The magnitude of codon bias was significantly associated with gene expression levels, 

but only in group 0 (Table 4 and Figure 4). Highly-biased, highly-transcribed genes were 

almost invariably in group 0. For example, 51 of the 54 annotated ribosomal proteins were 

assigned to Group 0 (of the remaining three, one was in group 1 and two in group 4). Gene 

length was also negatively correlated with mRNA expression and Nc’ (Table 4). I did not 

observe relationships between codon bias and position along the protein  using intragenic 

spatial codon usage estimates (Qin et al. 2004). The magnitude of codon bias did not differ 

between the middle sections of genes relative to amino- or carboxy-terminal regions and was 

not correlated with intron number or length (not shown).  

 

1.3.4    Conservation of preferred codons 

I tested if preferred codons were more evolutionarily constrained by applying 

Akashi’s (1994) method (see Table S1). Preferred codons were more likely to be conserved 

than unpreferred codons in all five groups (Table 5). The Woolf test on homogeneity of Odds 

Ratios (Woolf 1955) shows significant 3-way association for all groups. 

 

1.3.5    Role of preferred codons in stabilizing RNA structure 

I found that the third positions of preferred codons were significantly more likely to 

be paired in stems within folded RNA secondary structures in groups 2 and 3 (Table 6). 

Although all five groups had different distributions of preferred third positions (Table S2), 

each had two N3 preferred codons that were significantly overrepresented in stem pairs. In all 

five groups, G3 was significantly associated to be paired in stems in preferred codons. C3 of 

preferred codons were more likely to be stem-paired in all groups except group 2, where it 

was replaced by U3. The identity of the majority codon N3 base did not match the preferred 
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stems for any group. The Woolf test on homogeneity of Odds Ratios (Woolf 1955) shows 

significant 3-way association for all groups. 

 

1.3.6    Comparison to codon usage patterns in Drosophila 

To determine if similar clusters of codon usage patterns occur in Drosophila 

melanogaster, I applied the Bailly-Bechet et al. (2006) clustering method to 11,223 gene 

models obtained from flybase.org (Supplemental File A2). Similar to my results for S. 

purpuratus, I detected five significantly distinct groups (Figure S6). Although similar in 

overall number, the patterns of codon usage differed between the species. 2675 (23.8%) 

genes were assigned to group 0, 2919 (26.0%) to group 1, 607 (5.4%) to group 2, 4156 

(37.0%) to group 3 and 867 (7.7%) to group 4. Highly-expressed, highly-biased genes were 

almost entirely represented by Drosophila group 4 (Figure S7). As found in S. purpuratus, a 

majority of annotated small and large subunit ribosomal proteins clustered in group 4 (54 out 

of 60). Of the remaining six, three are in group 0, two are in group 2, and one is in group 1. 

Third positions in Drosophila groups 1, 2, 3 and 4 were more likely to be G or C (Figure 

S6A). Conversely, N3 for genes in Drosophila Group 2 were more likely to be A or T. Notch 

was assigned to be in Drosophila Group 3. Codon usage in Notch is highly biased (Nc’ = 

43.31). Genome-wide, S. purpuratus genes were not as biased as D. melanogaster (Nc’= 

46.04 ± 6.83 and 51.08 ± 5.08, respectively).  S. purpuratus group 0 genes were more biased 

than D. melanogaster genome-wide average (Nc’ = 42.50 ± 15.5) but were less biased that D. 

melanogaster group 4 genes (Nc’ = 39.08 ± 7.51). 
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1.4   Discussion 

Synonymous codon usage is influenced by the competing actions of random genetic 

drift, natural selection, and mutation (Sharp et al. 1995; Duret 2002; Hershberg and Petrov 

2008). The relative contributions of mutational bias or different forms of selection favoring 

the speed and accuracy of protein translation, translational robustness, or the stability of 

mRNA remain unclear (Duret 2002; Hershberg and Petrov 2008; Plotkin and Kudla 2011). 

Selection for translational efficiency has long been recognized as an important factor 

affecting synonymous codon usage bias in unicellular and multicellular organisms (Powell 

and Moriyama 1997; Akashi 1994). However, other forms of selection can favor 

translationally suboptimal codons (Hershberg and Petrov 2008). This ‘antagonistic pleiotropy’ 

model can result in multiple patterns of synonymous codon usage within the genome that 

cannot be explained by mutational biases (Akashi and Eyre-Walker 1998). My results suggest 

that multiple distinct patterns of codon usage bias exist in S. purpuratus that cannot be 

explained by mutation or any single form of natural selection. 

 

1.4.1   Distinct patterns of codon bias in S. purpuratus 

Synonymous codon usage varies between genes varies in both magnitude and 

composition (Sharp et al. 1986; Shields and Sharp 1987). Genome-wide patterns of codon 

usage are driven primarily by the highly biased genes, which, if they share a pattern of codon 

usage (‘preferences’), will dominate the synonymous codon usage patterns. However, if there 

are differing patterns of codon usage, more subtle patterns of codon bias will be lost. This is 

evident in yeast, where codon usage differs between highly- and lowly-expressed genes, both 

in the level and nature of the bias (Sharp et al. 1986). A similar situation is seen in Bactillus 

where correspondence analysis identified an axis with ribosomal proteins at one end and 
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genes with different codon usage patterns at the other end (Shields and Sharp 1987). Finally, 

Notch is a highly expressed and highly biased gene in Drosophila, but exhibits a codon usage 

distribution different from that of other highly biased and highly expressed genes (DuMont et 

al. 2004; Singh et al. 2007). These different codon usage patterns are biologically significant 

and an assessment of the factors affecting codon usage bias must take them into account. 

With this goal in mind, II identified five distinct patterns of codon usage in S. 

purpuratus (Table 2 and Figure 3). The magnitude of codon bias and the usage of genome-

wide preferred codons varied dramatically between groups (Tables 1 and 2), as did the mean 

levels of maximum mRNA expression during early development. I also detected five distinct 

codon usage groups in D. melanogaster (Figure S6), a well studied species where 

translational selection on rate and accuracy has been previously documented (Powell and 

Moriyama 1997). Notch, being an interesting anomaly for the study of patterns of 

synonymous codon usage in Drosophila, was expected to have a different codon usage 

pattern from other highly expressed and highly biased genes. Accordingly, Notch had a codon 

usage distribution that was different from for the vast majority of ribosomal proteins in 

Drosophila. My recovery of distinct codon usage distributions in D. melanogaster supports 

the reliability of the patterns I observed in S. purpuratus. 

 

1.4.2  Mutational processes cannot explain codon bias in S. purpuratus 

If mutational bias is responsible for generating codon usage bias, synonymous sites 

are expected to have nucleotide compositions similar to introns and flanking regions. When 

all genes were examined in the present study, the patterns of regional GC composition were 

significant: GC3 is strongly correlated with both GCcds and GCi, and weakly correlated with 

GCf  (Table 4).  However, S. purpuratus is an AT biased genome lacking isochores and the 



	  26 

majority of genes reside in regions of GC content between 35 and 39% (Sodergren et al. 

2006). The mean genome-wide GC content (36.9%) is very similar to the GC content of 

introns and flanking regions in my sample of 4,623 genes (Table 2). Despite this overall AT 

bias, all 18 preferred codons used a C or a G at their third positions and GC3 content was 

elevated above GCi and GCf in all five codon usage groups. It is notable that the magnitude of 

codon bias varied considerably among groups (being highest in groups 0 and 1) even though 

the GC content of introns and flanking regions was similar among groups. These observations 

suggest that mutational bias has played a minor role in influencing patterns of codon bias in S. 

purpuratus. 

I also investigated the possibility of mutational bias due to transcription (Beletskii 

and Bhagwat 1996). Transcription-coupled mutational processes are expected to act similarly 

on both introns and exons. Since genome-wide codon bias in S. purpuratus is correlated to 

GC3 and all genome-wide preferred codons end in either G or C, a transcription-coupled 

mutational process would produce a correlation between mRNA expression levels and GC 

content in both introns and coding sequences. However, intron GC was not correlated with 

mRNA abundance in any of the five codon usage groups, providing no support for 

transcription-coupled mutations. 

 

1.4.3  Selection on translation rates drives major codon usage patterns 

Codon usage and tRNA abundances are believed to have co-evolved to maximize the 

speed (Bulmer 1987) or the accuracy of protein translation (Akashi 1994). Translational 

efficiency is an adaptation for the rate of translation, whereas translational accuracy is 

purifying selection acting to minimize the incorporation of incorrect amino acids into proteins. 

These two interrelated drivers of selection on translational efficiency, speed and accuracy, are 
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difficult to disentangle and share similar predictions. For example, both hypotheses predict 

that the abundances of tRNA species should correlate with preferred codons in highly 

expressed genes (Ikemura 1985) and that high levels of gene expression should be related to 

high levels of codon bias (Duret and Mouchiroud 1999).  

In S. purpuratus I found evidence for both of these predictions. The tRNA gene 

frequency correlated with genome-wide preferred codons, tRNA gene copy number 

correlated with amino acid counts and the magnitude of codon bias was strongly correlated to 

mRNA expression levels during early development (Table 4 and Figure 4). However, this 

evidence for translational selection was only observed in group 0 genes. A similar result was 

observed for D. melanogaster where highly expressed and highly biased genes were 

represented in only one of the four groups (group 4; Figure S7). In both species, the vast 

majority of ribosomal protein genes were present in the highly expressed cluster and in S. 

purpuratus group 0 was overrepresented with GO terms related to transcription and cell 

growth (Table S4). Therefore, only one of the five codon usage groups identified in both 

species matched a model best explained by translational selection. Although there is a 

genome-wide correlation between codon bias and expression levels in both S. purpuratus and 

D. melanogaster, only a small proportion of genes are responsible for this association (less 

than 10%).  

In S. purpuratus, codon usage group 1 shares a similar pattern of codon preference to 

group 0 but fails to exhibit a correlation with gene expression levels. There are three amino 

acids (Ser, Pro and Gly) with different preferred codons between groups 0 and 1 (Table 1), 

and of these three only Ser contributes to codon bias in both groups (Table 2) whereas Pro 

contributes only to group 0. If the genes in group 1 have also been selected for translational 

efficiency then one explanation for this anomalous result is that loci in this cluster are not 
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expressed during early development but are highly expressed at later developmental stages. 

Recent studies in Drosophila has found that larval stages exhibit greater overall codon usage 

bias than adult stages, supporting the hypothesis that codon usage bias is influenced by 

selection for efficient protein production (Vicario et al. 2008). In contrast, genes expressed 

after embryogenesis in C. elegans have synonymous substitution rates greater than those 

expressed during embryogenesis, but this difference could not by explained by the correlation 

between codon bias and mRNA expression level (Castillo-Davis and Hartl 2002). The 

possibility of translational selection acting on group 1 genes in S. purpuratus later in life 

needs to be investigated further. 

Recent in vitro experiments found that usage of the CGA codon for Arg inhibited 

mRNA expression in S. cerevisae (Letzring et al. 2010). Therefore, usage of GCA should be 

avoided in highly transcribed genes. The potential inhibitory effect of CGA does not appear 

to be present in S. purpuratus (or D. melanogaster). The use of CGA was not avoided in any 

codon usage group in S. purpuratus, even in group 0 where evidence for translational 

selection was observed.  

 

1.4.4   Preferred codons are evolutionarily conserved 

Selection for the accuracy of translation is an additional mechanism that explains the 

relationship between codon bias rates of translation in Drosophila (Akashi 1994).  The model 

assumes that the misincorporation of amino acids due to errors in translation adversely affects 

the functionality of the protein and reduces cell fitness. There are two unique predictions of 

the translational accuracy model: (i) synonymous codon usage at evolutionary conserved sites 

will be biased towards preferred codons, and (ii) the strength of conservation will be stronger 

in highly expressed genes. As found previously for Drosophila (Akashi 1994), I observed that 
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preferred codons were likely to be evolutionarily conserved in S. purpuratus. However, 

preferred codons were evolutionarily conserved to a similar degree in all five codon usage 

groups, despite differences in their synonymous codon usage distributions and their extent of 

codon bias. This is particularly noteworthy for group 2 whose preferred codons ended 

primarily in A and T. Furthermore, selection for translational accuracy should have been 

maximized in the most highly expressed group 0 but instead was independent of mRNA 

expression. The translational accuracy hypothesis cannot explain why genes with high and 

low expression would experience similar levels purifying selection on synonymous codon 

usage. These observations suggest that selection for translational accuracy is not driving the 

patterns of codon bias observed in S. purpuratus. 

The accuracy of translation depends on the levels of transcription and, as such, is 

only one possible driver for the observed evolutionary conservation of preferred. The fitness 

cost to an individual of a mistake in protein synthesis is a function of both the number of 

erroneous transcripts produced and the fitness effects of these errors. A DNA polymerase 

error may have the same adverse effect on fitness as a mistake in synthesizing a highly 

transcribed ribosomal protein. As such, the fitness effects of synthesis errors in protein 

production are not expected to depend exclusively on translation rate for all genes 

(Drummond et al. 2005; Drummond and Wilke 2008; Allan Drummond and Wilke 2009). In 

this situation, the strength of purifying selection to conserve preferred codons alone will act 

on all genes independent of their level of expression. Hence, Akashi’s test for the 

preservation of preferred codons is appropriate for determining the extent of purifying 

selection on preferred codons, but does not address the mechanism underlying this 

conservation. One alternative explanation for the preservation of preferred codons is selection 

to preserve proper protein folding (Drummond et al. 2005; Drummond and Wilke 2008) 
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where the preservation of translationally optimal codons has been found to be only weakly 

dependent on transcript expression level (Shabalina et al. 2006; Zhou et al. 2009).  

 

1.4.5    Role of interference selection 

Interference between weakly selected mutations is extremely difficult to measure 

when considered individually.  However, interference selection (IS) between abundant and 

physically clustered weakly selected mutations may be considerable in a gene exhibiting 

codon bias (Comeron and Kreitman 2002). Recombination may constrain the efficacy of 

selection by reducing the probability of fixation of a favorable mutation through its linkage to 

a nearby locus, a process termed the Hill-Robertson effect. This reduced efficacy of selection 

predicts that regions of low recombination will result in lower levels of codon bias and high 

recombination will result in higher levels of codon bias. This pattern is observed in 

Drosophila, where recombination is correlated with the rate of synonymous substitution (Ks) 

and the degree of codon bias. I also expect differences in recombination rates between 

positions in a gene. Exon boundaries are expected to have higher recombination rates relative 

to the middle of long exons and thus evolve higher levels of codon bias. There is little 

preliminary support for IS in S. purpuratus because these test predictions were not observed: 

(i) codon bias does not change in the middle relative to the ends of a gene in single exon 

genes, (ii) codon bias does not appear to change over the length of the gene for different size 

classes, and (iii) codon bias is not correlated with measures of a gene’s intron count or length. 

This is not surprising because GC content in regions within and around genes vary 

considerably (Figure 2), suggesting recombination is sufficient to allow synonymous sites to 

segregate independently. I also did not find a relationship between codon bias and position 

along the protein using intragenic spatial codon usage estimates (Qin et al. 2004) (not shown). 
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1.4.6   Preferred third codon positions are likely to be mRNA stems 

In addition to demonstrating the evolutionary conservation of preferred codons across 

genes, Akashi (1994) also found that the degree of conservation was linked to regions of 

putative functional importance. Outside of Drosophila, recent work has found that 

translationally optimal codons associate with buried residues suggesting that selection may 

act to reducing protein misfolding (Zhou et al. 2009). Along this line of inquiry, I chose to 

investigate if there was a relationship between the usage of preferred codons and mRNA 

secondary structure. 

Selection to optimize base paring and maximize the stability of mRNA secondary 

structure has been considered as a potential driver of codon usage bias for many years (Fitch 

1974; Klämbt 1975; Grantham et al. 1980). A relationship between folding stability and 

codon preference has been established through the examination of mRNA secondary structure 

in mammals (Chamary and Hurst 2005; Chamary et al. 2006; Shabalina et al. 2006), 

eukaryotes (Meyer and Miklós 2005), phage RNA ((Fitch 1974; Hasegawa et al. 1979), but 

see (Bulmer 1989), fruit flies (Carlini et al. 2001) and histone genes (Huynen et al. 1992).  

mRNA stability is expected to be mediated through base composition at third 

positions (N3) (Carlini et al. 2001). A preference for G or C in N3 is seen for the most highly 

biased genes of Drosophila, which is almost entirely explained by an increase in C over G 

(Shields et al. 1988). This increased use of C in highly biased loci is not easily explained by a 

local mutation effect and may result from its effect on the stability of mRNA secondary 

structure (Gillespie 1991). The stability of mRNA secondary structure stability can be 

increased through GC pairings in N3 or an increase in the number of pairs. Recognizing there 

are other competing processes that determine preferred N3 composition (Chamary and Hurst 
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2005), and different definitions of preference not limited to GC (this study), I restricted my 

analysis to stems and loops. More specifically, if natural selection acts on synonymous 

codons to increase mRNA stability then I expect N3 of preferred codons more likely to reside  

as paired members of stems than unpaired members of loops.  

In S. purpuratus, I observed that any nucleotide in the 3rd position of preferred 

codons were more likely to be in paired in stems than unpaired in loop only for genes in 

codon usage groups 2 and 3. I observed particular nucleotides in the 3rd position of preferred 

codons were more likely to be in paired in stems than unpaired in loops and that these 

nucleotides varied between groups. Interestingly, a genome-wide analysis was only 

significant for G3 and C3 because all genome-wide preferred codons have a G or C in the 3rd 

position.  Looking at groups separately, U3 or G3 of preferred codons were more likely to be 

found in stems in group 2, but in group 3 it was seen with C3 and G3. Group 0 exhibited the 

weakest relationships. This may not be surprising because selection for mRNA stability is 

expected to be at odds with translational selection and other processes. I also failed to find a 

relationship between mRNA stability and expression levels. Here again, mRNA stability can 

impact rates of translation and highly stable mRNA structures may be specifically avoided in 

rapidly translated regions of genes (Mita et al. 1988; Zama 1990). Group 2, in particular, 

shows evidence of mutational processes driving codon usage, which may reflect a conflict 

between mRNA stability and mutation. These results suggest that mRNA folding might play 

an important role in determining the synonymous codon usage bias for codon usage groups in 

S. purpuratus.  
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1.4.7   Codon bias decreases with gene length 

Codon bias decreases with gene length in S. purpuratus similar to what has been 

observed in D. melanogaster (Comeron et al. 1999), C. elegans (Duret and Mouchiroud 

1999), Populus. tremula (Ingvarsson 2007),and  Silene latifolia (Qiu et al. 2011). In 

Drosophila, a significant negative correlation is observed between codon bias and protein 

length in genes with moderate or high expression (Duret and Mouchiroud 1999). This 

decrease in codon bias with increasing gene length may be a side effect of the economy of 

translation, where highly expressed, highly biased genes tend to be short (Akashi 2003). 

