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Animal chemosensation involves several families of G protein-coupled receptors 

(GPCRs) and, though some of these families are well characterized in vertebrates and 

nematode worms, receptors have not been identified for most metazoan lineages. In this 

dissertation, I use a combination of bioinformatics approaches to identify candidate 

chemosensory receptors in three invertebrates that occupy key positions in the metazoan 

phylogeny. In the sea urchin Strongylocentrotus purpuratus, I uncovered 192 candidate 

chemosensory receptors many of which are expressed in sensory structures including 

pedicellariae and tube feet. In the cephalochordate Branchiostoma floridae, my survey 

uncovered 50 full-length and 11 partial odorant receptors (OR). No ORs were identified 

in the urochordate Ciona intestinalis. By exposing conserved amino acid motifs and 

testing the ability of those motifs to discriminate between ORs and non-OR GPCRs, I 

identified three OR-specific amino acid motifs that are common in cephalochordate, fish 

and mammalian ORs and are found in less than 1% of non-ORs from the rhodopsin-like 

GPCR family. To further investigate the antiquity of vertebrate ORs, I used the OR-
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specific motifs as probes to search for orthologs among the protein predictions from 12 

invertebrates. My search uncovered a novel group of genes in the cnidarian Nematostella 

vectensis. Phylogenetic analysis that included representatives from the major subgroups 

of rhodopsin-like GPCRs showed that the cnidarian genes, the cephalochordate and 

vertebrate ORs, and a subset of genes S. purpuratus from my initial survey, form a 

monophyletic clade. The taxonomic distribution of these genes indicates that the 

formation of this clade began at least 700 million years ago, prior to the divergence of 

cnidarians and bilaterians. Furthermore, my phylogenetic analyses show that three of the 

four major subgroups of rhodopsin-like GPCRs existed in the ancestor of cnidarians and 

bilaterians. The utility of the new genes I describe here is that they can be used to identify 

candidate olfactory cells and organs in cnidarians, echinoderms and cephalochordates 

that can be tested for function. These genes also provide the raw material for surveys of 

other metazoans as their genomes become available. My sequence level comparison 

between chordates, echinoderms and cnidarians exposed several conserved amino acid 

positions that may be useful for understanding receptor mediated signal transduction. 

ORs and other rhodopsin-like GPCRs have roles in cell migration, axon guidance and 

neurite growth; therefore duplication and divergence in the rhodopsin-like gene family 

may have played a key role in the evolution of cell type diversity (including the 

emergence of complex nervous systems) and in the evolution of metazoan body plan 

diversity. 
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1.1 General introduction  
 

The ability to detect and respond to chemical cues occurs in all organisms. Chemical 

cues provide information about the environment and mediate a variety of activities such 

as feeding, predator detection, reproduction, navigation and communication (reviewed in 

Bargmann et al. 2006, Kaupp 2010). In animals, chemosensation is often mediated by G 

protein-coupled receptors (GPCRs). GPCRs have an extracellular N-terminus, seven 

alpha-helical transmembrane (TM) domains and a cytosolic C-terminus. These receptors 

also have three intracellular loops (IL1-3) and three extracellular loops (EL1-3). Upon 

stimulation, the intracellular loops interact with G proteins and other proteins in a signal 

transduction pathway that converts extracellular stimuli into intracellular biochemical 

signals. Ligands for GPCRs include hormones, odorants, pheromones, neurotransmitters, 

lipids, amino acids, nucleotides and light (reviewed in Bockaert and Pin 1999). 

 

1.2 Classification of GPCRs 
 

The GPCR superfamily is large and diverse and has been subdivided into five main 

families (Figure 1.1). According to the GRAFS classification system, most human 

GPCRs fall into one of the following families: glutamate, rhodopsin-like, adhesion, 

frizzled/taste2 and secretin (Fredriksson et al. 2003). The glutamate family includes 

metabotropic glutamate receptors (GRM), type 1 taste receptors (T1R), gamma-

aminobutyric acid (GABA) receptors, type 2 vomeronasal receptors (V2R), calcium-

sensing receptors (CASR) and the goldfish 5.24 odorant receptor. Receptors in the  
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COOH 

NH2 

COOH 

NH2 

COOH 

NH2 
COOH 

NH2 

COOH 

NH2 

A) Glutamate Family 
 e.g. glutamate receptors (GRM) 
       goldfish 5.24 receptor  
       vomeronasal type 2 receptors (V2R) 
       type 1 taste receptors (T1R) 
       calcium sensing receptors (CASR) 
       gamma-aminobutyric acid (GABA) receptors 
 
 
B) Rhodopsin-like Family 
 e.g. α   aminergic receptors (including the TAARs),  
  opsins, melatonin receptors, prostagladin  
  receptors, melanocortin receptors,   
  adenosine receptors, cannabinoid   
  receptors  
        β   peptide receptors  
        γ   chemokine receptors, somatostatin   
  receptors, opioid receptors 
        δ   purinergic receptors, 
  mas-related receptors, odorant receptors (OR), 
  glycoprotein hormone receptors 
 
 
C) Adhesion Family 
 e.g. lectomedin receptors,  
        brain specific angiogenesis-inhibitory receptors  
 
 
 
 
 
D) Frizzled/Taste2 Family 
 e.g. frizzled receptors,  
        type 2 taste receptors (T2R) 
 
 
 
 
 
E) Secretin Family 
 e.g. secretin receptors 
        calcitonin receptors 
        parathyroid hormone receptors 
        glucagon receptors 
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Figure 1.1 GRAFS classification system for G protein-coupled receptors (GPCRs). 