Indeed, in group 0 gene length was correlated to both codon bias and mRNA expression 

levels, further supporting the action of translational selection on this group. However, in the 

other codon usage groups gene length wss correlated with either codon bias (groups 1, 3, and 

4) or expression (group 2), but not both. This negative correlation between gene length and 

optimal codon usage may also be due to GC-biased gene conversion (Stoletzki 2011). These 

findings do not support an alternative prediction for translational accuracy where the cost of 

incorporation of erroneous amino acids during elongation will drive long genes to have 

higher optimal codon usage than short genes (Eyre-Walker 1996), as has been observed in 

yeast (Eyre-Walker 1996; Moriyama and Powell 1998; Stoletzki and Eyre-Walker 2007).  

 In summary, I observed significant nonrandom patterns of synonymous codon usage 

in the purple sea urchin, S. purpuratus, that could not be easily explained by mutational bias. 

Five distinct clusters of genes were identified that used different sets of preferred codons but 

only one cluster (group 0) exhibited a correlation between codon bias and mRNA expression 

consistent with translational selection. The third positions of preferred codons were more 

likely to be paired in stems in folded mRNA secondary structures in two additional groups (2 

and 3) implicating a contribution of codon bias to mRNA stability. The discovery of five 



	  34 

distinct codon usage groups in D. melanogaster was similar to that found for S. purpuratus, 

but the patterns of codon usage differed between species. However in both species only one 

cluster (representing < 10% of all genes) was associated with translational selection 

suggesting that other forms of selection might be at play.  
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Table 1.1. Synonymous codon usage in S. purpuratus 
  Spearman Correlation  Synonymous Codon Usage Probabilitiesb RF c 

Amino 
Acid Codon ρ P-value a  Group 

0 Group1 Group2  Group3 Group4  All 

Ala GCA 0.3113 1.99E-104  0.1939 0.2493 0.3615  0.2927 0.3045 0.2955 

 GCC d 
-

0.4405 9.31E-219 
 

0.4067 0.3507 0.2133 0.2658 0.2836 0.2878 
 GCG 0.0451 2.14E-03  0.0592 0.1507 0.0703 0.1592 0.0787 0.1026 
 GCT 0.1324 1.55E-19  0.3402 0.2494 0.3549 0.2823 0.3332 0.3141 
           
Arg AGA 0.3020 4.55E-98  0.1602 0.2257 0.3933 0.2573 0.3168 0.2943 

 AGG 
-

0.1786 1.90E-34 
 

0.2538 0.2697 0.2624 0.2020 0.2932 0.2623 
 CGA 0.1518 3.05E-25  0.1045 0.1259 0.1033 0.1752 0.0992 0.1192 

 CGC 
-

0.2134 8.89E-49 
 

0.1831 0.1417 0.0651 0.1116 0.0940 0.1066 
 CGG 0.0619 2.56E-05  0.0450 0.1209 0.0647 0.1150 0.0717 0.0851 

 CGT 
-

0.0214 1.46E-01 
 

0.2534 0.1161 0.1112 0.1388 0.1252 0.1327 
           

Asn AAC 
-

0.4523 5.70E-232 
 

0.7150 0.6522 0.4442 0.5465 0.5552 0.5604 
 AAT 0.4535 2.42E-233  0.2850 0.3478 0.5558 0.4535 0.4448 0.4396 
           

Asp GAC 
-

0.3373 2.06E-123 
 

0.5290 0.5467 0.3638 0.4595 0.4280 0.4472 
 GAT 0.3383 3.48E-124  0.4710 0.4533 0.6362 0.5405 0.5720 0.5528 
           

Cys TGC 
-

0.1914 2.13E-39 
 

0.5552 0.5593 0.3767 0.4645 0.4583 0.4682 
 TGT 0.2081 2.18E-46  0.4448 0.4407 0.6233 0.5355 0.5417 0.5318 
           
Gln CAA 0.3820 1.73E-160  0.2794 0.3324 0.4594 0.4725 0.3551 0.3893 

 CAG 
-

0.3784 2.78E-157 
 

0.7206 0.6676 0.5406 0.5275 0.6449 0.6107 
           
Glu GAA 0.4160 6.46E-193  0.3345 0.3803 0.5195 0.5115 0.4175 0.4446 

 GAG 
-

0.4163 2.82E-193 
 

0.6655 0.6197 0.4805 0.4885 0.5825 0.5554 
           
Gly GGA 0.1497 1.44E-24  0.3236 0.2784 0.3726 0.3114 0.3319 0.3269 

 GGC 
-

0.2490 2.88E-66 
 

0.2534 0.2643 0.1683 0.2203 0.2048 0.2143 
 GGG 0.0718 1.03E-06  0.0962 0.1983 0.1509 0.1871 0.1618 0.1654 
 GGT 0.0521 3.99E-04  0.3268 0.2590 0.3082 0.2812 0.3015 0.2934 
           

His CAC 
-

0.2282 1.10E-55 
 

0.5230 0.5528 0.3774 0.4562 0.4316 0.4534 
 CAT 0.2416 2.24E-62  0.4770 0.4472 0.6226 0.5438 0.5684 0.5466 
           
Ile ATA 0.3847 6.16E-163  0.0658 0.1715 0.2556 0.2280 0.1916 0.1986 

 ATC 
-

0.5357 1.00E-223 
 

0.7076 0.6101 0.4055 0.4772 0.5309 0.5220 
 ATT 0.3422 3.55E-127  0.2266 0.2185 0.3389 0.2948 0.2776 0.2793 
           
Leu TTA 0.4527 2.16E-232  0.0324 0.0741 0.1317 0.1209 0.0796 0.0942 
 TTG 0.2742 1.67E-80  0.1136 0.1290 0.1641 0.1623 0.1417 0.1459 
 CTA 0.2531 1.65E-68  0.0864 0.1046 0.1411 0.1241 0.1305 0.1235 



	  36 

  Spearman Correlation  Synonymous Codon Usage Probabilitiesb RF c 

Amino 
Acid Codon ρ P-value a  Group 

0 Group1 Group2  Group3 Group4  All 

 CTC 
-

0.4612 2.87E-242 
 

0.3035 0.2813 0.1734 0.2168 0.2199 0.2267 

 CTG 
-

0.3895 2.64E-167 
 

0.2993 0.2663 0.1917 0.1953 0.2503 0.2339 
 CTT 0.2080 2.28E-46  0.1649 0.1447 0.1979 0.1806 0.1780 0.1757 
           
Lys AAA 0.4662 2.95E-248  0.2195 0.3375 0.4490 0.4707 0.3577 0.3829 

 AAG 
-

0.4665 1.36E-248 
 

0.7805 0.6625 0.5510 0.5293 0.6423 0.6171 
           

Phe TTC 
-

0.3821 1.43E-160 
 

0.6961 0.6610 0.4986 0.5662 0.5772 0.5841 
 TTT 0.3813 7.54E-160  0.3039 0.3390 0.5014 0.4338 0.4228 0.4159 
           
Pro CCA 0.1854 5.08E-37  0.3162 0.2661 0.4055 0.3238 0.3471 0.3379 

 CCC 
-

0.3173 1.19E-108 
 

0.2907 0.2864 0.1607 0.2120 0.2215 0.2236 

 CCG 
-

0.0108 4.64E-01 
 

0.1078 0.1889 0.0880 0.1927 0.1019 0.1330 
 CCT 0.1568 7.61E-27  0.2853 0.2585 0.3458 0.2715 0.3296 0.3055 
           

Ser AGC 
-

0.2299 1.61E-56 
 

0.2111 0.2121 0.1497 0.1654 0.1842 0.1796 
 AGT 0.2037 1.68E-44  0.1392 0.1558 0.2080 0.1677 0.1900 0.1805 
 TCA 0.2309 5.12E-57  0.1460 0.1654 0.2525 0.2077 0.2079 0.2065 

 TCC 
-

0.2789 2.19E-83 
 

0.2333 0.1971 0.1258 0.1506 0.1681 0.1645 

 TCG 
-

0.0224 1.27E-01 
 

0.0813 0.1366 0.0585 0.1463 0.0684 0.0940 
 TCT 0.1907 3.94E-39  0.1890 0.1330 0.2055 0.1623 0.1815 0.1750 
           
Thr ACA 0.2837 2.66E-86  0.2151 0.2550 0.3990 0.3125 0.3235 0.3171 

 ACC 
-

0.4199 6.96E-197 
 

0.4664 0.3608 0.2339 0.2690 0.3268 0.3123 

 ACG 
-

0.0391 7.81E-03 
 

0.1168 0.2267 0.1063 0.2162 0.1308 0.1584 
 ACT 0.2770 3.53E-82  0.2016 0.1575 0.2608 0.2023 0.2189 0.2122 
           

Tyr TAC 
-

0.3811 1.12E-159 
 

0.7296 0.6901 0.4892 0.5711 0.5892 0.5955 
 TAT 0.3867 9.07E-165  0.2704 0.3099 0.5108 0.4289 0.4108 0.4045 
           
Val GTA 0.3086 1.48E-102  0.1357 0.1431 0.2329 0.1878 0.1803 0.1832 

 GTC 
-

0.3935 4.42E-171 
 

0.4005 0.3736 0.2378 0.3045 0.3047 0.3099 

 GTG 
-

0.0946 1.17E-10 
 

0.2758 0.3089 0.2695 0.2685 0.3006 0.2873 
 GTT 0.3459 4.56E-130  0.1880 0.1744 0.2598 0.2392 0.2143 0.2196 
a The most significant negative correlation are highlighted in bold. 
b The probability a given gene in the group will use the synonymous codon is taken as the relative frequency of the 
codon in its family for all genes in the group. The highest frequency of a codon family is in bold. 
c The relative frequency of the synonymous codon for the amino acid for all genes. The highest frequency of a 
codon family is in bold. 
  



	  37 

Table 1.2. Summary of codon bias, GC content, gene size, and mRNA expression levels of 
the five codon usage Groups 

 Group 0 Group 
1 

Group 
2 

Group 
3 

Group 
4 

ALL 

No. of loci 396 861 1,154 912 1,300 4,623 
Mean Nc 49.72 54.54 53.57 57.63 54.65 54.46 
Mean Nc’ 42.50 47.21 54.74 53.93 50.87 51.02 
Mean GCcds 0.521 0.517 0.450 0.481 0.484 0.484 
Mean GC3 0.605 0.596 0.413 0.491 0.504 0.507 
Mean GCi 0.353 0.356 0.345 0.356 0.350 0.351 
Mean GCf 0.362 0.368 0.361 0.368 0.360 0.363 
Mean number of codons 458.5 520.1 478.0 448.3 572.7 504.9 
Mean number of exons 7.87 7.60 7.96 6.44 10.2 8.22 
Mean transcript length 
(bp) 

9,004 14,122 10,714 11,782 14,048 12,351 

Mean mRNA 
expression (AU) 

12,447.0 3,051.0 3,090.8 3,142.2 3,201.0 3,926.0 
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Table 1.3. The contributions of individual amino acids to codon bias in S. purpuratus. 
              
Amino  Spearman Correlation Coefficient between sENC-Xa and codon bias (Nc’)b 

Acid  Group 0  Group 1  Group 2  Group 3  Group 4  All  
Phe Nc-F -0.2817 * -0.1190 * -0.0349  -0.1389 * -0.0998 * -0.2320 *** 
Leu Nc-L -0.4710 *** -0.4230 *** -0.2347 *** -0.3133 *** -0.3443 *** -0.5338 *** 
Ile Nc-I -0.3479 *** -0.1645 * -0.1145 * -0.1926 * -0.2276 *** -0.4752 *** 
Val Nc-V -0.4540 *** -0.2901 *** -0.0887  -0.2167 *** -0.2213 *** -0.3698 *** 
Ser Nc-S -0.2738 * -0.2942 *** -0.2220 *** -0.2015 *** -0.1740 * -0.0881 * 
Pro Nc-P -0.1641  -0.1617 * -0.1618 * -0.0553  -0.0972 * 0.0469  
Thr Nc-T -0.4155 *** -0.2503 *** -0.2589 *** -0.1756 * -0.2127 *** -0.1869 * 
Ala Nc-A -0.3273 *** -0.2561 *** -0.1886 *** -0.0902  -0.1108 * -0.0987 *** 
Tyr Nc-Y -0.3532 *** -0.1159 * -0.0639  -0.1601 * -0.1461 * -0.2838 *** 
His Nc-H -0.1075  -0.0884  0.0689  0.0327  0.0187  0.0528  
Gln Nc-Q -0.2788 * -0.1790 * -0.1207 * -0.0667  -0.1399 * -0.2867 *** 
Asn Nc-N -0.3426 *** -0.2335 *** -0.0085  -0.1234 * -0.1298 * -0.2969 *** 
Lys Nc-K -0.4319 *** -0.2315 *** -0.0601  0.0016  -0.1771 *** -0.3864 *** 
Asp Nc-D -0.0306  -0.1397 * 0.0298  0.0013  0.0158  0.0567 * 
Glu Nc-E -0.2241 * -0.1997 *** -0.0158  -0.0448  -0.1125 * -0.2452 *** 
Cys Nc-C -0.0050  -0.0663  -0.0105  0.0565  -0.0315  0.0003  
Arg Nc-R -0.3034 *** -0.1641 *** -0.3598 *** -0.1693 * -0.2573 *** -0.0451  
Gly Nc-G -0.1303  -0.1055  -0.0958  -0.0003  -0.1383 * -0.0213  
 
* Significance at P < 0.001 
*** Significance at P < 10-10 

a Scaled ENC-X (sENC-X) (Powell and Moriyama 1997). 
b(Novembre 2002) 
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Table 1.4. Correlations between nucleotide compositions in Strongylocentrotus purpuratus 
   Spearman's Correlation Coefficient for each group a 
   Group 0  Group 1  Group 2  Group 3  Group 4  All  

Codon Bias             
 Nc' GC3 -0.7049 *** -0.6316 *** -0.2946 *** -0.432 *** -0.4489 *** -0.7325 *** 
 Nc' GCcds -0.4557 *** -0.2381 *** -0.0668 *** -0.187 *** -0.1392 *** -0.5584 *** 
 Nc' GCi

b 0.0279  0.0919  0.0933  0.2226 *** 0.1315 * -0.0195  
 Nc' GCf 0.103  0.0648  0.1394 * 0.0547  0.0917 * 0.0469  
 Nc GC3 -0.5524 *** -0.4653 *** 0.2628 *** 0.1435 *** -0.0202  -0.054 * 
 Nc GCcds -0.442 *** -0.2217 *** 0.2394 *** 0.0896  0.0255  -0.0219  
 Nc GCi -0.0431  0.0196  0.1365 * 0.0365  0.0098  0.0967 * 
 Nc GCf -0.002  -0.0274  0.102 * -0.0314  0.0125  0.0555 * 
Regional GC composition             
 GC3 GCcds 0.4811 *** 0.3884 *** 0.3299 *** 0.3872 *** 0.2443 *** 0.7409 *** 
 GC3 GCi 0.0837  0.1491 * 0.1259 * 0.054  0.1021 * 0.2218 *** 
 GC3 GCf

 0.0548  0.0774  0.0424  0.0889  0.0605  0.0872 * 
 GCcds GCi 0.1576  0.1009  0.0761  0.0619  0.1076 * 0.2073 *** 
 GCcds GCf 0.0913  0.0377  0.0063  0.0951  0.024  0.0737 * 
 GCi GCf 0.1221  0.084  0.1113 * 0.1109  0.1383 * 0.1333 *** 
Transcript abundance             
 Nc' mRNA level c -0.2578 * -0.0137  -0.0895  -0.0319  -0.0636  -0.1117 *** 
 Nc mRNA level -0.2695 * -0.0149  -0.0617  -0.0559  -0.0481  -0.1211 *** 
 GC3 mRNA level 0.0439  -0.0387  0.0198  -0.0288  -0.0366  0.0352  
 GCi mRNA level -0.0089  0.0314  0.0813  -0.0063  -0.0035  0.0178  
Coding and transcript lengths             
 Ncodons mRNA level -0.2305 * -0.1052  -0.1366 * -0.0823  -0.0605  -0.1164 *** 
 Ncodons Nc’ 0.1991 * 0.2118 * 0.0559  0.2119 * 0.1226 * 0.0649 * 
 Ncodons GCcds -0.1058  -0.1738 * 0.1404 * 0.0106  -0.0558  0.0345  
 Nexons mRNA level  -0.1316  -0.0437  -0.0346  -0.0578  -0.0315  -0.0507 * 
 Tlength mRNA level  -0.1379  -0.0521  -0.0128  -0.0354  -0.0233  -0.0574 * 
 Tlength Nc’ 0.1055  -0.0697  -0.0915  -0.112 * -0.0412  -0.049 * 
Rate Comparisonsd             
 Nc’ dS -0.124  -0.1538 * -0.0552  -0.0243  -0.0389  -0.1541 *** 
 Nc’ dN 0.1682  0.18249 * 0.0577  0.126  0.1475 * 0.1571 *** 
 Nc’ dN/dS 0.2231  0.2292 * 0.0667  0.133  0.1515 * 0.1993 *** 
 Nc dS -0.0237  -0.1361 * -0.0031  -0.0083  -0.019  -0.0519  
 Nc dN 0.1401  0.1507 * 0.0644  0.0955  0.1111  0.1293 *** 
 Nc dN/dS 0.1541  0.1967 * 0.0557  0.0982  0.1076  0.1407 *** 
* Significance at P < 0.001, *** Significance at P < 10-10 
a Number of genes in each group: All (4623), Cluster 0 (396), Cluster 1 (861), Cluster 2 (1154), Cluster 3 (912), 

Cluster 4 (1300) 
b Number of genes with introns for each group: All (4389), Cluster 0 (368), Cluster 1 (814), Cluster 2 (1113), 

Cluster 3 (826), Cluster 4 (1268) 

c  log10(maximum observed expression in AU) 
d Number of genes with comparative data for each group: All (2954), Cluster 0 (225), Cluster 1 (593), Cluster 2 
(744), Cluster 3 (563), Cluster 4 (829) 
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Table 1.5. Conservation of preferred codons between species (Akashi, 1997). 
Group Num. of 