The figure is summary of the GPCR classification system proposed by Fredriksson et al. 

(2003). The GRAFS classification system divides human GPCRs into five main families: A) 

the glutamate family, B) the rhodopsin-like GPCR family, C) the adhesion family, D) the 

frizzled/taste2 family and E) the secretin family (see Fredriksson et al. 2003 for the complete 

list of genes in each family). The rhodopsin-like GPCR family is the largest and most 

diverse of the five GRAFS families and is further subdivided into α, β, γ and δ subgroups. 

 

 

glutamate family (Figure 1.1A) have long N-terminal ligand binding domains that are 

generally followed by a series of conserved cysteine residues (Fredriksson et al. 2003; 

Pin, Galvez and Prézeau 2003; Kuang et al. 2005). The adhesion family receptors (Figure 

1.1C) also have long N-termini though these are rich in serine and threonine residues. 

Frizzled receptors (Figure 1.1D) are highly conserved among taxa and also have long N-

termini (approximately 200 amino acids). Receptors in the frizzled/taste 2 family have 

short conserved motifs in the third, fifth and seventh TM domains (Fredriksson et al. 

2003). Receptors in the secretin family (Figure 1.1E) bind large peptides and have long 

N-termini with several conserved cysteine residues. The glutamate, rhodopsin-like and 

frizzled/taste2 include GPCRs involved in taste, olfaction and pheromone detection. In 

this dissertation, I focus on chemosensory receptors belonging to the rhodopsin-like 

GPCR family. 

 

1.3 Rhodopsin-like GPCRs 
 

The rhodopsin-like GPCR family is the largest and most diverse family of GPCRs. 

Receptors in this family have short N and C-termini and several conserved amino acid 
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motifs that distinguish them from the other four GPCR families (Figure 1.1B). For 

example, a conserved cysteine residue is found at the border of extracellular loop one 

(EL1) and transmembrane domain three (TM3). The cysteine residue is present in most 

rhodopsin-like GPCRs and is thought to participate in a disulfide bond between TM3 and 

EL2 (Karnik et al. 2003). At the boundary between TM3 and intracellular loop two (IL2), 

most rhodopsin-like GPCRs have a D/ERY motif (Fredriksson et al. 2003; Karnik et al. 

2003). The arginine (R) in the D/ERY motif is believed to function in receptor activation 

(reviewed in Nygaard et al. 2009). In TM4, most rhodopsin-like GPCRs have a 

tryptophan residue (W) that is believed to influence receptor conformation by 

contributing to inter-helix interactions (Palczewski et al. 2000). In TM7, a conserved 

NPxxY motif (where ‘x’ represents a variable amino acid position) is also found in most 

rhodopsin-like GPCRs (Fredriksson et al. 2003; Karnik et al. 2003). This motif is 

believed to function in receptor activation (reviewed in Nygaard et al. 2009) and may 

also be involved in receptor internalization and desensitization (Gripentrog, Jesaitis and 

Miettinen 2000).  

 

In humans, the rhodopsin-like GPCRs can be divided into four subgroups: the α 

subgroup contains genes such as amine receptors, melatonin receptors, trace amine-

associated receptors (TAAR) and opsins; the β subgroup contains peptide receptors (e.g. 

gonadotropin-releasing hormone receptors and oxytocin receptors); the γ subgroup 

includes chemokine, somatostatin and opioid receptors; and the δ subgroup includes 

odorant receptors (OR), purinergic receptors, formyl peptide receptor-like proteins (FPR) 

and leucine-rich repeat containing GPCRs (Fredriksson et al. 2003).  
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1.4 Olfaction and odorant receptors (ORs) 
 

The rhodopsin-like GPCR family contains several genes that are involved in vertebrate 

olfaction including the ORs (Buck and Axel 1991), as their name implies, the TAARs 

(Liberles and Buck 2006), and the FPRs (Liberles et al. 2009; Rivière et al. 2009). 

Vertebrate olfaction also involves the type 1 (Dulac and Axel 1995) and type 2 

vomeronasal receptors (V1R and V2R respectively) (Herrada and Dulac 1997; 

Matsunami and Buck 1997; Ryba and Tirindelli 1997), however these genes are not 

rhodopsin-like GPCRs (reviewed in Bargmann 2006). V2Rs belong to the glutamate 

family whereas V1Rs show no clear relationship to the any of the GRAFS families 

(Fredriksson et al. 2003).  