Genes 
M-H Χ2 ORa P-value 

(raw) 
0 225 31.46 1.287 1.02e-08 
1 592 38.46 1.163 2.70e-10 
2 744 36.25 1.098 8.69e-10 
3 562 24.08 1.137 4.61e-10 
4 828 123.84 1.213 4.59e-29 
All 2349 247.77 1.193 3.98e-56 
 
a Woolf test on homogeneity of Odds Ratios (Woolf 1955) shows significant 3-way 
association for all groups. 
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Table 1.6. Preference for N3 of preferred codon N3 for stem pairing in mRNA secondary 
structure 
 M-H Χ2 a,b 

Group A3  C3  G3  U3  N3  
0 18.83  261.80 *** 19.00 * 295.36  112.31  
1 987.55  612.26 *** 164.31 *** n/a  670.40  
2 1810.24  2.02  254.02 *** 944.23 *** 4224.29 *** 
3 806.18  242.88 *** 358.13 *** 1.69  3011.43 *** 
4 2355.78  311.50 *** 536.99 *** 6.14  1.16  
All n/a  1945.18 *** 1594.94 *** n/a  3675.23  
* P-value < 0.01 
*** P-value < 1e-10 
a Mantel-Haenszel Χ2test with continuity correction and an alternate hypothesis that 
preferred codons are more likely to be a stem than loop in mRNA secondary 
structure. 
b Woolf test on homogeneity of Odds Ratios (Woolf 1955) shows significant 3-way 
association for all groups. 
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Figure 1.1. Distribution of synonymous codon usage bias scores for S. purpuratus genes.  
Codon bias is estimated with the uncorrected (A) and corrected (B) effective number of 
codons Nc and Nc’, respectively.  
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Figure 1.2. Codon bias and regional GC composition for different codon usage groups.  
Codon bias is represented as Wright’s Nc (Wright 1990). Regional GC composition is 
calculated from (A) GC3 content of gene coding regions, (B) GC content of coding regions, 
(C) GC content of gene introns and (D) GC content of gene flanking regions. ‘Rp’ denotes 
annotated ribosomal proteins. The dashed horizontal lines represent the genome-wide mean 
GC content (36.9%). 
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Figure 1.3. Heatmap of codon usage frequencies in codon usage groups in S. purpuratus.  
Codon usage frequencies were centered on the equal usage expectation (e.g. for four-fold 
degenerate codons, frequencies were centered on ¼). Centered frequencies clustering was 
done with HCA pairwise complete-linkage by Euclidean distance for both columns (CUG) 
and rows (synonymous codons) using Cluster 3.0 (Eisen et al. 1998). Heatmap plots were 
generated with Java TreeView (Saldanha 2004). Synonymous codon labels are colored by the 
base composition of the third position (N3) with N3 of ‘A’ and ‘T’ nucleotides colored pink 
and ‘G’ and ‘C’ colored green. * denotes genome-wide preferred codons. 
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Figure 1.4 Codon bias and mRNA expression levels for genes in S. purpuratus.  
Codon usage bias is Novembre’s Nc’. Red circles surround annotated ribosomal proteins 
(‘Rp’). The black arrow points to Sp-Fau (SPU_005280), a ubiquitin-like, highly expressed 
gene. 
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Chapter 2 Phylogenomics of Strongylocentrotid sea urchins 
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2.1  Introduction 

Sea urchins are benthic marine echinoderms distributed across all of the world’s 

oceans (Pearse 2006). Despite their unusual appearance, they have been a component of 

human diets since at least the ancient Greeks (Soyer 1977) and are still experiencing a 

rigorous fisheries industry today (Wilen and Reynolds 2000; Berkes et al. 2006). The 

contribution of sea urchins to our understanding of many aspects of basic biology cannot be 

understated (Pederson 2006). Sea urchins are a primary research model for embryology 

(Pederson 2006), fertilization (Briggs and Wessel 2006), bilaterian development (Howard-

Ashby et al. 2006), genomic regulatory systems (Britten and Davidson 1969; Davidson 2006) 

and our basic understanding of fundamental properties of genomes (Britten and Kohne 1968; 

Britten 1986). They provide robust natural systems in which I investigate fundamental 

evolutionary questions of natural selection (Oliver et al. 2010; Pujolar and Pogson 2011),  

reproductive isolation (Lessios 2011) and speciation (Palumbi et al. 1997; Lessios 2009) and 

ecological questions of population responses to disease (Miller and Colodey 1983) and global 

scale habitat distribution patterns (Iken et al. 2010).  Indeed, our first coherent view of cancer 

was provided by studying embryonic development in sea urchins (Knudson 2004) and origins 

of the phagocytic theory, a key process in the idea of an immune system, were based on 

observations of the movement and engulfing of foreign particles in echinoderm tissue 

(Tajima et al. 2007). 

The location of echinoids as an early branch in the deuterostomes phylogeny 

provides an important node with which to infer ancestral states of vertebrate biology 

(Materna et al. 2006; Andrew Cameron and Davidson 2007). The placement of echinoderm 

placement is useful to for addressing broad reaching questions related to the origins and 

evolution of animal immunity (Rast and Messier-Solek 2008) and animal development 
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(Pearson et al. 2005). Of the sea urchins, the family Strongylocentrotidae is arguably the most 

well studied group (Lawrence 2007) and includes the representative model species with a 

well annotated genome,  Strongylocentrotus purpuratus (Sodergren et al. 2006). The 

Strongylocentrotidae are abundant marine echinoids with members living in the northern 

Pacific, northern Atlantic and the holarctic regions (Lawrence 2007). The group is comprised 

of four genera: Strongylocentrotus, Hemicentrotus, Pseudocentrotus and Mesocentrotus 

(Kroh and Hansson 2012). 

The relationship of Strongylocentrotids to that of other sea urchins is well supported 

(Littlewood and Smith 1995; Perseke et al. 2010; Janies et al. 2011).  The genus 

Strongylocentrotus comprises five species: S. purpuratus, S. pallidus, S. droebachiensis, S. 

intermedius, S. fragilis and S. polyacanthus.  S. djakonovi has been assigned as a subordinate 

synonym for S. droebachiensis (Bazhin 1996), S. pulchellus a subordinate synonym for S. 

intermedius (Bazhin 1996) and A. fragilis is a subordinate synonym for S. fragilis (Kroh and 

Hansson 2012). Mesocentrotus (Tatarenko and Poltaraus 1993) comprises M. franciscanus 

(nee S. franciscanus), M. nudus (nee S. nudus) and P. depressus. Hemicentrotus is 

monospecific with H. pulcherrimus.   

Recent mitochondrial molecular phylogenies have identified two clades, one 

consisting of Strongylocentrotus and Hemicentrotus and the other consisting of 

Mesocentrotus and Pseudocentrotus (Biermann 1998; Biermann et al. 2003; Lee 2003). 

However, the branching orders within the Strongylocentrotus and Hemicentrotus clades are 

largely incongruent. Specifically, the relationships of S. intermedius, S. droebachiensis and S. 

pallidus, the relative placements of S. purpuratus and A. fragilis, and the positions of S. 

intermedius and H. pulcherrimus in the phylogeny are unresolved.  
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This is an outstanding issue because an accurate and robust phylogeny is essential for 

correctly interpreting the broad range of contemporary biological research being performed 

on this group. The unresolved phylogenetic relationships among strongylocentrotids 

underscores the problem of using too loci in a group with large effective population sizes and 

complex histories that may involve hybridization (Addison and Pogson 2009). This is of 

particular importance in this group. Sea urchins are broadcast spawners where fertilization 

occurs in the water column. Many strongylocentrotids are sympatric with other species that 

have overlapping spawning seasons and incomplete gametic compatibilities (Lessios 2007). 

The fertilization efficiencies of eggs and sperm between species are often asymmetric and 

gamete recognition loci are thought to play an important role in post-mating pre-zygotic 

isolation (Palumbi 1999). Selection on components of gamete interactions are thought to be 

particular important early on in the speciation process. In Strongylocentrotidae, however, 

gametes from distantly related sympatric M. franciscanus and S. purpuratus readily fertilize 

in the lab, but hybrids are seldom seen in nature and no introgression is observed between the 

species (Addison and Pogson 2009). The rapid evolution of gamete recognition proteins is of 

particular interest in this group and is under intense study (Zigler et al. 2005; Lessios 2011; 

Pujolar and Pogson 2011). 

The combined action of incomplete lineage sorting and introgression of genes 

between species are well known to greatly complicate the resolution of species trees 

(Takahata and Slatkin 1990; Maddison 1997; Maddison and Knowles 2006). With these 

confounding nature, single loci are not reliable for phylogenetic inference (Avise and Ball 

1990) and congruence among multiple genes and morphology are necessary for 

reconstruction of a reliable phylogeny (Avise and Wollenberg 1997). Multi-locus analyses at 

genome-wide scales offer a remarkable opportunities for powerful improvements in 
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molecular phylogenetic inference (Rannala and Yang 2008). The advent of next-generation 

sequencing and genome assembly makes such of analyses possible. A high quality, well-

annotated, draft genome for S. purpuratus is available (Sodergren et al. 2006; Karolchik et al. 

2007; Cameron et al. 2009) and high coverage, whole-genome sequencing has been complete 

for nine of the ten species comprising the family Strongylocentrotidae (Chapter 3). 

The objective of this study was to establish a strong phylogenetic hypothesis for the 

family Strongylocentrotidae based on alignments of nuclear and mitochondrial genes from 9 

species. The development of a robust phylogeny in this group will provide essential 

comparative tools to a vast group of scientists including those interested in ecology, 

evolution, developmental biology and physiology.  

 

2.2   Materials and Methods 

Class Echinoidea has remained robustly monophyletic in Echinoderm phylogenies 

using both mitochondrial DNA sequences and morphological data (Littlewood and Smith 

1995; Perseke et al. 2010; Janies et al. 2011). MtDNA ML tree shows Order Echinoida as 

monophyletic with Strongylocentrotidae as sister to Paracentrotus lividus, Echinocardium 

cordatum and Arbacia lixula (Perseke et al. 2010). The complete mitochondrial genes 

available for six urchin species were obtained from GenBank (Strongylocentrotus 

droebachensis NC 009940; Strongylocentrotus purpuratus, NC 001453; Strongylocentrotus 

pallidus, NC 009941; Paracentrotus lividus, NC 001572; Arbacia lixula, NC 001770; 

Echinocardium cordatum, FN562581.1).  

The published sequences for all nine strongylocentrotid species for regions covering 

COI, COII, tRNA-Lys, ATPase8 and ATPase6 (AY220998-AY221021) were obtained from 

GenBank (Biermann et al. 2003). The published sequences for S. intermedius, S. nudus and 
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H. pulcherrimus COI (AF525455, AF525452 and AF525453, respectively), NDI (AF525454, 

AF525450 and AF525451, respectively) and 12S (AF525769, AF525767 and AF525768, 

respectively) were obtained from GenBank (Lee 2003). 

Nuclear genes were obtained from alignments constructed from Illumina paired-end 

reads of eight species aligned to the S. purpuratus genome assembly (Table 1) (Chapter 3). 

454 reads for A. fragilis and S. franciscanus were obtained from the Baylor College of 

Medicine HGSC (http://www.hgsc.bcm.tmc.edu). Additional tools used in the analyses 

included Jim Kent’s source tools (Kent et al. 2002), Biopython (http://biopython.org), 

FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/), R (Ihaka and Gentleman 1996) and 

the Newick utilites (Junier and Zdobnov 2010). 

 

2.2.1   Mitochondrial genome de novo assemblies 

Mitochondrial genomic sequences were assembled de novo from Illumina paired-end 

reads of genomic DNA (Chapter 3). First, to obtain a set of putative mitochondrial DNA 

reads, all reads for each species were aligned to all six GenBank mitochondrial sequence with 

SSAHA2 (Ning et al. 2001) using parameters ‘-solexa -skip 6 -pair 20,3000’. All reads that 

mapped to any of the six molecules with a mapping quality of greater than 5 were collected 

for each species.  

The collected reads were used as input for de novo assembly of the molecule for each 

species using velvet (Zerbino and Birney 2008) for each species. Hash size values between 11 

and 99 were evaluated using VelvetOptimiser.pl (Zerbino 2010) and optimized for the total 

number of base pairs in large contigs. For S. fragilis, previously sequenced 454 reads (Oliver 

et al. 2010) were also aligned to S. purpuratus (NC 001453) with SSAHA2.  454 reads 

aligning with a mapping quality >5 were also included with the Illumina paired end reads as 
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input to the S. fragilis de novo assembly. The assembled M. franciscanus molecule was 

included as an additional reference sequence for obtaining putative mitochondrial reads for 

the de novo assembly for M. nudus, P. depressus and H. pulcherrimus. De novo contigs over 

1000bp for P. depressus were collected and the partial mitochondrial genome was assembled 

from two non-overlapping contigs generated with CAP3 (Huang and Madan 1999). 

 

2.2.2 Mitochondrial sequence analysis 

Reference sequences for twelve protein coding (COI, COII, ND1, ND2, ND3, ND4, 

ND4L, ND5, ND6, CytB, ATPase6 and ATPase8) and two ribosomal RNA (12S and 16S) 

genes were identified in each mitochondrial genome based on the annotated nucleotide 

sequence from S. purpuratus (NC 001543). Start and stop coordinates for each gene location 

on the assembled mitochondrial genomes for each species were identified by aligning the S. 

purpuratus gene reference sequence to the mitochondrial genome of each species using 

BLAT (Kent 2002) with DNA sequence translated in six frames to protein and allowing one 

mismatch in the tile.  

 Protein codon mitochondrial genes were aligned using transAlign (Bininda-Emonds 

2005) using the echinoderm mitochondrial code. Mitochondrial ribosomal RNA (rRNA) 12S 

and 16S genes were aligned using clustalw2 (Larkin et al. 2007). Ambiguously aligned 

regions were identified and removed with Gblocks (Castresana 2000) with default parameters 

and no gap positions allowed. 

I created a concatenated alignment from the Gblocks masked alignments of all 

qualifying mitochondrial genes (“MA”) and a concatenated alignment of mitochondrial genes 

from fourfold degenerate sites (“M4”) identified by codeml from PAML version 4.5 (Yang 

2007). 
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2.2.3  Nuclear sequence analyses 

I identified nuclear genes with alignments of greater than 100 unambiguous codons 

across all nine taxa. A signal of positive Darwinian selection for a gene was defined as having 

a q-value < 0.05 based on the likelihood ratio test between models M7 and M8 implemented 

in codeml (Chapter 3.).  The most likely Maximum Likelihood (ML) tree for these genes was 

used to represent the inferred phylogeny of that gene (Chapter 3.). I created concatenated 

alignments of 4fold degenerate sites identified by codeml for all nuclear genes (“N4A”), 

nuclear genes with evidence for positive Darwinian selection (“N4S”) and those without any 

signal of positive selection (“N4N”).  Inference of positive Darwinian selection on 

mitochondrial protein coding genes was performed with codeml from the PAML package 

(Yang 2007). The M7 and M8 models were used in an LRT test and significance was 

assessed based on a chi-square distribution with two degrees of freedom. 

 

2.2.4  Phylogeny reconstructions 

The best fitting nucleotide substitution model was identified for each mitochondrial 

gene based on the AICc criterion evaluating 56 models using pmraic version 1.1 

(http://www.abc.se/~nylander/mraic/pmraic.html) and PhyML 3.0 v. 20110919 (Guindon et 

al. 2010)  The ML tree for each mitochondrial gene was generated using PhyML with the 

best-fitting nucleotide substitution model, optimized tree topology, branch length and rate 

parameters, the best tree topology of NNI and SPR search operations, and 10 bootstrap 

replicates. 

A BI partitioned analysis of mRNA helix and unpaired sites (Yang 1996) in 12S and 

16S were performed using PHASE 2.0 (Gowri-Shankar and Rattray 2006). I predicted a 
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consensus secondary structure from each alignment using RNAalifold (Hofacker and Stadler 

1999). Unpaired regions were analyzed under the general time-reversal REV (Tavare 1986) 

and helix regions were analyzed under the time reversible seven state RNA7D (Tillier and 

Collins 1998; Savill et al. 2001). I used a discrete-gamma model with six categories to 

approximate the Γ-distribution with no invariant sites allowed. I performed 1.5 million 

sampling iterations with a sampling period of 150 and burn-in iterations of 750,000. The 

remaining parameters followed Hudelot and colleagues (Hudelot et al. 2003). 

I performed phylogenetic reconstructions of the concatenated ‘MA, ‘M4’, ‘N4A’, 

‘N4S’ and ‘N4N’ using Maximum Parsimony (MP), Maximum Likelihood (ML) and 

Bayesian Inference (BI) methods in a uniform fashion. The ML analyses of concatenated 

datasets were performed with PhyML using the estimated rate and probability of each class 

from the data (‘free_rates’), optimized tree topologies, branch length and rate parameters, the 

best tree topology of NNI and SPR search operations, and 100 bootstrap replicates. 

The MP analyses of concatenated datasets were conducted using PAUP* version 

4b10 (Swofford 2002) and consisted of heuristic searches with 100,000 replicates of random 

stepwise addition and TBR branch swapping. Bootstrapping was done using 500,000 ‘fast-

bootstrap’ pseudo-replicates. The BI analyses of concatenated datasets were performed using 

MrBayes v. 3.2.1 (Ronquist et al. 2012) assuming a nucleotide substitution model with a 

gamma-distributed rate variation across sites and a proportion of sites invariable (GTR+I+G). 

Each dataset was run with four Markov chains for one million generations and sampled every 

100 generations. Each analysis was run four times. The first 2500 trees from each run were 

discarded so that the final consensus tree was based on the combination of accepted trees 

from each run (a total of 30,004 trees). I tested the convergence between the four runs by 

examining the potential scale reduction factors (PSRF) produced by the ‘sump’ command in 
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MrBayes. Support for nodes was determined using posterior probabilities (PP, calculated by 

MrBayes). 

 

2.2.5   Assessment of significance of differences between trees 

 To determine if there were significant differences between two proposed trees given 

the data, I performed the SH test (Shimodaira and Hasegawa 1999) using RELL bootstrap 

with 1000 replicates (Kishino et al. 1990) and the HKY85 model of nucleotide substitution in 

PAUP*. I ascribed significance to a P-value < 0.05 as provided by the output. 