 

Like in vertebrates, olfaction in nematode worms is also mediated by GPCRs. These 

genes are referred to as chemoreceptors however these genes are not rhodopsin-like 

GPCRs and do not appear to be related to the vertebrate ORs (reviewed in Ache and 

Young 2005; Bargmann 2006; Kaupp 2010). Insects also have receptors called ORs, but 

these genes are unrelated to the nematode chemoreceptors and the vertebrate ORs 

(reviewed in Bargmann 2006; Kaupp 2010).  Thus, prior to my work, ORs had been 

identified in a few distantly related taxa and the picture that emerged from these studies 

was that vertebrates used rhodopsin-like GPCRs, V1Rs and V2Rs for olfaction and that 

invertebrates had, in two different lineages, evolved chemoreceptors from two other 

progenitor seven transmembrane receptors. In my dissertation, I focused my search on 
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ORs from the rhodopsin-like GPCR family because sea urchins, though invertebrates, are 

more closely related to vertebrates than they are to either flies or nematode worms. This 

turned out to be a starting point that led me to explore earlier lineages of metazoans than I 

had originally anticipated. 

 

1.5 ORs from the rhodopsin-like GPCR family. 
 

Genes encoding vertebrate ORs were first identified by Linda Buck and Richard Axel 

in 1991 (Buck and Axel 1991). Prior to 1991, experiments from several other labs 

suggested that ORs were seven TM domain GPCRs, so Buck and Axel used degenerate 

primers designed from available GPCR sequences and PCR to query cDNA isolated from 

rat olfactory epithelium tissue. The new genes they discovered were then used as probes 

to search rat cDNA and genomic DNA for additional paralogs (Buck and Axel 1991).  

This similarity-based approach, in which query sequences are used to identify orthologs 

and then paralogs, is a staple of both molecular and bioinformatics research. These and 

subsequent studies have now uncovered over a thousand rat and mouse ORs (Zhang and 

Firestein 2002; Godfrey, Malnic and Buck 2004; Quignon et al. 2005; Gloriam, 

Fredriksson and Schiöth 2007) and have led to the identification of other GPCR families 

involved in vertebrate olfaction such as the TAARs (Liberles and Buck 2006), the V1Rs 

(Dulac and Axel 1995), the V2Rs (Herrada and Dulac 1997; Matsunami and Buck 1997; 

Ryba and Tirindelli 1997) and the FPRs (Liberles et al. 2009; Rivière et al. 2009).  
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Amino acid motifs that are conserved in most rhodopsin-like GPCRs are also found in 

ORs and OR-specific motifs have been described from alignments of human, mouse and 

zebrafish sequences (Pilpel and Lancet 1999; Zozulya, Echeverri and Nguyen 2001; Liu 

et al. 2003; Alioto and Ngai 2005). Most human ORs have an MAYDRYVAIC motif at 

the border of TM3 and IL2 (Zozulya, Echeverri and Nguyen 2001) and this motif is also 

found in mouse (Zhang and Firestein 2002) and zebrafish ORs (Alioto and Ngai 2005). In 

IL3, the KAFSTC motif is present in human, mouse and zebrafish ORs (Zozulya, 

Echeverri and Nguyen 2001; Zhang and Firestein 2002; Alioto and Ngai 2005), however, 

the phenylalanine (F) and serine (S) residues are not as common in zebrafish ORs. It is 

these conserved features that can be used in bioinformatics searches to identify and 

characterize new GPCRs.  

 

1.6 Evolution of vertebrate ORs 
 

The OR repertoires in several mammals, fish, amphibians and birds have been 

described and they vary in size among species. The human genome encodes 388 

potentially functional ORs (Niimura and Nei 2003) and the mouse and rat genomes each 

encode over 1000 ORs (Zhang and Firestein 2002; Godfrey, Malnic and Buck 2004; 

Quignon et al. 2005). The Xenopus tropicalis genome encodes 410 ORs and the Gallus 

gallus genome encodes 78 ORs (Niimura and Nei 2005). OR repertoires are smaller in 

fish than in mammals; the pufferfish genomes encode 40-44 ORs and the Danio rerio 

genome encodes between 98-143 ORs (Alioto and Ngai 2005; Niimura and Nei 2005). 

When I began this research, orthologs of vertebrate ORs had not been found in 
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invertebrates. The apparent absence of vertebrate ORs in model invertebrates such as 

Caenorhabditis elegans and Drosophila melanogaster however, does not mean they are a 

vertebrate innovation. My interest in sea urchin chemosensation ultimately led to the 

discovery that vertebrate ORs evolved much earlier than previously believed. 

 

Vertebrate ORs are monophyletic and can be classified into nine main subgroups that 

existed prior to divergence of fish and tetrapods (Niimura and Nei 2005). Representatives 

of eight of these subgroups are found in fish whereas representatives of only two of the 

subgroups are found in mammals (Niimura and Nei 2005). Amphibians also have 

representatives of eight of the subgroups including genes from one subgroup that is 

present in mammals and absent in fish. The relationships among these genes show that all 

subgroups were present in the common ancestor of fish and tetrapods suggesting that 

ORs have been differentially lost and that the large number in mammals are the products 

of relatively recent duplication events.  

 

In this dissertation, I begin by searching for chemosensory receptors in the sea urchin 

using motif and model queries derived from vertebrate ORs. I then extend this search to 

other deuterostomes (cephalochordates and urochordates) and then to ten other 

invertebrate species. 

 

1.7 Dissertation 
 

Behavioural experiments show that sea urchins can detect and respond to chemical 

cues (Vadas 1977; Mann et al. 1984; Scheibling and Hamm 1991; Hagen, Andersen and 
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Stabell 2002; Vadas and Elner 2003; Nishizaki and Ackerman 2005) yet the molecular 

and cellular mechanisms responsible for this response are not well understood. The goal 

of Chapter 2, which was inspired by my observations at Bamfield Marine Sciences 

Centre and took advantage of the fact that the sea urchin genome was available soon after 

I started my Ph.D., was to identify genes that encode chemosensory receptors and use 

these genes to characterize chemosensory cells and organs in the adult sea urchin, 

Strongylocentrotus purpuratus. If there are chemosensory receptors in the sea urchin 

genome, then these genes, like those found in insects, nematode worms and vertebrates, 

are likely seven TM receptors. Because echinoderms are deuterostomes, I began by 

searching for orthologs of vertebrate ORs. In an effort to support the hypothesis that 

genes similar to vertebrate ORs function as ORs in the urchin, I looked for evidence of 

expression in tissues exposed to the external environment. Examples of such tissues in 

sea urchins include spines, tube feet, pedicellariae, peristomial membrane and epidermis. 

Chemosensory receptor genes are also expected to be expressed in cells with similar 

morphological features of other known chemosensory cells.  

 

Using the sea urchin protein predictions and a combination of bioinformatics 

approaches, I identified 192 candidate chemosensory genes in the sea urchin protein 

predictions (Burke et al. 2006). Like vertebrate ORs, many of the sea urchin candidate 

ORs are single exon genes that are tandemly arrayed in the sea urchin genome. My gene 

expression data show that several of the genes identified in my bioinformatics survey are 

expressed in tube feet and pedicellariae lending support to the hypothesis that they 

function in environmental monitoring. By using an approach that starts at the level of the 
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gene, it is possible to bypass some of the obstacles such as the small size of echinoderm 

nerves that have historically made studying sensory systems in echinoderms difficult. 

This approach may be exploited to study other sensory systems in echinoderms and in 

other organisms in which genomic sequence data are available. 

 

In Chapter 3, I describe a novel family of ORs in the cephalochordate Branchiostoma 

floridae. The original goal of this survey was to improve the phylogenetic analysis of the 

sea urchin candidate ORs. I searched for orthologs of vertebrate ORs in the 

cephalochordate Branshiostoma floridae and the urochordate Ciona intestinalis. I found a 

set of 50 full-length and 11 partial ORs in B. floridae (Churcher and Taylor 2009). No 

ORs were identified in C. intestinalis. Like vertebrate ORs, the majority of B. floridae 

ORs are intronless and many are also tandemly arrayed in the genome. By exposing 

conserved amino acid motifs and testing the ability of those motifs to discriminate 

between ORs and non-OR GPCRs, I identified three OR-specific amino acid motifs that 

are common in cephalochordate, fish and mammalian ORs. These motifs are found in 

less than 1% of non-ORs from the rhodopsin-like GPCR family. The significance of these 

motifs is that they can be used as probes to search for orthologs of chordate ORs in 

animals in which ORs have not been identified. They also contain amino acid positions 

that may be important for maintaining receptor conformation and regulating receptor 

activity. Because of their persistence over time, the amino acid positions in these motifs 

are excellent targets for functional analysis. This survey showed that the receptors 

involved in vertebrate olfaction evolved at least 550 million years ago. I anticipate that 

the identification of vertebrate OR orthologs in amphioxus will lead to an improved 
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understanding of OR gene family evolution, OR gene function, and the mechanisms that 

control cell-specific expression, axonal guidance, signal transduction and signal 

integration. These genes may also help to understand amphioxus neurobiology through 

comparisons between cephalochordates and vertebrates.  