 

2.2.6   Molecular clock and divergence times 

 A strict molecular-clock was tested against a non-clock model assuming a nucleotide 

substitution model with gamma-distributed rate variation across sites and a proportion of sites 

invariable (GTR+I+G) using MrBayes. Each dataset was run with four Markov chains for 

100,000 generations. The harmonic means of the likelihoods of the MCMC sampling were 

used as the marginal model likelihoods. A ratio exceeding 5 was considered very strong 

evidence favoring one model over the other (Kass and Raftery 1995). A strict clock-enforced 

BI tree with uniform branch lengths was used to estimate the divergence time of each species 

with MrBayes. The rate of substitutions per site per million years was estimated as 0.01 +- 

0.005. One tree was calibrated with a divergence time of 5-12 Ma for the ancestor of S. 

purpuratus, S. fragilis, S. pallidus, S. intermedius and S. droebachiensis from the fossil 

record (Figure 4) based on the appearance of S. droebachiensis in the mid-Pliocene and 

identifiable Strongylocentrotus in the late Miocene (Durham and MacNeil 1967).  A second 

tree was calibrated using a divergence time estimated from 12S mitochondrial genes (Lee 

2003) of 13-19 Ma between the (Strongylocentrotus, Hemicentrotus) clades and the 
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(Paracentrotus, Mesocentrotus) clades (not shown). Both of these calibrations remain within 

the Echinidae–Strongylocentrotidae divergence tentatively estimated to be at 25 Ma. (Smith 

et al. 2006). 

 

2.3  Results 

2.3.1 Mitochondrial DNA genome assemblies 

 I generated de novo assemblies of the complete mtDNA genome from five species of 

Strongylocentrotus and three additional members of the family (Table 1).  With the exception 

of S. pallidus, I observed changes in gene order or inversions consistent with what has been 

seen in other echonoids (Perseke et al. 2008). However, in out assembly of S. pallidus, I 

observed an inversion in the region flanking ND3 through the middle of ND5, spanning ND4. 

The reverse complement of ND3 and ND4 were included in my analysis. The disruption of 

the ND5 sequence precluded using it in my analyses and for consistency the entire gene was 

excluded to keep all alignments comparable.  

 

2.3.2  Alignments and model selection 

 Details of the alignments, conserved block totals identified by Gblocks and 

parsimony-informative character totals are summarized in Table 2. The most appropriate 

model of nucleotide substitution was observed to vary considerably among mitochondrial 

genes. I selected Paracentrotus lividus to root the mitochondrial trees because it is strongly 

supported as an appropriate outgroup for Strongylocentrotidae (Littlewood and Smith 1995; 

Biermann et al. 2003; Lee 2003; Perseke et al. 2008; Perseke et al. 2010). The nuclear trees 

were rooted at the midpoint between the two major clades of strongylocentrotid (Biermann et 

al. 2003; Lee 2003). This rooting was consistent with the mtDNA tree rooted with P. lividus. 
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The concatenated mitochondrial gene alignments MA and M4 are provided as Supplemental 

Files B1 and B2, respectively. 

  

2.3.3.  Tests for molecular adaptation of mitochondrial genes 

 I found no evidence for positive selection acting on any of the protein coding 

mitochondrial genes tested (ATPase6, COII, CytB, ND1, ND2, ND3, ND4, ND4L). Internal 

stop codons were found for at least one site in the alignments for ND4 and ND6 and the 

approximate likelihood calculation in ATPase8 was unreliable. For these reasons I did not test 

these three genes. 

 

2.3.4  Phylogenic relationships inferred from neutral nuclear genes 

Incomplete lineage sorting and introgression can cause difficulties in phylogenetic 

reconstruction (Pamilo and Nei 1988; Maddison 1997). This can be particularly troublesome 

in groups with short, rapid bursts of divergence. I collected the ML trees generated for 

alignments of 2562 nuclear genes with no support for positive selection and identified the 

most frequent (Figure 1). I implemented the SH test to evaluate the support for this tree. For 

each gene I tested if the most frequent ML tree was significantly different than the gene’s ML 

tree. If a gene tree did not explain the data significantly different than the most frequent ML 

tree, then the latter was used as the representative tree for that gene for the frequency 

calculations of tree node support. I found the most frequent ML tree was supported and not 

significantly different from the gene’s ML tree for 65.18% (1670 of 2562) of nuclear genes 

having no evidence of positive selection (Figure 1). The density tree of the most frequent tree 

and the ML gene trees significantly different from the most frequent tree are shown in Figure 

S4.  The concatenated nuclear gene alignments N4A is provided as Supplemental File B3. 
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The inferred phylogenetic relationships of Strongylocentrotus are shown in Figure 2 

by the phylogram inferred from the concatenated fourfold degenerate sites of nuclear genes 

having no evidence of positive selection. I define very strong support as having a BI posterior 

probability (PP) of  >98,  a ML bootstrap value (BSML) of >95, and a MP bootstrap value 

(BSMP) of >97. The topology of the most frequent ML gene tree is identical to the MP 50% 

majority-rule consensus tree, the ML tree, and the BI 50% majority-rule consensus 

phylogram of the stationary tree inferred from fourfold degenerate sites of all nuclear genes 

regardless of whether the genes showed evidence of positive selection or not (N4A, N4S and 

N4S datasets)(Figure 2).  

The BI 50% majority-rule consensus phylogram of the stationary tree inferred from 

fourfold degenerate sites of nuclear genes without selection (‘N4Ds tree’) had complete 

support from all three methods (BI PP=1, BSML= BSMP=100) at all nodes with the N4N 

dataset.   The N4Ds tree had complete support at all nodes for N4S and N4A datasets from BI 

and ML methods (PP=1, BSML =100). The N4Ds tree had complete MP support (BSMP =100) 

at all nodes with the N4S and N4A dataset except at the node at (S. pallidus, (S. 

droebachiensis, S. intermedius)) where BSMP =97 for N4A and BSMP =70 for N4S, 

demonstrating an effect of positive selection on the MP analysis. 

I found strong support for the two major separate clades in Strongylocentrotidae in 

my analyses of concatenated nuclear (N4A, N4S and N4N) and mitochondrial data(MA, M4). 

One of the major clades, which from here after I will refer to as ‘clade M’, is comprised of M. 

nudus, M. franciscanus and P. depressus. The other, which I will refer to as ‘clade S’, 

contains the balance of the taxa sampled (Figure 2).  Within clade M, the concatenated 

mitochondrial genes and nuclear genes exhibited different branching orders. The 

concatenated fourfold degenerate sites of nuclear genes, whether under positive selection or 
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not, resolve M. nudus sister to M. franciscanus with very strong support. One the other hand, 

the BI and ML trees, but not the MP trees, of both MA and M4 datasets support P. depressus 

sister to M. franciscanus (Figure 3).  

I observed very strong support for H. pulcherrimus sister to the clade containing S. 

fragilis, S. purpuratus, S. intermedius, S. pallidus and S. droebachiensis across my analysis of 

concatenated datasets. I also found very strong support for a monophyletic clade of S. 

intermedius, S. droebachiensis and S. pallidus across my analysis of concatenated datasets. 

However, MA and M4 datasets produced S. pallidus sister to S. droebachiensis, but without 

strong support. In contrast,  the N4A, N4S and N4N concatenated datasets found very strong 

support S. intermedius sister to S. pallidus (except for MP analysis of genes under positive 

selection at one node as discussed above). 

 

2.3.5  Phylogenic relationships inferred from mitochondrial genes 

In all mitochondrial ML gene trees except ATPase8, 12S and ND6, the S. pallidus 

and S. droebachiensis individuals from GenBank and my de novo assemblies resolved as 

sister taxa as expected. However, the putative outgroup, P. lividus, consistently produced a 

very long branch and that shifted to different locations among the ML gene trees. Ignoring a 

P. lividus root, the individual mitochondrial ML gene trees topologies were consistent in 

resolving Clade M and Clade S (Figures S1-S3). However, the branching order within these 

clades was inconsistent and in conflict with the nuclear data. I found contradictory topologies 

for the relative positions of S. fragilis and S. purpuratus among mitochondrial genes trees. H. 

pulcherrimus was placed sister to Strongylocentrotus species in all gene trees except 

ATPase6, ND4L and ND6. No single mitochondrial gene returned a topology corroborating 

with the N4Ds tree. 
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The locations of S. purpuratus and S. fragilis were discordant between the MP 

method and BI and ML methods in the MA and M4 datasets. BI and ML trees had these two 

species sister to S. intermedius, S. pallidus and S. droebachiensis (Figure 3), whereas the MP 

method has S. purpuratus branching earliest, then S. fragilis and then the S. intermedius, S. 

pallidus and S. droebachiensis observed with the nuclear concatenated datasets (not shown). 

The monophyly of a S. intermedius, S. pallidus and S. droebachiensis was recovered in both 

MA and M4, but I found conflicting support for a sister relationship between S. pallidus and 

S. droebachiensis versus S. pallidus and S. intermedius (Figure 3). 

The 12S sequences used by Lee (2003) were collected, aligned, and used to construct 

an ML tree as described above for rRNA mitochondrial genes. The proposed relationship 

shown in Fig. 2 of Lee (2003) was found to be no better at explaining these data (P < 0.505) 

than my proposed species tree (Figure 1). The proposed tree of Lee (2003) differed 

significantly from my proposed species tree (Figure 1) in 1535 of 3848 nuclear genes tested. 

The N4Ds tree was significantly better at explaining the data for 185 genes, while Lee (2003) 

Fig. 2 was significantly better for 1350. When I included the 12S sequences of Lee (2003) 

with my 12S data, my alignment and ML method produced a different tree (Figure S6). Here, 

H. pulcherrimus and S. nudus individuals resolved as sister taxa, but S. intermedius falls in 

sister to the S. pallidus sequences rather than with the S. intermedius of Lee (2003). The S. 

intermedius sequence of Lee (2003) falls sister to A. fragilis in a clade with S. purpuratus. 

The combined dataset (COI, COII, tRNA-Lys, ATPase8 and ATPase6) of Biermann et 

al. (2003) was collected and concatenated after removing S. polyacanthus. An alignment was 

generated and ML trees reconstructed as described above for the protein-coding 

mitochondrial genes. The proposed relationship in Fig. 2 of Biermann et al. (2003) was found 

to be significantly better at explaining these data (P < 0.001) than my proposed species tree 
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(Figure 1). The proposed tree of Fig. 2 of Biermann et al. (2003) differed significantly from 

my proposed species tree (Figure 1) in 2935 of 3848 nuclear genes tested. My species tree 

was significantly better at explaining the data for 2884 genes, while Fig. 2 of Biermann et al. 

(2003) was significantly better for 51 genes. 

Using RNA secondary structure in phylogeny reconstruction has been shown to have 

significant utility in resolving relationships in metazoan taxa (Telford et al. 2005; Erpenbeck 

et al. 2007; Kober and Nichols 2007). However, my results from 12S and 16S mixed model 

and un-partitioned analyses produced very similar trees (not shown). 

 

2.3.6  Rate of molecular evolution and divergence times 

 The strict enforced-clock (marginal model lnL = -1500728.12) was not significantly 

different from a non-enforced-clock (marginal model lnL = 1500129.02) for the N4N dataset 

(Bayes Factor K=1.00039). A strict clock-enforced tree calibrated to the estimated divergence 

between members of clade S sharing an LCA with S. purpuratus based on fossil records show 

a rapid divergence of clade S in a period of 3-7 Ma (Figure 4).  The strict clock-enforced tree 

calibrated to the estimated divergence between members of clade S and clade M based on 

12S mitochondrial genes (Lee 2003) generated a congruent topology (not shown).  The 

estimated divergence times from the two calibration times used in this study are collected in 

Table 3.  

  



	  62 

2.4  Discussion 

It is well known that gene trees do not necessarily reflect species trees (Pamilo and 

Nei 1988). Numerous processes, including horizontal gene transfer, gene duplication, 

introgression, incomplete lineage sorting and natural selection may all contribute to gene tree 

histories that do not represent the true species tree (Maddison 1997). In spite of these factors, 

integrating information from large numbers of independent loci offer considerable promise to 

generate robust phylogenies in situations where small number of loci failed to do so (Rannala 

and Yang 2008), although care must be taken in the to assess of the robustness of results in 

the proper biological context (Kumar et al. 2011). The two multi-locus molecular phylogenies 

recently published for Strongylocentrotidae provided strong support for the composition of 

the major groups, but were unable to resolve the relationships of the species (Biermann et al. 

2003; Lee 2003). 

Accounting for the variation in the evolutionary histories of multiple independent 

genes are typically addressed through data partitions with different nucleotide substitution 

models, or with mixture models allowing for random variation between sites (Yang and 

Rannala 2012). Recent phylogenomic work has demonstrated the potential poor performance 

of standard phylogenetic methods due to among-site rate variation, causing shifts in the 

phylogenetic positions of terminal taxa in well-supported trees generated from different 

models of nucleotide substitution or by different methods (Song et al. 2010).  My analyses 

included the implicit model of nucleotide evolution in MP, an explicit model of GTR+I+G 

with BI and a mixture model allowing for rate variation among sites under ML. My results 

did not find discordance between the topologies inferred between methods, or with the nodal 

support based on the different usage of nucleotide substitution models between the ML, BI 

and MP analysis of nuclear fourfold degenerate sites of genes without evidence of positive 
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selection. I take the complete concordance between such disparate methods and the 

morphological data as strong support for the biological significance of these proposed species 

relationships. 

Mitochondrial genes offer potential utility as molecular markers for reconstructing 

phylogenetic relationships. The order and number of mitochondrial genes are typically 

conserved over large phylogenetic distances (Boore 1999) and orthology is clear. However, 

my results, and those of previous studies using mitochondrial genes in this group of 

conflicting topologies do not demonstrate clear or consistent signals of phylogenetic 

relationships. Mitochondrial phylogenies may be misleading (Shaw 2002), a fact I find in my 

data best represented by the incongruence and limited node support between BI, MP and MP 

methods with the concatenated mitochondrial MA and M4 data. 

 

2.4.1  Strongylocentrotus and Mesocentrotus  

 My molecular evidence strongly supports a paraphyletic Strongylocentrotus genus. 

My results confirm the two major clades in Strongylocentrotus previously identified by 

mitochondrial gene studies (Biermann et al. 2003; Lee 2003). Clade S forms a monophyletic 

Strongylocentrotus and Hemicentrotus group supporting inclusion of S. fragilis.  Clade M 

conforms to the proposed Mesocentrotus group (Tatarenko and Poltaraus 1993), including M. 

franciscanus, M. nudus and P. depressus. The molecular distinction between 

Strongylocentrotus and Mesocentrotus taxa is also supported by recent morphological 

classifications of the cross-section of the ultrastructure of primary spines (Vinnikova and 

Drozdov 2011). 
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 Previous studies suggested H. pulcherrimus was an early branching member of clade 

S (Biermann et al. 2003; Lee 2003). My data support H. pulcherrimus as an early branching 

member of this clade (Lee 2003), rather than sister to S. intermedius (Biermann et al. 2003). 

 

2.4.2.  Divergence Patterns and Speciation 

Population disjunctions, such as vicariant events and limitations to dispersal, are 

important first steps towards allopatric speciation (Palumbi 1992). Vicariant events due to sea 

level changes are well documented across the Isthmus of Panama (Zigler and Lessios 2004), 

Baja California (Bernardi et al. 2003) and the Bearing Strait (Lindstrom 2001). Sea levels 

experienced a severe decline at 10.5 Ma with regular fluctuations occurring since (HAQ et al. 

1987). This fluctuation broadly corresponds to the “Vicariant Pacific Pattern” (VPP), where 

amphi-Pacific taxa give rise to eastern and western Pacific forms (Vermeij 1989) during the 

Neogene. 

Parsimoniously, my phylogeny suggests a WP last common ancestor living in 

shallow, warmer waters followed by an expansion into the WP ancestor of the two major 

clades. Descendants of each clade experienced two separate EP invasions (S. purpuratus and 

M. franciscanus). In Clade S, a single deep, cold-water invasion at the ancestor of S. fragilis 

and S. pallidus occurred, with the LCA of S. pallidus, S. droebachiensis and S. intermedius 

invading the Arctic and becoming holarctic in range. . Surprisingly, my data provide strong 

support for a sister grouping of S. droebachiensis and S. intermedius. This suggests that S. 

intermedius has invaded the WP and moved into shallower and warmer water. 

The sister species of M. nudus and M franciscanus show disjunct distributions, with 

one species inhabiting the northwest and the other the northeast Pacific, respectively. The 

estimated divergence time between these two species of 3.8-4.6 Ma using the fossil record 
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calibration is more recent than the 5.7-8.1 Ma estimated from 12S mitochondrial DNA but 

still corresponds with the sea level fluctuations and fit with the VPP (Lee 2003). This 

estimated time of divergence also corresponds to the split between P. depressus and the 

ancestor of M. nudus and M. franciscanus, suggesting a corresponding event occurring the 

northern Pacific. In the other sister pair, S. droebachiensis inhabits the holarctic region and 

overlaps the distribution of it’s sister, S. intermedius. Extant sister species, however, may not 

be true sisters as other lineages may be extinct. In addition, current ranges many not reflect 

historical ones. It is not clear from this phylogeny as to whether these two species likely 

diverged through allopatric or sympatric means (Lessios 2009). Interestingly, this habitat 

overlap becomes marginal if S. pulchellus is a distinct species, and not a synonym of S. 

droebachiensis. 

The members of Clade S show rapid evolutionary divergence along with habitat 

expansions and changes following a split from a WP ancestor, conforming to the VPP.  

Isolated spines fossil evidence places undefined Strongylocentrotus in the northeast Pacific in 

the late Miocene (Durham and MacNeil 1967) though the reliability of these identifications 

remain suspect (Smith 1988). The opening of the Bearing Strait would provide the access into 

arctic habitats necessary a holarctic expansion (Biermann et al. 2003; Lee 2003). The Bearing 

Strait opened at the end of the Miocene, 5.32 Ma (Gladenkov et al. 2002), overlapping the 

early bounds of my estimated divergence time of 4.5-7.0 Ma from fossil calibration for the 

clade containing S. purpuratus, S. fragilis, S. pallidus, S. droebachiensis and S. intermedius. 