 

In Chapter 4, I use the OR-specific motifs from my Chapter 3 survey to search for 

orthologs among the protein predictions from 12 invertebrate species. The motivation for 

this work was to expand upon the data collected in Chapter 3 and to further investigate 

the antiquity of vertebrate ORs. In this study, I uncovered a novel group of genes in the 

cnidarian Nematostella vectensis (Churcher and Taylor 2011). Phylogenetic analysis that 

included representatives from the other major subgroups of rhodopsin-like GPCRs 

showed that the cnidarian genes, the cephalochordate and vertebrate ORs, and 40 S. 

purpuratus genes from my Chapter 2 survey, form a monophyletic clade. Therefore, the 

chordate ORs join the list of genes that are present in N. vectensis and vertebrates but 

appear to have been lost in flies and nematode worms (Putnam et al. 2007). The 

taxonomic distribution of these genes indicates that the formation of this clade and 

therefore the diversification of the rhodopsin-like GPCR family began at least 700 

million years ago, prior to the divergence of cnidarians and bilaterians.  

 

In Chapter 5, I expand upon the S. purpuratus gene expression data collected in 

Chapter 2 by looking for expression of OR genes in sea urchin tissues. My original 

survey uncovered 192 candidate chemosensory genes in S. purpuratus many of which are 

expressed in sea urchin sensory structures (e.g. tube feet, pedicellariae). The addition of 
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the ORs from B. floridae (Churcher and Taylor 2009) and N. vectensis (Churcher and 

Taylor 2011) to the phylogenetic analysis revealed that a subset of the original 192 sea 

urchin genes form a monophyletic clade with mammalian, fish, cephalochordate and 

cnidarian ORs. Therefore, in this chapter, I focus on this set of genes with the expectation 

that, if a gene functions in odorant detection, it should be expressed at a location that is 

exposed to the environment that is to be monitored. 

 

In Chapter 6,  I include a brief summary and discuss the future perspectives of this 

research. 

 

1.8 Significance 
 

The data presented in this dissertation contribute to the body of knowledge concerning 

chemosensory system evolution and will serve as the foundation for future comparative 

investigations. As mentioned above, olfaction is well studied in a few animals (e.g. 

insects, nematode worms and several vertebrates) however ORs have not been identified 

in most metazoan lineages. Therefore, the genes described here can be used to identify 

ORs in other metazoans. These genes can also be used to identify candidate olfactory 

cells and organs that can then be tested for function. My sequence level comparisons 

using chordates, echinoderms and cnidarians exposed several conserved amino acids that 

may be useful for understanding receptor mediated signals transduction; the persistence 

of these sites over evolutionary time suggests they have a common functional role. In 

addition, my phylogenetic analyses show that three of the four major subgroups of 
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rhodopsin-like GPCRs that are present in humans existed in the ancestor of cnidarians 

and bilaterians. Therefore, the rhodopsin-like GPCR family diversified much earlier than 

previously believed. ORs and other rhodopsin-like GPCRs have roles in cell migration, 

axon guidance and neurite growth; therefore duplication and divergence in this family 

may have played a key role in the evolution of cell type diversity (including the 

emergence of complex nervous systems) and in the evolution of metazoan body plan 

diversity.  



 

 

Chapter 2: Identification and characterization of candidate 
chemosensory receptor genes in the sea urchin 

Strongylocentrotus purpuratus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
The bioinformatics portion of this chapter has been published in:  
 
Burke RD, Angerer LM, Elphick MR, Humphrey GW, Yaguchi S, Kiyama T, Liang S, 

Mu X, Agca C, Klein WH, Brandhorst BP, Rowe M, Wilson K, Churcher AM, 
Taylor JS, Chen N, Murray G, Wang DY, Mellott D, Olinski R, Hallböök F, 
Thorndyke MC. 2006. A genomic view of the sea urchin nervous system. 
Developmental Biology. 300:434-460. 
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2.1 Introduction 
 

Behavioural experiments show that sea urchins can respond to odorant molecules in 

their surroundings. For example, sea urchins change their position in response to 

chemical cues from predators, damaged conspecifics and potential food sources (Vadas 

1977; Mann et al. 1984; Scheibling and Hamm 1991; Hagen, Andersen and Stabell 2002; 

Vadas and Elner 2003; Nishizaki and Ackerman 2005). Sea urchins also respond to 

odorants by performing other behaviours such as tube foot waving (Pisut 2004).  

 

Behavioural experiments also show that isolated tube feet and pedicellariae respond to 

stimulation and therefore likely contain cells that function as sensory receptors. For 

example, mechanical stimulation of an isolated tube foot causes it to contract or bend 

(Florey and Cahill 1980). In isolated pedicellariae, mechanical stimulation elicits stem 

and jaw responses (Campbell and Laverack 1968; Chia 1969; Campbell 1973; Campbell 

1974). Most relevant to this study, is the observation that pedicellariae also react to 

chemical stimulation (Campbell and Laverack 1968; Chia 1969; Campbell 1973).  