Furthermore, distinct S. purpuratus, S. droebachiensis, and M. franciscanus fossils are seen 

in California formations of the middle Pliocene and S. droebachiensis fossils reached western 

Europe by the late Pliocene (Durham and MacNeil 1967), supporting a late Miocene, early 

Pliocene divergence. 
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The Strongylocentrotidae has two deep-water species, S. fragilis and S. pallidus. My 

phylogenies provide evidence for a single radiation into the deep-water habitat.  S. pallidus is 

typically found in lower depths (Bazhin 2002). S. droebachiensis is also know to reach depths 

of 1150m, but is typically found in the shallow sub tidal zone from 0 to 50m (Bazhin 2002; 

Lawrence 2007). These species coexist in the same geographic range with S. droebachiensis 

in the shallow and S. pallidus in the deep habitats. Adaptations for the deep-water habitat 

invasions of A. fragilis have been proposed based on genome-wide comparative analysis of 

three species (Oliver et al. 2010). My tree suggests that S. pallidus and A. fragilis share a near 

common ancestor from a single deep-water invasion and as such may share adaptations to 

this environment (Chapter 3). However, gamete production declines with depth, and the very 

deep-water individuals of S. fragilis aren’t expected to be spawning (John Pearse, pers. 

comm.). If that is the case, then natural selection does not reach the very deep-water habitats 

and deep-water adaptations would be based on selection pressures found at the more shallow 

depths.  

Vicariance is insufficient to completely explain my observed pattern of divergence 

between these taxa, and much work has been done in this group to explore the effects of 

rapidly evolving gamete recognition proteins on isolating populations (Biermann 1998; 

Palumbi 1999; Palumbi and Lessios 2005; Lessios 2011). However, the putative egg receptor 

protein, EBR1, for the sperm bindin gamete recognition protein in sea urchins is prohibitively 

long for traditional sequencing methods (Pujolar and Pogson 2011). With the relationships of 

these taxa more clearly resolved and the availability of comparative genomics, questions of 

how the molecules co-evolve (or not) and the overall impact of molecular adaptation on the 

group are now tractable to investigate (Chapter 3).  
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Table 2.1. Genera and species of sea urchins used in this study. 
Genus Species a Geographic  

Range 
Depth 
Range (m) b 

Mito. genome 
sizec 

Strongylocentrotus  
 S. purpuratus (Stimpson) EP 0-160 - 
 S. pallidus (Sars) HA 5-1600 15,552 
 S. droebachiensis (O. F. Müller) d HA 0-1150 15,046 
 S. intermedius (A. Agassiz)  WP 0-225 15,718 
 S. franciscanus (A. Agassiz) EP 0-125 15,364 
 S. fragilis (Jackson) EP 0-1150 15,748 
Mesocentrotus  
 M. franciscanus (A. Agassiz) EP 0-125 15,364 
 M. nudus (A. Agassiz) WP 0-180 15,628 
Hemicentrotus  
 H. pulcherrimus (A. Agassiz) WP 0-45 15,721 
Pseudocentrotus  
 P. depressus (A. Agassiz) WP 0-5 15,736 
a Depth and geographic range from (Emlet 1995; Lawrence 2007)  
b Species names based on (Kroh and Hansson 2012) 
c de novo assembled molecule 
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Table 2.2. The Mitochondrial data partitions used for phylogenetic analysis. 
Dataseta  Num. Alignment length Nuc. Sub. MP MP 
  genes Full Gblocks Modelb Const. Inform. 
Mitochondrial 
 12S 1 917 879 TN93   
 16S 1 1,566 1,509 TVM   
 ATPase6 1 693 683 GTRG   
 ATPase8 1 180 164 HKY85I   
 CytB 1 1,142 1,142 TIMG   
 COI 1 1,554 1,554 GTRG   
 COII 1 690 690 TRNG   
 ND1 1 972 972 F81   
 ND2 1 1,067 1,057 GTRIG   
 ND3 1 351 309 GTR   
 ND4  1 1,395 1,377 GTR   
 ND4L 1 300 294 GTRIG   
 ND6 1 508 471 TRNIG   
 MA  13 n/a 10,656 GTR, FRc 6,826 2,158 
 M4 11 1,075 - GTR, FR 131 644 
Nuclear 

 N4N 2562 394,672 - GTR, FR 248,378 62,980 
 N4S 1286 262,772 - GTR, FR 171,963 37,024 
 N4A 3848 657,444 - GTR, FR 420,341 100,004 

a ‘MA’: All Mitochondrial genes; ‘M4’: Mitochondrial 4fold degenerate sites; ‘N4N’: Nuclear fourfold degenerate 
sites of genes with no evidence of positive selection; ‘N4A’: Nuclear 4fold of all genes; ‘N4S’: Nuclear fourfold 
degenerate sites of genes having evidence of positive selection 
 b Nucleotide substitution models as defined by the modeltest parameter of pmraic version 1.1 
(http://www.abc.se/~nylander/mraic/pmraic.html) for ML analysis of mitochondrial genes.  
c Italicized models were assigned without testing for analysis of concatenated data under BI and ML, respectively. 
‘FR’: Free rates mixture model implemented in PhyML 3.0 (v.20110919). 
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Table 2.3. The divergence time estimates for internal nodes of the phylogeny of 
Strongylocentrotidae. 

Internal node a Fossil estimate b 12S rDNA c 

estimate 
12S rDNA 
Lee (2003) 

A 6.0-9.4 13-18.4 13-18 
B 5.9-8.4 11.8-16.8 7.2-10 
C 4.5-7.0 9.7-3.7 4.6-6.6 
D 4.2-6.5 8.9-12.7  
E 3.8-5.8 8.2-11.4 2.1-3.1 
F 3-4.6 6.4-9.2  
G 3.8-4.6 6.3-9.0  
H 2.5-3.8 5.2-7.5 5.7-8.1 
a Labels for internal nodes match those in Figure 4. 
b Dates based on calibration of a strick clock and estimate of 5-12 Ma. at node C. 
c Dates based on calibration of a strick clock and estimate of 12-19 Ma. at node A. 
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Figure 2.1 The most frequent tree inferred from S. purpuratus nuclear gene alignments.  
Trees were obtained using Maximum Likelihood analysis of 2562 nuclear genes without 
evidence of positive selection. Branch support is quantified as the frequency that the node is 
supported by a gene alignment where the most frequent tree was not rejected or the gene’s 
ML tree was significantly different from the most frequent tree (see text). The tree is rooted 
between the two major clades identified in this group.  
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Figure 2.2. Phylogeny of Strongylocentrotid sea urchins inferred from nuclear genes. 
The set of stationary trees of the 50% majority rule consensus phylogram were obtained from 
the Bayesian inference analysis of concatenated neutral nuclear genes at four-fold degenerate 
sites mid-point rooted between the two major clades previously identified. Branch support 
values are the BI posterior probabilities, MP bootstrap and ML bootstrap for genes rejecting 
evidence of positive selection. Branches leading to deep water species are colored in purple. 
The branch leading to S. droebachiensis is colored blue, as this species occurs primarily in 
shallow water but can range to a depth of 300m. Adult depth range: s, shallow (0-50m); m, 
medium (0-200m); d, deep (0-1600m). Distributions: West Pacific (WP), East Pacific (EP), 
holarctic (HA). The cross-section of the ultrastructure of primary spines (Vinnikova and 
Drozdov 2011): rectangular (r), trapezoid (z), triangular (t) or ansiform (a),  
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Figure 2.3. The 50% majority rule consensus phylogram of the stationary trees obtained 
from the Bayesian inference analysis of concatenated mitochondrial genes at all sites.  
Branch support are the Bayesian Inference posterior probabilities (BI PP), Maximum 
Parsimony bootstrap (MP BS) and Maximum Likelihood bootstrap (ML BS) for concatenated 
mitochondrial genes above and four-fold degenerate sites below the branch. Asterisks on the 
branch labels denote strong support for the method or all methods (BI PP>=99, MP BS>=95, 
ML BS>=95). Unsupported nodes are indicated with ‘-‘. Single quotation marks next to a 
taxa name denote the de novo assembled individual from this study of the species. Scale bar, 
substitutions per site. 
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Figure 2.4. Estimated divergence times of Strongylocentrotid sea urchins. 
The molecular clock enforced dated phylogram from Bayesian Inference (BI) among fourfold 
degenerate sites from partial alignments of 2,562 nuclear genes without evidence of positive 
selection calibrated on fossil data. The Bayes Factor test shows no difference with the clock-
enforced tree and clock-non-enforced tree. Blue 95% HPD node bars are filled according to 
posterior probability. Vertical arrows mark the approximate timing of the opening of the 
Bearing Strait (Gladenkov et al. 2002). The scale bars denote time based on two dates of 
calibration: 13-19 Ma at node A based on estimates of 12S mitochondrial sequence (Lee 
2003) and 5-12 Ma based on fossil records (Durham and MacNeil 1967) at node C. 
  

12S

Fossil

6.17.511.213.815.0 9.310.4

A

B

C

D

E

F

G

H



	  75 

 
Chapter 3 Evolutionary genomics and positive Darwinian 

selection on protein-coding genes along the phylogeny of 

Strongylocentrotid sea urchins  
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3.1 Introduction 

One of the central objectives in molecular evolutionary genetics is to determine the 

proportion of mutations that fix in natural populations by the process of natural selection 

(Lewontin 1974; Kimura 1983). Even with the recent availability of large-scale genome-wide 

data the relative contribution of genetic drift or natural selection remains unsettled (Hahn 

2008; Koonin 2009). Despite this ongoing debate, it is now well documented that natural 

selection is important in shaping the variation of an entire genome. Recent studies like that of 

Begun et al. (2007) have confirmed the ability of modern analytical approaches to directly 

test models of selection rather than observe simple departures from neutrality. Hence, the 

debate between drift vs. selection has shifted from a focus on general patterns of molecular 

evolution to examine specific cases where the pattern of variation has been shaped by natural 

selection (Nielsen 2005).  

The neutral theory of molecular evolution posits that the majority of DNA divergence 

is due to random genetic drift (Kimura 1983). The nearly neutral theory of molecular 

evolution, however, models the random fixation of very slightly deleterious mutations that 

are likely to be experience weak levels of purifying selection (Ohta 1973).  Nearly neutral 

means intermediate between neutral and selected. Nearly neutral mutations of slight selective 

effect fix as a consequence of drift rather than selection. These mutations are not exclusively 

classified as selected or neutral; rather their probability of fixation is affected either by drift 

or selection depending on the effective population size and the efficacy of selection. In effect, 

a deleterious mutation can fix by drift despite its deleterious nature. The same goes for 

slightly advantageous mutations (Ohta and Tachida 1990; Ohta 1992). Alternatively, the 

genetic draft models the fixations of deleterious alleles through a pseudo-hitchhiking model, 

whereby population size does not determine the rate of fixation (Gillespie 2000). Under this 



	  77 

model, allele frequencies are increased based on their linkage to nearby loci under selection 

and fix more readily by drift by virtue of their increased probability of fixation. 

It is difficult to discriminate between the nearly neutral model (NNM) and the 

selection model when population sizes are small because both predict the fixations of amino 

acid substitutions but through very different processes. Most new nonsynonymous mutations 

entering populations are thought to be slightly deleterious and thus experience negative (i.e., 

purifying) selection. However, synonymous substitutions are typically thought to be 

selectively neutral. Therefore, the relative numbers of nonsynonymous and synonymous 

substitutions are informative about the relative roles of drift and selection. Based on this 

premise, protein coding sequence are convenient for discriminating between nearly neutral 

and selected fixations. Under the NNM, the probability of fixation of a nonsynonymous 

mutation is influenced by the effective population size (Ne) and by the magnitude of its 

selection coefficient. Therefore, one would expect weakly deleterious mutations to fix more 

slowly, and weakly advantageous mutations to fix more effectively, in species with large 

evolutionary effective population sizes.  

The sea urchin genome and Strongylocentrotid group offer a robust system in which 

to study the action of selection on a non-chordate Deuterostome with a large Ne (Britten et al. 

1978; Palumbi and Wilson 1990; Addison and Pogson 2009). Foremost, the Ne sizes of 

members of this group are very large with estimates from multilocus population data 

(Addison and Pogson 2009) on the order of ~107 (Kober, unpublished). Recent research on S. 

purpuratus shows little evidence of population structure (Palumbi and Wilson 1990; 

Edmands et al. 1996; Flowers et al. 2002; Addison and Pogson 2009), rare cross-fertilization 

(Levitan 2002), and limited significant signals of introgression with congeners (Addison and 

Pogson 2009).  In addition, the Strongylocentrotid group has divergence times between taxa 
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ranging from 3 to 18Mya (Lee 2003; Chapter 2) which is the appropriate time scale in which 

signals of selection may be generated and persist, making it more straightforward to discern 

selection by combining tests over the different time scales (Garrigan and Hedrick 2003). 

Finally, the genome of the California purple sea urchin, S. purpuratus, has been assembled in 

a high quality draft, with a well-developed and annotated set of gene predictions (Sodergren 

et al. 2006). 

Numerous methods have been developed to test for adaptive evolution at the 

molecular level. These methods use different types of data and hence capture different 

aspects of these evolutionary processes: some methods use comparative (between taxa) data, 

some use population genetic (within species) data and some use a combination of the two. 

Methods based on population genetic data may be appropriate to detect ongoing selection 

while comparative data detects signals of past selection (Nielsen 2005). Population genetic 

tests alone are well known to be highly sensitive to assumptions regarding demography 

(Nielsen 2005). Tests using both polymorphism and divergence include the HKA (Hudson et 

al. 1987) and MK (McDonald and Kreitman 1991) tests, where dN/dS tests use primarily 

divergence data. Simulations suggest that the HKA and dN/dS tests have appropriate power for 

detecting adaptive selection and, despite its widespread use to detect positive selection, the 

MK test was has substantial power only in reliably detecting purifying selection (Zhai et al. 

2009). Here, I take advantage of recent advances in high throughput sequencing technology 

to generate a whole genome comparative dataset of nine species of sea urchins and maximum 

likelihood models of codon substitution to test for positive Darwinian selection. 
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3.2  Materials and Methods 

3.2.1  Genomic DNA sequencing 

Samples of S. droebachiensis and S. pallidus were collected near Friday Harbor, 

Washington and S. purpuratus from Slip Point, Washington as described in Addison and 

Pogson (2009) (see Table 1). Mesocentrotus franciscanus (formerly S. franciscanus) was 

collected by scuba near Santa Cruz, California in August 5005.  S. fragilis (formerly 

Allocentrotus fragilis) was sampled from a whale fall in Monterey Bay in March 2006 at a 

depth of 381 m. Samples of S. intermedius and M. nudus were provided by Y-H Lee from 

South Korea in 2006. Hemicentrotus pulcherrimus and Pseudocentrotus depressus were 

collected from Shimoda, Izu Peninsula, Shizuoka Prefecture, Japan by Y. Agatsuma in 

October 2011. Gonad tissues were preserved in 95% ethanol and total genomic DNA was 

extracted using a standard high salt/chloroform extraction protocol (Pogson et al. 1995). 

Paired-end reads were obtained for eight species using the Illumina Genome 

Analyzer IIx and HiSeq 2000 (Illumina, Inc. San Diego, CA). 6ng of DNA for each sample 

were fragmented using the BioRuptor (Diagenode, Inc., Denville, NJ) using six cycles of 30s 

on/off at the ‘High’ setting for 5 min. The first S. droebachiensis paired end Illumina library 

was prepared with a mean inserts size of 200-300bp (Supplemental File C1). This library was 

sequenced for 76 bp paired-end reads on the Illumina IIx platform by the QB3 Vincent J. 

Coates Genomic Sequencing Laboratory at the University of California, Berkeley (QB3 VJC 

GSL, http://qb3.berkeley.edu/gsl/Home.html). For the other species, paired-end libraries were 

prepared from the fragmented genomic DNA by the QB3 VJC GSL service with a mean 

inserts size of 200-300bp and were sequenced for 100bp paired-end reads with the HiSeq 

2000.  
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3.2.2  The S. purpuratus genome and annotations 

Version 3.1 of the S. purpuratus assembly  (Spur v3.1) was used as the reference 

(Cameron et al. 2009). I constructed an updated Sea Urchin UCSC Genome Browser, strPur4, 

for the assembly (http://genome-preview.ucsc.edu/cgi-

bin/hgGateway?org=S.+purpuratus&db=strPur4).  A total of 29,122 gene models were 

obtained from Build 6 of SpBase.org for Spur v3.1 (GLEAN_3_1_chado_UTR_gene). Gene 

predictions were converted into reference gene sequences from genomic DNA assembly 

(http://pypi.python.org/packages/source/t/twobitreader). Gene models that were non-

translatable, lacked start or stop codons, or had internal stop codons [as identified by 

CodonW (http://codonw.sourceforge.net/)] were discarded. This resulted in 20,100 valid gene 

predictions. Gene models identified as duplicates or lacking manual annotation were also 

discarded, leaving 6,738 genes. I next identified 881 overlapping gene models at 301 

positions in the assembly and kept the longest prediction (defined as transcript start to end) as 

representative for that locus and excluded all others. Finally, I identified and removed 1,887 

highly similar gene models that aligned to any other non-overlapping valid model with >90% 

sequence similarity with BLAT(Kent 2002). These filters left 4,271 gene models for further 

analyses. 

GO terms for all genes were downloaded from SpBase.org for build6 and those GO 

codes with less than one investigated gene or on PSG were discarded. In addition to GO 

terms, I collected information on genes involved in well-described biological processes. 

Immune system related genes were identified based on protein domains of Toll-like receptors 

(TLRs), scavenger receptor cysteine-rich (SRCRs) and NOD-like receptors (NLRs) (Hibino 

et al. 2006). I identified loci involved in cell adhesion based on C-type lectins (Clect) protein 

domains (REF) and identified as part of the echinoderm adhesome of types Caherins, 
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Clect/FN3, FN3/EGF, Ig/EGF, Ig/FN3, and Ig/Lrr (Whittaker et al. 2006). Genes involved in 

germ line development were identified based on expression in testis, and egg and ovary tissue 

(SpBase.org) and oocyte development (Song and Wessel 2005). I also collected high 

confidence spicule matrix proteins (Mann et al. 2010) and genes involved in the Notch/Delta 

signaling pathways (Materna and Davidson 2012). Finally, I identified gene groups with 

distinct synonymous codon usage patterns as identified by a cluster analysis (Chapter 1). 

 

3.2.3  Alignments to the Reference Genome 

Data processing was performed using BioPerl (http://bioperl.org), BioPython 

(http://biopython.org), the Newick Utilities (Junier and Zdobnov 2010), the R statistical 

package (Ihaka and Gentleman 1996) and the UCSC Genome Browser and source code (Kent 

et al. 2002) in addition to the tools explicitly named elsewhere. Job scheduling was done 

using Open Grid Scheduler (http://gridscheduler.sourceforge.net/) and parasol 

(http://users.soe.ucsc.edu/~kent/src/parasol/).   

Paired-end reads for each species were aligned to Spur v3.1 using SSAHA2 (Ning et 

al. 2001).  I chose SSAHA2 as it provides reliable alignments of short reads to highly 

polymorphic genomes like those found in the Strongylocentrotus group (Palmieri and 

Schlotterer 2009; Li and Durbin 2010). The assembly hash table was generated using a K-mer 

length of 13 and skip step of 6. Paired-end alignment with ssaha2 was done with 20 to 

3000bp range, a skip step of 6 and ‘solexa’ defaults.  

Reads flagged by Casava as “filtered” by were discarded using fastq_illumina_filter 

(http://cancan.cshl.edu/labmembers/gordon/fastq_illumina_filter). I assessed library quality 

using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and Picard 

(http://picard.sourceforge.net/).  
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3.2.4  Protein coding gene alignments 

Read alignments for all gene models and species were collected from the global 

alignment to the Spur v3.1 assembly and those with mapping qualities (Li et al. 2008a) of less 

than 30 were discarded. Duplicate alignments reads were identified and those with the highest 

MAPQ scores were retained.  Pileups were created with the pysam 

(http://code.google.com/p/pysam) interface to samtools (Li et al. 2009) and sites with base 

quality scores less than 25 were discarded. . All insertions and deletions were ignored. 

The representative sequence of each species was a mosaic of all aligned reads passing 

my filters identified at a nucleotide site. I called high-quality polymorphism for alleles 

represented by a minimum frequency of 0.20 and having a coverage of at least 10 filtered 

reads. Low coverage sites were called as the majority and ties were broken with random calls.  

 

3.2.5  Testing for positive selection 

I tested for positive Darwinian selection in the sea urchin genomes using the codeml 

program of PAML v.4.5 (Yang 2007). These analyses of protein-coding regions are based on 

dN/dS (or ω) ratios. By comparing the protein sequences of different species, it is possible to 

estimate the rates of synonymous (silent; dS) and nonsynonymous (amino acid change; dN) 

substitutions. The ratio of these substitution rates, ω (= dN/dS), infers the direction and 

intensity of selection on the protein. A dN/dS ratio of 1 indicates neutral evolution while a 

ratio significantly greater than unity (dN>dS) indicates positive selection for amino acid 

changes (Yang and Bielawski 2000) I used “site” maximum likelihood models of codon 

substitution (Yang et al. 2000a) that allow for variable selective pressures among amino acid 

sites (i.e., codons) to identify specific sites experiencing diversifying selection (Yang et al. 
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2000b). I fit hierarchichal models M7 and M8, which assume a beta distribution of ω-ratios 

without and allowing for positive selection, respectively. A likelihood ratio test with 2 

degrees of freedom was used to test for positive selection and a Bayes Empirical Bayes 

(BEB) approach was implemented to assess the posterior probability that ω-ratios were 

significantly greater than the neutral expectation. I also fit “branch-site” models that tested 

whether rates of adaptive substitutions along the terminal branches of the sea urchin 

phylogeny (“foreground branches”) were significantly different from the remainder of the 

tree (“background branches”). 

Acknowledging that gene trees may differ from the true species tree and that the 

evolution of a gene along a phylogeny may not match that of the species (Takahata and 

Slatkin 1990; Maddison 1997; Maddison and Knowles 2006), I performed the sites and 

branch-sites analysis on both the Maximum Likelihood (ML) gene tree and the inferred 

species tree (Chapter 2). ML analyses were performed with PhyML 3.0 under a GTR model 

of nucleotide evolution (Tavare 1986), an estimated rate and probability of each class from 

the data (‘free_rates’), optimized tree topologies, branch length and rate parameters, and the 

best tree topology of NNI and SPR search operations. The putative species topology was 

inferred from fourfold degenerate sites of all nuclear genes (N4N) (Chapter 2). 

The equilibrium codon frequency was calculated from the average nucleotide 

frequencies at the three codon positions (F3X4), kappa was estimated from an initial value of 

1.6, and ω-ratios were estimated from an initial value of 0.4. Alignments were cleaned by 

codeml to remove ambiguous sites and those with less than 100 covered codons for all 9 

species were not analyzed. I performed only one codeml run per gene.  

P-values for the sites likelihood test were generated from an empirical distribution of 

scores (Larracuente et al. 2008). The estimated ω, κ, codon frequencies, tree length and 
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topography were collected from the M7 model of the codeml analysis from 650 randomly 

selected alignments with at least 100 unambiguous covered codons. 18 replicate sequences 

were evolved for 9 species for each alignment based on these parameters under the M7 model 

using evolverNSsites generating a total of 11,700 simulated alignments. Analysis of the M7 

and M8 models was then performed on each simulated alignment to generate an empirical 

null distribution of the 2ΔlnL test statistic (Larracuente et al. 2008). The empirical null 

distribution was used to generate P-values using the ‘ecdf’ package in R.  

 I assessed the false-discovery-rate (FDR) using q-values to correct for multiple 

hypothesis testing with the ‘fdrtool’ (Strimmer 2008b) package in R. I calculated the tail area 

based FDR (q-value) with the default empirical null model (Strimmer 2008a) implemented in 

‘fdrtool’ from the P-values obtained from the empirical null distribution of LRT scores. I 

identified gene candidates for positive selection (PSG) with an FDR of 10.  P-values for the 

enrichment for genes under positive selection of GO evidence codes were computed using the 

hypergeometric (HG). I assessed the FDR using q-values based on the HG derived P-values. 

GO codes with only one PSG were excluded. 

 The (one-sided) P-value for the enrichment of genes under positive selection for 

literature-annotated gene sets described for biological processes were computed using 

Fisher’s exact test for independence (Kosiol et al. 2008) as implemented with ‘fisher.test’ in 

the stats package in R.  A 2x2 contingency table was constructed from the number of genes 

found as annotated for a GO term (G) or not (not G), and the number of tested genes 

determined to be PSG (S) or not (not S).  

I also implemented “branch-sites” tests of positive selection to identify lineage-

specific episodes of adaptive protein evolution (Zhang et al. 2005). These tests allow ω-ratios 

to vary both among sites and among lineages. Episodes of positive selection can thus be 
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inferred along different branches of the phylogeny, informing when and where in the history 

of a species group that adaptations may have occurred. I performed one test for each terminal 

branch leading to the nine extant taxa. As with the sites tests, alignments with less than 100 

covered unambiguous codons for all 9 species were discarded. I identified branch-site gene 

candidates for positive selection from LRT scores approximating a Χ2 distribution with one 

degree of freedom and a P-value < 0.01. 

Enrichment of GO evidence codes for PSGs along a terminal branch was with the 

HG as described previously. I assessed the FDR using q-values based on the HG derived P-

values. GO codes with only one gene under positive selection were excluded. Unless 

otherwise indicated, I use ω values generated under model M0 to represent the summary for a 

given gene across the whole phylogeny (Larracuente et al. 2008) and results are presented 

based on analysis using the ML topology of the gene. 

 

3.3  Results 

3.3.1  Sequencing and alignments 

The results of the Illumina paired-end sequencing and alignments are summarized in 

Table 1. The number of post-filtered reads varied from 61.5 million (S. droebachiensis 76 bp) 

to 397 million (S. intermedius 100 bp). I performed a second 100 bp paired-end sequencing 

run for S. droebachiensis, which had the desired effect of increasing its coverage to that of 

the other species. My alignments recovered up to 30.2X of whole-genome coverage and up to 

80.55% and 84.36% of residues covered by at least one read for the whole genome and genes, 

respectively. The extent of coverage of both complete genomes and genes varied with the 

degree of phylogenetic relatedness between each individual species and the S. purpuratus 

reference genome. The lowest coverge was observed for M. franciscanus, M. nudus, and P. 
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depressus, which represent a clade basal to the other six species (see Figure 1). The highest 

coverage was obtained for the four other Strongylocentrotus species. 

I obtained alignments for 3,180 genes that had a minimum of 100 codons. These 

alignments were found to contain an extreme amount of heterozygosity. Although this finding 

was not unexpected (e.g., Britten et al. 1978), the median percentage of codons that were 

heterozygous or not covered in a single individual of any one species was 25.4%. This high 

level of heterozygosity has the potential to contribute substantially to the signals of positive 

selection. Therefore, I chose to be as conservative as possible and eliminated all codons 

containing heterozygous sites prior to testing for positive selection. Future analyses will need 

to characterize and quantify the heterozygosity in this data and sample more individuals from 

each species to evaluate the levels of polymorphism in natural populations.  

 

3.3.2  Positive Darwinian selection 

 I detected strong signals of positive selection in the sea urchin genomes 

(Supplemental File C2). Applying a false discovery rate (FDR) of 10%, I observed 879 

(27.6%) positively selected genes (PSGs) (Table 2). As expected the mean dN and mean ω-

ratios were elevated in the PSGs (MW-U P-value<2.2x10-16) but the mean dS was not 

different between genes experiencing positive selection (0.355) and those showing no 

evidence for positive selection (0.367). The mean number of codons tested in the PSG group 

was significantly larger than the non PSG group (MW-U P-value=2.2x10-16). However, the 

median proportion of sites removed by heterozygosity was not significantly different between 

the PSGs (28.9) and genes with no evidence for positive selection (29.4) (MW-U P-

value=0.566). Interestingly, the proportion of sites experiencing selection in the PSGs was 

significantly lower (0.039) than the non PS group (0.055) (MW-U P-value<0.0189) 
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suggesting a considerably higher ω-ratio in the former and the possibility of weak selection at 

the latter. 

When dS is saturated, multiple synonymous substitutions may occur at the same 

position in different lineages. This will artefactually reduce the dS value and artificially 

inflate dN/dS ratios. I observed no evidence for saturation of dS in my data (see Figure 2) and 

the mean pairwise dS for all 3,180 genes was only 0.1032 (Figure 2). The phenomenon of 

codon bias also has the potential to constrain dS and elevate ω-ratios. Although codon bias is 

present in S. purpuratus (Chapter 1), and likely present in other taxa as well, I found no 

significant differences in the distributions of PSGs and non PS genes in any of the five 

synonymous codon usage clusters indentified and discussed in Chapter 1 (not shown). 

Since PAML requires a fixed phylogeny as input, I evaluated the results of tests for 

positive selection using the ML trees reconstructed on a gene-by-gene basis and using the 

putative species tree inferred from fourfold denerate sites (N4N) (Table 2). Highly significant 

differences were observed for estimates of dS (Mann-Whitney U-test P=9.3x10-4), dN (MW 

U-test P=2.0x10-15), ω (MW U-test P=8.5x10-10), and the LRT score (MW U-test P=2.2x10-

16). Marginally significant differences were found for κ (MW U-test P=0.046) (Table 2). In 

general, enforcing the species tree tended to increase the signal of positive selection on most 

genes although no significant differences were observed for the proportion of sites under 

selection between the different topologies. 

I observed a total of 207 GO categories for at least one positively selected gene. 

Significant enrichment of PSGs was detected for 18 GO evidence codes (Table 3). Overall, 

however, a dominant pattern of purifying selection was apparent with the majority of the GO 

evidence codes showing mean ω-ratios close to zero (see Figures 4, 5, and 6). For Biological 

Processes (Figure 4) the strongest signals of positive selection were detected at genes 
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functioning in the innate immune response. Figure 5 shows that genes with transmembrane 

receptor and scavenger receptor activities show elevated ω-ratios and these probably 

represent immune-related function. Genes “intrinsic to membrane” exhibited the strongest 

signals of positive selection (Figure 6). Below, I discuss specific examples.  

 

3.3.3  Innate immune system and cell adhesion 

Some of the strongest signals of positive selection were observed at genes 

functioning in the innate immune system. The genome of S. purpuratus contains large 

expansions of Toll-like receptors (TLRs), NACHT domain-leucine-rich repeat proteins 

(NLRS), and scavenger receptor cysteine-rich proteins (SRCRs) (Hibino et al. 2006; Rast et 

al. 2006). Significant enrichment of all three gene families was observed in my study (Table 

4). I also identified two interleukin 1 (IL1) genes and two Toll/interleukin-1 (TIR) receptor 

genes also known to be involved in defense. In addition, I found one Sarm-related gene, 

which is thought to be an additional family of innate immune genes (Hibino et al. 2006). 

Despite the significant enrichment of innate immunity genes in my data, I were unable to 

study the vast majority of defense-related genes because of the widespread presence of 

paralogs within and among species. I also observed significant enrichment in GO categories 

of “cell adhesion” and “hemophilic cell adhesion” (Table 3) and the annotated gene sets 

involved in the adhesome, but not those annotated as C-type lectins (Table 4). 

 

3.3.4  Fertilization 

Strong positive selection was detected at the egg bindin receptor (EBR1) and two egg 

hyalin genes (Sp-Egf/HyalinL5 and Sp-Hyalin1) that function in the fast block to 

polyspermy. Another gene essential for completing the physical block to polyspermy (Sp-
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Do1(Udx1)) (Wong and Wessel 2005) showed strong positive selection in my earlier 

analyses but was excluded from the final PAML run due to a stop codon in the consensus 

build. Other egg genes that ranked in the top 10 positive selection group included Sp-

Vitollogenin 2 and Sp-Melanotransferrin.  

Of the six sperm protein genes annotated as receptors for egg jelly, I identified five as 

PSGs: Sp-Rej1 (SPU_023767), Sp-Rej3_1 (SPU_020718), Sp-Rej4_1 (SPU_023590), Sp-

Rej4_2 (SPU_015930), and Sp-Rej4_3 (SPU_015931). Of special note is the absence of 

bindin and Sp-Pkd2 from my list of PSGs. Bindin (SPU_014051) is a well-studied gene 

involved in fertilization and a potential ‘speciation’ gene (Biermann 1998).  The sea urchin 

homolog of human polycystin-2, Sp-Pkd2 (SPU_010579), is physically associated with Sp-

Rej3 and may function to mediate the sperm acrosome reaction (Neill et al. 2004). However, 

both Bindin and Sp-Pkd2 were filtered out of the gene set for my study because their gene 

models did not contain a valid start or stop codon, respectively. This serves to highlight the 

random nature of my sampling. 

 

3.3.5  Biomineralization 

I observed significant enrichment of PSGs for proteins synthesized in the spicule 

matrix but not at genes expressed in skeletogenesis cells and tissues (Table 4). In particular, I 

found four spicule matrix specific genes (Sp-Sm29, Sp-Sm30F, Sp-Sm37and Sp-Sm50) in 

the PSGset (Table S1). In addition, I detected the two positively selected Msp130 genes: Sp-

Msp130_1 (SPU_013821) and Sp-Msp130r1(SPU_013822). Msp130 is cell surface 

glycoprotein specific to mesenchyme cells (Parr et al. 1990). Interestingly, three of the four 

msp130 PSGs are repeated in tandem in the same direction along a 100Kb region of Scaffold 
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343 (Sp-Msp130_r1, Sp-Msp130_r2, Sp-Msp130_r3) and are less than 90% similar, but I 

only detected evidence of positive selection at the first. 

 

3.3.6  Heat shock proteins 

Heat shock proteins act as protein chaperones in response to heat shock or other 

environmental stresses. I found three members of the HSP70 family, Sp-Hsp701A 

(SPU_009165), Hsp703B (SPU_002779) and Sp-Hsp701E (SPU_009164), and one of the 

HSP90 family, Sp-Hsp902A (SPU_001586), to be PSGs. 

 

3.3.7  Development 

I was unable to document enrichment of PSGs expressed in eggs, ovaries or the testes 

(Table 4). Similarly, I did not find enrichment of PSGs in genes involved in oogenesis. 

However, I did find the major yolk protein, Sp-Myp (SPU_013301) and the probable serine 

carboxypeptidase CPVL precursor, Sp-Cpvl (SPU_017601), to be PSGs. Myp is abundant in 

yolk platelets and is thought to play a role in delivering iron to developing germ cells in both 

male and female urchins (Brooks and Wessel 2002). Remarkably, over half of the covered 

sites (676 of 1348) were excluded from the analyses do to heterozygosity in at least one 

species. Sp-Cpvl is a vitellogenic carboxypeptidase-like protein (VCP). In the mosquito, 

Aedes aegypti, VCPs are activated at the onset of embryonic development and are believed to 

function in the degradation of egg yolk proteins in oocytes (Cho et al. 1991). 

SOX and UBX genes are transcription factors involved in development in 

Drosophila. I identified one of the six SOX genes tested, Sp-SoxH (SPU_011080) and one of 

the three UBX domain containing genes, Sp-Ubxd2 (SPU_008886), in my list of PSGs. The 

Delta Notch (D/N) signaling pathway is integral to the endomesoderm segregation of larvae 
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(Croce and McClay 2010; Materna and Davidson 2012). I identified 146 gene models for the 

205 common names identified in the D/N pathway of which 79 were included in my tests. I 

failed to document enrichment of PSGs for those tested (Table 4). However, I did observe 

positive selection at Sp-Notch (SPU_019810). Notably, Sp-Delta (SPU_016128) was not 

tested as the gene model was lacking a valid stop codon.  

 

3.3.8  Positive selection along terminal lineages 

Results of the branch-site tests are summarized in Tables 6 and 7. The largest 

numbers of positively selected genes were detected in the M. nudus and S. pallidus lineages. 

S. intermedius and S. purpuratus had the fewest PSGs but all species had roughly similar ω-

ratios and comparable proportions of positively selected sites (Table 5). The distributions of 

GO enrichments along the terminal branches of the phylogeny (Table 6) were similar to that 

observed for the entire phylogeny (Table 3). Enrichment for PSGs functioning in the innate 

immune system were observed in 5 of the 9 terminal branches tested. The strongest signals of 

enrichment were detected at genes functioning in scavenger receptor and transmembrane 

receptor activities and at loci functioning in calcium binding. Although 13 GO categories 

were enriched in at least two species, there were 35 GO descriptions that were enriched in 

only a single species. M. nudus had the most GO enrichments of any species (21) and the 

largest number of unique categories (11) (Table 6). 