 

Cells that have morphological features of sensory cells have been described in both sea 

urchin tube feet (Coleman 1969; Burke 1980; Flammang and Jangoux 1993) and 

pedicellariae (Cobb 1968; Chia 1970; Peters and Campbell 1987). In tube feet, sensory 

cells are monociliated and surrounded by a collar of microvilli (Coleman 1969; Burke 

1980; Flammang and Jangoux 1993). These cells have projections that terminate in the 

nervous system of tube feet (Burke 1980: Flammang and Jangoux 1993) and, although 
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the function of these cells has not been demonstrated, they are believed to be 

mechanoreceptors or chemosensory receptors (Burke 1980). Pedicellariae are covered 

with microvillus epithelia and both microvillus and ciliated cells occur on the insides of 

the valves that are believed to function as sensory receptors (Cobb 1968; Oldfield 1975).  

 

From behavioural observations, it is clear that sea urchins can detect chemicals in the 

environment but the components of the chemosensory system(s) involved are not yet well 

understood. Furthermore, the genes involved in sea urchin chemosensation have not been 

identified. The identification of sea urchin chemosensory genes would help to further 

characterize sensory responses both at the cellular and organismal level. These genes 

could be used to identify specific cells in structures such as tube feet and pedicellariae 

that could then be tested for function. As sea urchins are more closely related to 

vertebrates than insects and nematode worms, such research will provide valuable insight 

into the evolution of vertebrate olfactory systems. 

 

Since chemosensation is mediated by seven TM receptors in a diversity of organisms 

including insects, nematode worms and vertebrates (reviewed in Kaupp 2010) it is likely 

that seven TM receptors also play a role in echinoderm chemosensation. I hypothesized 

that if sea urchins make use of seven TM receptors for chemosensation, then they are 

likely to use orthologs of vertebrate receptors because of their phylogenetic position with 

respect to the other metazoans. To test this hypothesis, I used a combination of 

bioinformatics approaches to survey the Strongylocentrotus purpuratus protein 

predictions for candidate chemosensory genes. I found 192 candidate chemosensory 
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genes (Burke et al. 2006). One hundred and seventy-seven of these genes were retrieved 

in searches for orthologs of vertebrate ORs (rhodopsin-like GPCR family, Figure 1.1B) 

and 15 were retrieved in searches for orthologs of fish T1Rs (glutamate family, Figure 

1.1A). Like many of the receptors involved in vertebrate olfaction, many of the sea 

urchin candidate ORs are single exon genes that are tandemly arrayed in the genome. To 

identify tissues expressing candidate ORs, I used reverse transcription and PCR. If a gene 

functions as a receptor for odorant molecules, then it should be expressed in tissues that 

are exposed to the environment. My results show that several of the genes identified in 

bioinformatics surveys are expressed in tube feet and pedicellariae.  

 

2.2 Materials and methods 

2.2.1 Motif-based survey 
 

A MySQL database was constructed for the 28 943 S. purpuratus protein predictions 

(Sea Urchin Genome Sequencing Consortium 2006). Proteins possessing the 

LxxxxxxRxxAIxxPL motif (where x represents any one of the 20 canonical amino acids), 

which occurs in most zebrafish and mouse ORs (Alioto and Ngai 2005), were retrieved 

using the regular expression function. Motif-containing sequences were then used as 

BLASTP (Altschul et al. 1997) queries to search for paralogs that lack the above motif in 

the sea urchin protein predictions. Sequences that were ≥70% identical to a motif 

possessing query sequence were retained.  
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2.2.2 HMM-based surveys 
 

To expand the list of candidate sea urchin chemosensory receptors, HMMER (Eddy 

1998) was used to construct three profile hidden Markov models (HMM), which were 

used to search the S. purpuratus protein predictions. These models were based upon 

alignments of 239 fish (Danio rerio, Takifugu rubripes, and Tetraodon nigroviridis) ORs 

(Alioto and Ngai 2005), 12 lamprey ORs (Berghard and Dryer, 1998; Freitag et al., 1999) 

and 16 fish T1Rs (GenBank: BAE78487, BAE78483, BAE78475, BAE78488, 

BAE78484, BAE78476, BAE78489, BAE78485, NP_001034920, BAE78481, 

BAE78477, NP_001034614, NP_001034717, BAE78486, BAE78482 and BAE78478). 

Only sea urchin proteins that aligned to the HMMs with e-values ≤ 10-10 were retained.  

 

2.2.3 Phylogenetic analyses 

 

Sea urchin proteins that were retrieved using the fish OR HMM, the lamprey OR 

HMM or using the motif based search approach were aligned using ClustalW 

(Thompson, Higgins and Gibson 1994) and the alignment was adjusted by hand in 

BioEdit (Hall 1999). As discussed in Chapter 1, ORs and T1Rs belong to distinct families 

of GPCRs. Therefore, genes that were hits to the fish T1R HMM were not included in 

this analysis and will be the subject of another study.  

 

The Neighbor-Joining (NJ) tree was constructed in MEGA version 4.0 (Tamura et al. 