 

3.4  Discussion 

 A growing number of genome-wide studies have documented an important role of 

natural selection in directing the adaptive evolution of protein-coding genes  
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(Kosiol et al. 2008; Larracuente et al. 2008; Pickrell et al. 2009). The majority of these 

studies have focused on well known groups like Drosophila and humans. As a result, I 

currently know little about the form and strength of natural selection across most species and 

there have been very few studies on marine organisms. My study has provided strong 

evidence for the adaptive evolution of protein-coding genes in the evolutionary history of 

nine species of strongylocentrotid sea urchins. My tests for positive selection in a random 

sample of 3,180 genes identified 879 candidates (27.6%) that were enriched for loci 

functioning in the innate immune system and fertilization. These results are similar to those 

previously reported in the Drosophila melanogster group where 33.1% of genes exhibited 

signals of positive selection and were also dominated by loci functioning in 

immunity/defense or sex and reproduction. 

 Previous studies of whole-genome tests for positive Darwinian selection using 

comparative methods have used alignments of gene sequences annotated from genome 

assemblies (Consortium 2007; Kosiol et al. 2008) or whole-genome sequencing of closely 

related species (Oliver et al. 2010). In all cases, the polymorphism present in a species was 

ignored and a mosaic consensus sequence was generated to represent that species in the 

analyses. This method introduces a bias because sites that are polymorphic within a species 

are treated as being fixed between species. Although the power to detect positive selection is 

not necessarily increased by adding population genetic data to a set of comparative data (Li et 

al. 2008b), positive selection can be detected within species (Pogson and Mesa 2004; Pujolar 

and Pogson 2011). For this reason I chose to be conservative and removed all heterozygous 

codon positions resulting in the loss of roughly 30% of the data. The removal of this large 

number of codons has likely attenuated the signal of positive selection, especially if amino 

acid sites that have experienced adaptive substitutions in the past are presently polymorphic 
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within species. The contribution of heterozygous mutations to the signals of positive selection 

in my data will need to be evaluated in future studies. 

 There are several other indications that I underestimated the magnitude of positive 

selection in the sea urchin genomes. First, I observed a highly significant difference between 

the mean number of codons analyzed in my positively selected genes (516.5) compared to 

those that showed no positive selection (350.4). This suggests that the extent of coverage 

contributed to the likelihood of detecting of positive selection. This is expected when the 

proportion of codons in a gene experiencing positive selection is small (as I observed). 

Second, the proportion of codons subject to positive selection was higher in genes where I 

failed to detect selection (5.5%) compared to my positively selected group (3.9%). This 

suggests that there are a sizable number of genes just below my 10% FDR cutoff point that 

have experienced weak selection at many codons. Increasing the coverage for these genes 

could potentially identify more strongly selected sites and make the LRT significant. 

 My detection of positive selection has not been affected by differences in rates of 

synonymous substitutions that can result from codon bias or differing levels of constraint. 

Although I obtained clear evidence for codon bias in the S. purpuratus genome (Chapter 1), I 

did not observe any differences in the proportions of positively selected genes among any of 

the five distinct clusters of genes with different patterns of codon usage (not shown). 

Furthermore, no significant differences were evident in the dS values between genes 

experiencing positive selection and those not showing positive selection (Table 2). Therefore, 

the elevated ω-ratios in the positively selected genes is not attributable to any bias in dS but to 

higher rates of nonsynonymous substitutions. This is not surprising because the fixation of 

beneficial mutations is not expected to impact the long-term rate of silent substitutions (Birky 

and Walsh 1988). 
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Estimates of positive Darwinian selection are affected by poor quality gene 

annotations, incorrect alignments (Jordan and Goldman 2012) and inaccurate base calls 

(Schneider et al. 2009). I attempted to minimize these factors by using the best available gene 

models and only including those that had been manually annotated. I also excluded 1,887 

putative paralogs that aligned to any other non-overlapping valid gene model in S. purpuratus 

with > 90% sequence similarity. Furthermore, my tests for positive selection were not 

affected by the possible mixing of paralogous and orthologous reads in my alignments 

because this would generate polymorphism that was removed prior to the analyses. Although 

it is possible that some paralogs were present in my data they have likely had a minimal 

contribution the positive selection detected. 

In addition to finding evidence for positive selection, I also observed a strong 

genome-wide signal of purifying selection. Estimates of dN were highly skewed towards zero 

(Figure 3A) with mean overall ω-ratio was 0.17, which is slightly lower than the mean 

pairwise ω-ratio reported by Oliver et al. (2010) for S. purpuratus and S. fragilis (0.19). In 

other species, previous genome-wide estimates of ω-ratios range from between 0.09 to 0.23 

depending on the group (reviewed by Ellegren 2008; Wright and Andolfatto 2008). In 

Drosophila, ω-ratios are typically ~0.1. For 13,816 human-dog-mouse trios, the mean ω-ratio 

was lowest in mouse (0.088), intermediate in dog (0.095) and highest in humans (0.112) 

(Lindblad-Toh et al. 2005). These patterns are consistent with higher levels of stronger 

purifying selection acting in species with large effective population sizes. My results appear 

to run contrary to these patterns. Sea urchin species have extremely large population sizes and 

extensive levels of genetic variability yet display genome-wide ω-ratios that exceed even 

humans. One explanation for this discrepancy is that my estimates are not based on entire 
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genes, but it is difficult to see how a random sample of gene fragments would introduce a 

strong upward bias.  

The overrepresentation of positively selected genes functioning in immunity is 

consistent that previously observed in Drosophila (Consortium 2007) and other groups. The 

immune system of sea urchins contains a diverse repertoire of innate recognition receptors, 

regulators, and effectors (Rast et al. 2006; Hibino et al. 2006). The expansions gene families 

encoding Toll-like receptors (TLRs), NACHT domain-leucine-rich repeat proteins (NLRS), 

and scavenger receptor cysteine-rich proteins (SRCRs) has likely been an adaptive response 

in the defense against a wide array of pathogens. However, the relative contribution of 

selection favoring the rapid formation of new genes or the adaptive evolution of existing 

genes is unclear. My study provides evidence for positive selection at a subset of long-lived 

homologs (Table 4) but has been unable to assess the importance of the diversification of new 

genes because of the widespread prevalence of paralogs. I checked the aligned reads of 80 

TLRs, 51 NLRs, and 54 SRCRs and identified at least one paralog by eye in 91.3%, 94.1%, 

and 77.8% of the gene models, respectively. This highlights the difficulty in studying positive 

selection in these gene families. 

I also identified strong positive selection in several egg and sperm proteins, although 

proteins found to be expressed in egg or testes as a whole are not significantly enriched for 

PSGs (Table 4). One interesting gene is the egg bindin receptor locus (EBR1) (Kamei and 

Glabe 2003) at which positive selection was recently reported in one exon (Pujolar and 

Pogson 2011). Studying EBR1 has been challenging because of its large size (4,594 amino 

acids in M. franciscanus) and the presence of highly divergent repeat motifs at its amino 

terminus. I was able to align 1,389 amino acids of EBR1 (excluding polymorphism) and 

identified 50 codons with ω-ratios > 2 (8 with BEB posterior probabilities > 0.95) over most 
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of the aligned protein sequence. This suggests that positive selection is pervasive at EBR1 

and provides support for the hypothesis that sexual conflict might drive the co-evolutionary 

interactions between sperm and egg proteins. Further support for the importance of sexual 

conflict is provided by the positive selection observed at two hyalin genes (Sp- Hyalin1 and 

Sp-Egf/HyalinL5) that function in the fast block to polyspermy. 

Many previous studies have documented that reproductive proteins evolve more 

rapidly than other proteins (often exhibiting positive selection) and those with male-biased 

expression typically experience stronger selection than those with female-biased expression 

(reviewed by Clark et al. 2006; Turner et al. 2008; Palumbi 2009). Although I observed 

positive selection at all five SuREJ genes tested, I failed to detect significant enrichment for 

PSGs expressed in the male gonad (Table 4). This may be a consequence of the limited 

number of sperm protein genes analyzed (16) that did not even include bindin. However, it 

could also be attributed to the possibility that the intensity of sexual selection is not as strong 

in broadcast-spawning marine invertebrates (with few opportunities for mate choice and 

limited behavioral repertoires) compared to insects and mammals.  

A previous study by Walters et al. (2008) reported positive selection at the spicule 

matrix gene sm50. I also found evidence for positive selection at sm50 as well as two other 

spicule matrix proteins (sm30E and sm30C). Interestingly, embryos treated with anti-

LSM34/SpSM50 do not produce another important spicule matrix protein, SM30. LSM34 

accumulation in Lytechinus pictus and the accumulation of its 96rthology, Sp-SM50, in S. 

purpuratus are required for both the initiation of spicule formation and subsequent 

morphogenesis (Wilt et al. 2008). These results suggest an interaction between SM30 and 

SM50 in the formation of spicules and their accumulation in larvae. As these proteins appear 
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to interact, interesting co-evolutionary dynamics may be operational between them that might 

explain the signals of positive selection observed in both genes. 

Excluding genes functioning in innate immunity and fertilization, the forms of 

selection acting on the other PSGs is unknown. All sea urchin taxa included in my study live 

in cool north temperate oceans and most inhabit shallow water or subtidal habitats and share 

similar ecologies and life history traits (Lawrence 2007). Two species (S. droebachiensis and 

S. pallidus) have broad arcto-boreal distributions and prefer cooler water temperatures than 

the others. Both S. pallidus and S. fragilis live at greater depths and thus may experience a 

different suite of selection pressures. In particular, S. fragilis has a larval phase similar to 

other species but lives as an adult in a different deep-water habitat. Recently, Oliver et al. 

(2010) reported an elevated signal of positive selection in S. fragilis at 9,258 genes from 454 

reads of two species mapped to the S. purpuratus reference genome. My branch-site tests 

failed to confirm that any lineage had undergone increased rates of diversifying selection and 

identified a much smaller percentage of PS genes in the S. fragilis lineage (1.9% vs. 2.8%). 

The reasons for these discrepancies are unclear. Even though my study used only about a 

third of the number of genes analyzed by of Oliver et al. (2010), I still should have had 

sufficient power to detect selection in the S. fragilis lineage. It is worth noting that my 

branch-site tests also found a higher proportion of PS genes in S. fragilis compared to S. 

purpuratus (1.9% vs. 1.0%) but with a broader sampling of species, this difference was not as 

dramatic. 

In summary, my study has documented significant genome-wide signals of positive 

selection in nine species of strongylocentrotid sea urchins. Although positively selected genes 

were detected across a wide spectrum of biological functions, I identified significant 

overrepresentation of innate immunity and cell adhesion loci. I was unable to document any 
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strong differences between species in the recent signals of positive selection, suggesting that 

adaptation is ongoing and similar among taxa. Future studies will need to expand the numbers 

of gene models analyzed and examine the role of the extensive level of heterozygosity in 

contributing to the detection of positive selection. 
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Table 3.1. Summary of genomic DNA sequencing. 
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Table 3.2. Rates of nucleotide substitution in positively selected genes and non-selected loci. 
 N Mean no. 

Codons 
Mean 

dN 
Mean 

dS 
Mean 
dN/dS 

Mean 
ω 

Mean 
M8 p1 

Mean  
LRT score 

PSG a 879 516.5 0.076 0.355 0.234 0.234 0.039 10.873 
No PS 2301 350.4 0.048 0.367 0.142 0.143 0.055 0.800 
All b 3180 396.3 0.056 0.363 0.168 0.168 0.051 3.585 
All N4N c 2990 396.0 0.058 0.361 0.133 0.169 0.048 4.570 
a	  Positively	  Selected	  Genes	  (PSG)	  
B	  Topology	  inferred	  from	  the	  most	  likely	  tree	  given	  the	  alignment	  (ML).	  
C	  Topology	  inferred	  from	  fourfold	  degenerate	  sites	  from	  nuclear	  genes	  rejecting	  tests	  for	  positive	  selection	  
(Chapter	  2)	  
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Table 3.3. GO categories enriched for Positively Selected Genes. 
  Gene number Fold P-value 
Category Description Tested PSGa E[PSGs] Enrich. HG b 

 Molecular Function 
GO:004888 transmembrane receptor activity  36 22 10.8 2.0 4.9x10-3 

GO:005044 scavenger receptor activity 30 16 8.3 1.9 3.3x10-3 

GO:005328 neurotransmitter:sodium  
symporter activity 

10 8 2.8 2.9 1.0x10-4 

GO:005509 calcium ion binding 91 47 25.2 1.9 <1.0x10-4 

GO:005515 protein binding 252 88 69.7 1.3 6.6x10-3 

GO:008234 cysteine-type peptidase activity 13 8 3.6 2.2 1.1x10-2 

GO:008324 cation transmembrane transporter 
activity 

6 5 1.7 3.0 7.4x10-3 

 Biological Process 
GO:006508 proteolysis 108 42 29.9 1.4 7.1x10-3 

GO:006836 neurotransmitter transport 10 8 2.8 2.0 5.0x10-4 

GO:007155 cell adhesion 33 17 9.1 1.9 2.8x10-3 

GO:007156 homophilic cell adhesion 13 10 3.6 2.8 4.0x10-4 

GO:007165 signal transduction 106 44 29.3 1.5 7.0x10-4 

GO:007218 neuropeptide signaling pathway 12 9 3.3 2.7 9.0x10-4 

GO:045087 innate immune response 23 15 6.4 2.4 3.0x10-4 

 Cellular components 
GO:005886 plasma membrane 12 8 3.3 2.4 5.5x10-3 

GO:005887 integral to plasma membrane 12 8 3.3 2.4 5.5x10-3 

GO:016020 membrane 379 144 104.8 1.4 <1.0x10-4 

GO:031224 intrinsic to membrane 23 15 6.4 2.4 3.0x10-4 

a Positively Selected Gene (PSG) 
b  P-values for overrepresentation of PSGs in the group determined by the hypergeometric (HG) with 
10,000 re-samplings from a total of 3180 tested genes and 879 PSGs. 
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Table 3.4. Enrichment for genes experiencing positive selection in curated categories. 
  Gene number Fold P-value 
Category Description Tested PSGa E[PSGs] Enrich. FETb 

 Immune system related 
TLR Toll-like receptors 20 15 5.5 2.7 1.4x10-5 

NLR NOD-like receptors 11 6 3.0 2.0 2.6x10-11 

SRCR Scavenger receptor cystein-rich 11 7 5.5 2.0 8.8x10-3 

 Cell adhesion 
Clect C-type lectins 16 7 4.4 1.6 NS 
Adhesome Echonoderm adhesome 37 25 10.2 2.4 4.3x10-7 

 Germ line development 
Egg/ovary Expressed in egg/ovary 19 11 8.0 1.4 NS 
Oocyte Oogenesis 20 6 5.5 1.1 NS 
Testes Expressed in testis 16 7 4.4 1.6 NS 
 Biomineralization 
Spicule Spicule matrix proteins 73 36 20.2 1.8 5.7x10-5 

Skeletogenesis Expressed in Skeletogenesis 
tissuec 

45 11 12.4 0.9 NS 

 Signaling 
D/N Delta/Notch signaling 79 16 21.8 0.7 NS 
a The number of Positively Selected Genes (PSG) in the Category that were tested. 
b  P-values for overrepresentation of PSGs in the group determined by the Fisher’s Exact Test from a 
total of 3848 tested genes and 1286 PSGs. 
c Expressed in Primary Mesenchyme Cells (“PMC”), Secondary Mesenchyme Cells 
(“SMC)”,“endoskeleton”, or “skeletogenic tissue” 
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Table 3.5. Results of the branch-sites test for Positive Selection on terminal branches of the 

Strongylocentrotid phylogeny. 
 No.  

Tested 
No.  
PSG 

Mean 
p0a 

Mean 
p1b 

Mean  
LRT score 

S. droebachiensis 2638 56 0.8244 0.1376 0.3310 
S. pallidus 2637 81 0.8271 0.1363 0.4424 
S. fragilis 2644 49 0.8344 0.1417 0.3423 
S. intermedius 2577 33 0.8245 0.1405 0.2436 
S. purpuratus 2684 27 0.8360 0.1390 0.2338 
H. pulcherrimus 2815 46 0.8331 0.1354 0.3742 
M. nudus 2818 86 0.8197 0.1323 0.5541 
M. franciscanus 2726 57 0.8142 0.1312 0.3808 
P. depressus 2909 65 0.8109 0.1261 0.5335 
All 24,448 500 0.8248 0.1354 0.3847 
a,b proportion of sites not under selection (p0) and under selection (p1) 
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Table 3.6. GO enrichment of positive selection along terminal branches of the 
Strongylocentrotid phylogeny. 

GO evidence 
code GO description S.

 d
ro

. 

S.
 in

t. 

S.
 p

al
. 

S.
 fr

ag
. 

S.
 p

ur
p 

H
. p

ul
. 

P.
 d

ep
. 

M
. n

ud
. 

M
. f

ra
n 

Biological Process 
0006754 ATP biosynthetic process   X       
0006811 ion transport   X       
0006826 iron ion transport        X  
0006879 cellular iron ion homeostasis        X  
0006915 apoptosis        X  
0006979 response to oxidative stress      X    
0007156 homophilic cell adhesion     X   X  
0007165 signal transduction X        X 
0007169 transmembrane receptor protein tyrosine 

kinase signaling pathway 
   X      

0007218 neuropeptide signaling pathway X         
0016192 vesicle-mediated transport       X   
0035023 regulation of Rho protein signal 

transduction 
    X X    

0043687 post-translational protein modification   X       
0045087 innate immune response X  X    X X X 
0051246 regulation of protein metabolic process   X       
Molecular Function 
0000287 magnesium ion binding   X       
0004180 carboxypeptidase activity    X     X 
0004181 metallocarboxypeptidase activity    X      
0008234 cysteine-type peptidase activity        X  
0004601 peroxidase activity      X    
0004714 transmembrane receptor protein tyrosine 

kinase activity 
   X      

0004866 endopeptidase inhibitor activity        X  
0004888 transmembrane receptor activity X      X X X 
0005044 scavenger receptor activity  X    X X X  
0005089 Rho guanyl-nucleotide exchange factor 

activity 
    X X    

0005198 structural molecule activity        X  
0005201 extracellular matrix structural constituent       X   
0005216 ion channel activity   X     X  
0005509 calcium ion binding    X X X  X  
0005515 protein binding       X X  
0008138 protein tyrosine/serine/threonine 

phosphatase activity 
 X        

0008199 ferric iron binding        X  
0004197 cysteine-type endopeptidase activity        X  
0008237 metallopeptidase activity X         
0008378 galactosyltransferase activity X         
0008408 3'-5' exonuclease activity       X   
0008484 sulfuric ester hydrolase activity        X  
0010181 FMN binding      X    
0019787 small conjugating protein ligase activity   X       
0019904 protein domain specific binding       X   
0046983 protein dimerization activity        X  
Cellular Component 
0005576 extracellular region        X  
0005581 collagen       X   
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GO evidence 
code GO description S.

 d
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0005789 endoplasmic reticulum membrane       X   
0005874 microtubule X         
0005886 plasma membrane     X   X  
0016020 membrane        X  
0031224 intrinsic to membrane X  X    X X X 
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Figure 3.1. Species tree of the Strongylocentrotid sea urchins.  
  

PP = 1, BSMP = BSML=100
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Figure 3.2. Histogram of mean pairwise synonymous substitutions (dS) from nine species in 
the Strongylocentrotus group. 
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Figure 3.3. Histograms of substitution rates and LRT scores from most-likely gene trees.  
The vertical dotted line in (B) indicates a neutral omega at 1.0, and the arrow in (D) indicates 
the LRT score used for the cutoff of positive selection with FDR of 10%. 
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Figure 3.4. Patterns of constraint and positive selection among GO terms of Biological 
Processes. 
  

A B

ω LRT score
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Figure 3.5. Patterns of constraint and positive selection among GO terms of Molecular 
Function. 
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Figure 3.6. Patterns of constraint and positive selection among GO terms of Cellular 
Components. 
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Appendix A. Supplementary Material for Chapter 1 
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Figure A.1. Genome-wide usage of synonymous codons of Isoleucine. 
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Figure A.2. Codon usage cluster stability curve.  
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.  

Figure A.3. Normalized variance for SCUMBLE models with up to 10 trends.  
(A) Cumulative histogram of normalize variance for SCUMBLE models with up to 0-10 
trends. (B) Normalized variance for SCUMBLE models with up to 10 trends  
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Figure A.4. Plot of the first two SCUMBLE Offsets for S. purpuratus genes. 
 β1 and β2 are based on a SCUMBLE model with 4 trends, colored by groups of genes 
clustered by codon usage distributions.  
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Figure A.5.  Patterns of expression and sequence composition with coding region length.  
Coding sequence (CDS) length versus (A) mRNA expression level, (B) codon bias and (C) 
GC3 content (dashed horizontal line denotes genome-wide average GC content) in S. 
purpuratus.  
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Figure A.6. Heatmaps of relative synonymous codon usage for codon usage clusters.  
(A) Drosophila melanogaster and (B) Strongylocentrotus purpuratus. Genome RF is 
included as an additional group. Codon usage frequencies were centered on the equal usage 
expectation. Clustering was done with HCA pairwise complete-linkage by Euclidean distance 
for both groups and synonymous codons. Codon labels are colored by the base composition 
of the third position (N3). N3 of ‘A’ to ‘T’ nucleotides are colored pink, ‘G’ or ‘C’ are 
colored green. 
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Figure A.7. Codon usage bias and mRNA expression levels for D. melanogaster. Annotated 
ribosomal proteins are circled in red. 
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Figure A.8 Distributions of codon usage from the expectation of equal usage for genes with 

similar codon usage patterns in S. purpuratus. 
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Table A.1. 2x2 contingency table for a synonymous codon preference and mRNA secondary 

structure for a given gene. 
 mRNA Secondary Structure 
Preference N3 Stem N3 Loop 
Preferred a b 
Unpreferred c d 
 
 
 
 
 
 
 
 
 
Table A.2. Counts of preferred N3 for each group by preference method. 
Preferred  
N3 

Synonymous Codon Usage Group RFa Preference  
by Bias 0 1 2 3 4 All 

A 1 1 7 7 4 5 0 
C 12 13 1 6 6 5 15 
G 4 4 3 2 4 3 3 
T 1 0 7 3 4 5 0 
a Relative frequency of the synonymous across all genes. 
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Table A.3. The strongest correlations to the first three SCUMBLE offsets. 
Group β1  β2  β3  
0 GC3, 0.8443 *** 72ha, 0.4053 *** CT3, 0.5120 *** 
1 GC3, 0.8545 *** CT3, 0.1748 *** CT3, 0.4917 *** 
2 GC3, 0.7724 *** GT3, 0.3189 *** CT3, 0.4735 *** 
3 GC3, 0.8108 *** CT3, 0.3315 *** CT3, 0.4923 *** 
4 GC3, 0.7089 *** CT3, 0.3015 *** CT3, 0.5142 *** 
All GC3, 0.9961 *** 72h, 0.3277 *** CT3, 0.4450 *** 
*** P-value< 1x10-10 
* P-value< 0.001 
a Expression value at 72h after fertilization. 
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Table A.4. Significantly Over-Enriched Gene Ontology (GO) codes for S. purpuratus codon 

usage Groups. 

Group 
GO 
ID GO Term Domaina FDRb P-value 

C0 05198 structural molecule activity F 0 0 
C0 05840 ribosome C 3.67E-36 5.20E-38 
C0 30529 ribonucleoprotein complex C 3.67E-36 5.20E-38 
C0 06412 translation P 2.05E-33 3.86E-35 
C0 32991 macromolecular complex C 3.14E-32 7.41E-34 
C0 05829 cytosol C 7.27E-25 2.06E-26 
C0 43228 non-membrane-bounded organelle C 2.04E-20 7.71E-22 
C0 43232 intracellular non-membrane-bounded organelle C 2.04E-20 7.71E-22 
C0 03723 RNA binding F 4.59E-14 1.95E-15 
C0 05737 cytoplasm C 1.91E-13 8.99E-15 
C0 00166 nucleotide binding F 7.13E-12 3.70E-13 
C0 30312 external encapsulating structure C 1.61E-11 9.12E-13 
C0 44444 cytoplasmic part C 3.40E-11 2.17E-12 
C0 05929 cilium C 3.40E-11 2.41E-12 
C0 42995 cell projection C 3.40E-11 2.41E-12 
C0 05811 lipid particle C 7.86E-11 5.93E-12 
C0 05618 cell wall C 1.47E-10 1.18E-11 
C0 43234 protein complex C 1.63E-10 1.38E-11 
C0 09536 plastid C 1.02E-09 9.13E-11 
C0 05856 cytoskeleton C 6.87E-09 6.48E-10 
C0 44424 intracellular part C 1.63E-08 1.61E-09 
C0 43229 intracellular organelle C 2.64E-08 2.74E-09 
C0 40007 growth P 2.06E-07 2.23E-08 
C0 09987 cellular process P 2.47E-07 2.80E-08 
C0 44267 cellular protein metabolic process P 3.95E-07 4.66E-08 
C0 05622 intracellular C 5.87E-07 7.20E-08 
C0 19538 protein metabolic process P 1.28E-06 1.63E-07 
C0 06996 organelle organization P 1.64E-06 2.16E-07 
C0 10467 gene expression P 2.59E-06 3.54E-07 
C0 44464 cell part C 7.47E-06 1.06E-06 
C0 44249 cellular biosynthetic process P 1.59E-05 2.56E-06 
C0 09059 macromolecule biosynthetic process P 1.59E-05 2.56E-06 
C0 34645 cellular macromolecule biosynthetic process P 1.59E-05 2.56E-06 
C0 05515 protein binding F 1.59E-05 2.62E-06 
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Group 
GO 
ID GO Term Domaina FDRb P-value 

C0 43226 organelle C 1.59E-05 2.62E-06 
C0 16043 cellular component organization P 2.51E-05 4.63E-06 
C0 03774 motor activity F 2.51E-05 4.86E-06 

C0 16818 
hydrolase activity, acting on acid anhydrides,  
in phosphorus-containing anhydrides F 2.51E-05 4.86E-06 

C0 16817 hydrolase activity, acting on acid anhydrides F 2.51E-05 4.86E-06 
C0 16462 pyrophosphatase activity F 2.51E-05 4.86E-06 
C0 17111 nucleoside-triphosphatase activity F 2.51E-05 4.86E-06 
C0 07010 cytoskeleton organization P 3.74E-05 7.42E-06 
C0 03676 nucleic acid binding F 9.70E-05 1.97E-05 
C0 09055 electron carrier activity F 0.00075772 0.000157263 
C0 09790 embryonic development P 0.000759207 0.000161152 
C0 44422 organelle part C 0.000948809 0.000210349 
C0 44446 intracellular organelle part C 0.000948809 0.000210349 
C0 44237 cellular metabolic process P 0.00152677 0.000345684 
C0 45182 translation regulator activity F 0.00187651 0.000433721 
C0 30313 cell envelope C 0.0020718 0.000488631 
C0 07049 cell cycle P 0.00259108 0.000623326 
C0 65008 regulation of biological quality P 0.00356715 0.000874962 
C0 05730 nucleolus C 0.0039766 0.00099415 
C0 06091 generation of precursor metabolites and energy P 0.00424169 0.00108043 
C0 00003 reproduction P 0.00441887 0.0011464 
C0 05488 binding F 0.00627651 0.00165794 
C0 43170 macromolecule metabolic process P 0.00630195 0.00169439 
C0 05623 cell C 0.00859926 0.00235263 
C0 44428 nuclear part C 0.00925341 0.00257524 
C0 16209 antioxidant activity F 0.0111415 0.00315326 
C0 05509 calcium ion binding F 0.0138875 0.00399592 
C0 43167 ion binding F 0.0154194 0.00465491 
C0 43169 cation binding F 0.0154194 0.00465491 
C0 46872 metal ion binding F 0.0154194 0.00465491 
C0 05102 receptor binding F 0.020271 0.00621516 
C0 19725 cellular homeostasis P 0.0210874 0.00666442 
C0 42592 homeostatic process P 0.0210874 0.00666442 
C0 31974 membrane-enclosed lumen C 0.021475 0.00719209 
C0 43233 organelle lumen C 0.021475 0.00719209 
C0 70013 intracellular organelle lumen C 0.021475 0.00719209 
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Group 
GO 
ID GO Term Domaina FDRb P-value 

C0 31981 nuclear lumen C 0.021475 0.00719209 
C0 05773 vacuole C 0.025567 0.00868312 
C0 05764 lysosome C 0.0260626 0.00909732 
C0 00323 lytic vacuole C 0.0260626 0.00909732 
C0 09058 biosynthetic process P 0.0261996 0.00926873 
C0 05634 nucleus C 0.0275011 0.0098589 
C0 05815 microtubule organizing center C 0.0289569 0.0107905 
C0 44430 cytoskeletal part C 0.0289569 0.0107905 
C0 15630 microtubule cytoskeleton C 0.0289569 0.0107905 
C0 44260 cellular macromolecule metabolic process P 0.0289666 0.0109308 
C0 08219 cell death P 0.0320537 0.0122469 
C0 32502 developmental process P 0.0342324 0.0132408 
C0 30246 carbohydrate binding F 0.0364777 0.0142814 
C0 16265 death P 0.03887 0.0154444 
C0 05886 plasma membrane C 0.03887 0.015768 
C0 16020 membrane C 0.03887 0.015768 
C0 16049 cell growth P 0.0447576 0.0190009 
C0 90066 regulation of anatomical structure size P 0.0447576 0.0190009 
C0 32535 regulation of cellular component size P 0.0447576 0.0190009 
C0 08361 regulation of cell size P 0.0447576 0.0190009 
C1 30528 transcription regulator activity F 3.04E-18 2.13E-20 
C1 06350 transcription P 3.04E-18 2.86E-20 
C1 90304 nucleic acid metabolic process P 8.06E-14 2.66E-15 
C1 03700 transcription factor activity F 3.64E-12 1.37E-13 

C1 06139 
nucleobase, nucleoside, nucleotide  
and nucleic acid metabolic process P 1.48E-10 7.66E-12 

C1 06807 nitrogen compound metabolic process P 1.48E-10 7.66E-12 

C1 34641 
cellular nitrogen compound metabolic 
 process P 1.48E-10 7.66E-12 

C1 08283 cell proliferation P 5.31E-07 3.26E-08 
C1 23052 signaling P 1.44E-06 1.06E-07 
C1 09653 anatomical structure morphogenesis P 2.40E-06 2.04E-07 
C1 48856 anatomical structure development P 2.40E-06 2.04E-07 
C1 07165 signal transduction P 5.54E-06 5.75E-07 
C1 23046 signaling process P 5.54E-06 5.75E-07 
C1 50794 regulation of cellular process P 5.54E-06 5.75E-07 
C1 23060 signal transmission P 5.54E-06 5.75E-07 
C1 30154 cell differentiation P 5.63E-06 6.37E-07 
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Group 
GO 
ID GO Term Domaina FDRb P-value 

C1 48869 cellular developmental process P 5.63E-06 6.37E-07 
C1 03677 DNA binding F 2.11E-05 2.49E-06 
C1 05215 transporter activity F 5.54E-05 6.80E-06 
C1 07267 cell-cell signaling P 0.000245924 3.25E-05 
C1 07610 behavior P 0.000478496 6.55E-05 
C1 51179 localization P 0.000484876 7.45E-05 
C1 06810 transport P 0.000484876 7.45E-05 
C1 51234 establishment of localization P 0.000484876 7.45E-05 
C1 32501 multicellular organismal process P 0.000484876 7.55E-05 
C1 07275 multicellular organismal development P 0.00049517 7.94E-05 
C1 50789 regulation of biological process P 0.00277685 0.000484638 
C1 06811 ion transport P 0.00373494 0.000687088 
C1 22857 transmembrane transporter activity F 0.00439264 0.0008288 
C1 65007 biological regulation P 0.00448243 0.000866886 
C1 43227 membrane-bounded organelle C 0.00505752 0.00112408 

C1 43231 
intracellular membrane-bounded  
organelle C 0.00505752 0.00112408 

C1 05216 ion channel activity F 0.00505752 0.00119281 

C1 22892 
substrate-specific transporter  
activity F 0.00505752 0.00119281 

C1 22803 
passive transmembrane transporter  
activity F 0.00505752 0.00119281 

C1 22891 
substrate-specific transmembrane  
transporter activity F 0.00505752 0.00119281 

C1 15267 channel activity F 0.00505752 0.00119281 
C1 22838 substrate-specific channel activity F 0.00505752 0.00119281 
C1 15075 ion transmembrane transporter activity F 0.00505752 0.00119281 
C1 07154 cell communication P 0.0073416 0.00176614 
C1 03682 chromatin binding F 0.00852481 0.00209099 
C1 06464 protein modification process P 0.0140444 0.00384233 
C1 43412 macromolecule modification P 0.0140444 0.00384233 
C1 03779 actin binding F 0.0234774 0.00686602 
C1 08289 lipid binding F 0.0321267 0.00998075 
C1 30234 enzyme regulator activity F 0.0411592 0.0141727 
C2 05739 mitochondrion C 0.00106027 2.50E-05 
C2 03824 catalytic activity F 0.00159266 6.14E-05 
C2 15031 protein transport P 0.00159266 8.70E-05 
C2 33036 macromolecule localization P 0.00159266 8.70E-05 
C2 08104 protein localization P 0.00159266 8.70E-05 



	  127 

Group 
GO 
ID GO Term Domaina FDRb P-value 

C2 45184 establishment of protein localization P 0.00159266 8.70E-05 
C2 05794 Golgi apparatus C 0.00159266 8.79E-05 
C2 06259 DNA metabolic process P 0.00280385 0.000198386 
C2 16788 hydrolase activity, acting on ester bonds F 0.026659 0.00238925 
C3 09719 response to endogenous stimulus P 0.000191016 4.51E-06 
C3 05975 carbohydrate metabolic process P 0.00102028 3.85E-05 
C3 44421 extracellular region part C 0.00651626 0.000430319 
C3 05615 extracellular space C 0.00995884 0.000845561 
C3 16740 transferase activity F 0.0182658 0.00172319 
C3 05768 endosome C 0.0316677 0.00388378 
C3 44238 primary metabolic process P 0.0337436 0.00429753 
C4 08152 metabolic process P 7.88E-06 1.08E-06 
C4 04672 protein kinase activity F 8.30E-05 1.46E-05 

C4 16773 
phosphotransferase activity,  
alcohol group as acceptor F 8.30E-05 1.46E-05 

C4 16772 
transferase activity, transferring  
phosphorus-containing groups F 8.30E-05 1.53E-05 

C4 16301 kinase activity F 8.30E-05 1.53E-05 
C4 09056 catabolic process P 0.000764796 0.000151516 
C4 16787 hydrolase activity F 0.00104996 0.000232775 
C4 16032 viral reproduction P 0.0254601 0.00744587 
a GO domain: cellular component (‘C’), biological process (‘B’) and molecular function (‘F’) 
b False Discovery Rate 
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Appendix B. Supplementary Material for Chapter 2 
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(A) ND1     (B) ND2 

  
(C) ND3     (D) ND4 

  
 
(E) ND4L     (F) ND6 

 	  
Figure B.1. Most likely tree for NADH dehydrogenase subunit mitochondrial genes.  
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(A) COI     (B) COII 

  
 
(C) ATPase6     (D) ATPase8 

  
 
(E) CytB 

	  
Figure B.2. Most likely ML tree for protein coding mitochondrial genes.  
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(A) 12S     (B) 16S 
 

 	  
Figure B.3.  Most likely ML tree for ribosomal RNA mitochondrial genes.  
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Figure B.4. The density tree of the most likely trees from S. purpuratus nuclear genes. 
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Figure B.5. Cladograms produced from S. purpuratus 12S gene sequences of Lee (2003). 
(A) as presented in Fig. 2 of Lee (2003) and (B) Maximum Likelihood (ML) methods and 
additional sequences used in this study. Branches are labeled with ML bootstrap values. 
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Appendix C. Supplementary Material for Chapter 3 
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Figure C.1 Comparison of substitution rates between positively selected genes (PSGs) and 

non PSGs. 
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Figure C.2. Likelihood ration test score distribution for the M7/M8 codeml “sites” model 
empirical simulations. 
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List of Supplemental Files 

A1 SuppFileA1_Spurpuratus_CodonBias.tsv 
A2 SuppFileA2_Dmelanogaster_CodonBias.tsv 
 
B1 SuppFileB1_Strongylocentrotid_MA_concat.fasta 
B2 SuppFileB2_Strongylocentrotid_M4_concat.fasta 
B3 SuppFileB3_Strongylocentrotid_N4A_concat.fasta 
 
C1 SuppFileC1_illumina_paired_end_genomic_library_preparation.xlsx 
C2 SuppFileC2_Strongylocentrotid_PositiveSelectionTests.xlsx 
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