2007) using the pairwise deletion option and Poisson-corrected distances. Support for 

nodes was estimated using 1000 bootstrap replicates. The unrooted NJ tree was based on 
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approximately 200 positions from 177 S. purpuratus candidate ORs. Non OR rhodopsin-

like GPCR from protostomes and deuterostomes were carefully selected to ensure that 

representatives of the α, β, γ and δ subgroups of rhodopsin-like GPCRs (Fredriksson et al. 

2003) were included in the phylogenetic analysis.  

 

In the NJ tree that includes all 177 candidate ORs, the position of a subset of the genes 

varied with each bootstrap reanalysis. This ambiguity may have reduced bootstrap 

support for many of the nodes in the tree. To test this hypothesis that well-supported 

relationships were being disguised by this ambiguity, I constructed a tree in which nodes 

with low statistical support (i.e. less than 50% support) were collapsed. Sequences that 

were on branches by themselves (n=15) or that shared a branch with only one other sea 

urchin gene (n=18) were removed from the alignment and a second NJ tree was 

constructed using the same parameters as above. Removal of these sequences allowed for 

the most reliable portions of the tree to be identified. This tree includes 144 S. purpuratus 

candidate ORs. 

 

2.2.4 Animals 
 

Adult S.  purpuratus were obtained in Victoria, British Columbia and 96 hour larvae 

were from animals collected in Sooke, British Columbia. Adults were anaesthetized in 

MS222 (Sigma A5040) or in high magnesium, low calcium sea water (Audesirk and 

Audesirk 1980). 
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2.2.5 RNA extraction and cDNA synthesis 
 

Total RNA was extracted from the radial nerve, tube feet, the intestine, ampullae, 

immature sperm, pedicellariae (globiferous, tridentate and ophiocephalous), the 

peristomial membrane, ovary, tube feet, testis, 96 hour larvae and spines using AurumTM 

Total RNA Fatty Fibrous Tissue Pack from BioRad (catalogue no. 732-6830). To remove 

any carryover DNA, DNAse digestion was conducted on the column according to the 

manufacturer’s instructions as well as using Ambion’s DNA-freeTM kit (catalogue no. 

1906). cDNA synthesis was carried out using iScriptTM  cDNA Synthesis kit from BioRad 

(catalogue no. 170-8891) in 50µl reactions. Approximately 200ng of RNA was used in 

each reaction. 

 

2.2.6 Primer design 

 
To determine whether candidate ORs are expressed in putative sensory tissues, sea 

urchin tissues were surveyed using PCR and five primer pairs (Table 2.1). Some primers 

were designed to amplify multiple, closely related genes while others were designed to be 

gene specific. For example, the 2F primer in Table 2.1 is expected to bind to nine of the 

candidate OR genes on our list. When used with 26370R, the amplification product is 

expected to be locus-specific (SPU_026370). As many sea urchin candidate ORs are 

highly similar in primary sequence, some primers were designed based on 3’ untranslated 

regions (UTR). These included primers for SPU_004579,  SPU_016941 and 

SPU_016939. Control primers were designed to be complementary to the S. purpuratus 

TATA binding protein (TBP=SPU_012621). The TBP primers span an intron and were 
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designed so that amplicons from cDNA are shorter than amplification products made 

from double stranded DNA (283bp versus 780bp).  

 

2.2.7 Gene expression 
 

PCR products were amplified using iProofTM High Fidelity DNA Polymerase from 

BioRad (catalogue no. 172-5301) and the following cycling conditions: initial 

denaturation at 98°C for 30 seconds then 35 cycles of 98°C for 10 seconds, 60-68.5°C 

(specific annealing temperatures are in Table 2.1) for 30 seconds (annealing) and 72°C 

for 30 seconds (extension). Following the 35 cycles, the final extension was at 72°C for 

10 minutes. PCR amplification was done in 20ul reactions that contained: 20mM MgCl2, 

4ul of iProofTM  HF Buffer, 4mM dNTPs, 0.4-0.5 units of polymerase, 2ul of cDNA 

template and 10uM of both forward and reverse primers. PCR reactions were done in an 

Eppendorf TM Mastercycler® EP Grad S thermocycler. 

 

PCR amplicons were separated by electrophoresis in a 2% agarose gel and, in cases 

where multiple bands occurred, the target band was excised and extracted using 

QIAquick® Gel Extraction Kit from Qiagen (catalogue no. 28704) and re-amplified using 

PCR. PCR products were purified using QIAquick® PCR Purification Kit (catalogue no. 

28104), A-tailed using Taq DNA Polymerase from Invitrogen (catalogue no. 18038-018) 

and cloned using pGEM®-T Easy Vector System II from Promega (catalogue no. A1380). 

Bacteria were screened using PCR to detect clones with inserts of the expected size. 

Insert containing plasmids were isolated using QIAprep® Spin Miniprep Kit from Qiagen 
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(catalogue no. 27104) or Wizard Plus SV Minipreps DNA Purification System from 

Promega (catalogue no. A1270). Sequencing was done at the University of Victoria 

Centre for Biomedical Research. 

 
Table 2.1 Primer sequences, amplification products and PCR annealing temperatures. 

Primer 
name 

Primer sequence (5’-3’) Amplification 
product 

Annealing  
(°C) 

TBPintF CAGGATGGAGGGCAACAGAGGAGTC SPU_012621 68.5 
TBPintR GCATGGAGGGCAATTTTCTTCAGATC SPU_012621 68.5 
2F TTACATTAACTGCCATCTCTCTGGAACG SPU_026370 66.2 
26370R TTGTGGACTTCCTTGGAGCTTTGAC SPU_026370 66.2 
2F TTACATTAACTGCCATCTCTCTGGAACG SPU_026369 66.2 
08476R GGACCGATGAAGAAGACCATATACG SPU_026369 66.2 
1aF TAATCTCCTCGACGCCCTTGTTGGG SPU_009202 63 
04579uR TGAAACTGGATAGATCACACATGG SPU_009202 63 
4.3F GGAATTTTCGACGTTATCTGCTCC SPU_016941 66.2 
16941uR AATTTCGGCTCTAGAAGGACACTC SPU_016941 66.2 
4.3F GGAATTTTCGACGTTATCTGCTCC SPU_016939 60 
16939uR TGGCTGAATAGCTGTAATAGGCC SPU_016939 60 
 
 

2.3 Results 

2.3.1 Motif-based survey 

 

Forty-three S. purpuratus proteins possess the amino acid sequence motif  

LxxxxxxRxxAIxxPL (where x represents any one of the 20 canonical amino acids). 

When each of the 43 motif-containing genes was used as a BLASTP query to search the 

sea urchin proteins, 11 additional candidate ORs that lacked the motif  (≥70% identical to 

a query sequence) were uncovered. Five of the 54 sequences were subsequently removed 

from the set because they appeared to have a non-homologous amino acid string of 

LxxxxxxRxxAIxxPL or were ≥70% identical to a sequence with a non-homologous 
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motif. The remaining 49 sequences were added to the list of sea urchin candidate 

chemosensory receptors (Table 2.2). 

 

2.3.2 HMM-based surveys 
 

Searches using the lamprey OR HMM, the fish OR HMM and the fish T1R HMM 

models uncovered 91, 64 and 15 hits respectively. All of these sequences were added to 

the list of candidate chemosensory receptors (Table 2.2). Some sequences were retrieved 

using more than one method (Table 2.2). 

 

2.3.3 Phylogenetic analyses 

 

The NJ tree that includes all 177 sea urchin candidate ORs (rhodopsin-like GPCR 

family) is shown in Figure 2.1. Removal of highly divergent sequences clarified tree 

topology and improved the statistical support for several nodes (Figure 2.2). This tree 

shows three main clades that contain only sea urchin candidate chemosensory genes. 

These clades include 27, 34 and 34 genes. The bootstrap support for the sea urchin 

candidate ORs and vertebrate OR node is 45%. The phylogenetic analysis also shows that 

a subset (n=15) of the sea urchin candidate ORs are found on well supported branches 

with non-OR genes from the rhodopsin-like GPCR family (Figure 2.2). 
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Table 2.2 List of sea urchin candidate chemosensory receptors (n=192). 

This table includes sequences with significant similarity to one or more of the three profile 

HMM (see text). It also includes sequences with the LxxxxRYxxxAIxxPL motif or with  ≥ 

70% identity to a motif containing sequence. Bitscores and e-values for sequences identified 

using HMMER are also shown (modified from Burke et al. 2006). 

 
Identification method 

Hidden Markov model (HMM) 

  LxxxxxxRxxAIxxPL Fish OR Lamprey OR Fish T1R 

Protein ID Motif ≥70% Bitscore E-value Bitscore E-value Bitscore E-value 
SPU_001503   59 4.80E-16     
SPU_001504   68.1 1.30E-18     
SPU_001531 motif        
SPU_001536 motif        
SPU_001537 motif        
SPU_001914     49.6 5.50E-14   
SPU_001950  motif ≥70%       
SPU_001951  motif ≥70%       
SPU_001952  motif ≥70%       
SPU_002167     79.5 9.30E-23   
SPU_002419* motif        
SPU_002599*   66 5.10E-18 35.2 8.80E-10   
SPU_002875     87.4 4.70E-25   
SPU_003365   45.2 3.80E-12     
SPU_003875*     90.2 6.90E-26   
SPU_004058*   55.4 5.00E-15     
SPU_004569*   52 4.50E-14     
SPU_004571*   68.6 9.50E-19     
SPU_004573*   44.1 7.80E-12     
SPU_004574*   63 3.50E-17     
SPU_004576*   49.5 2.30E-13     
SPU_004577*   48.2 5.30E-13     
SPU_004578*   71.4 1.50E-19 54.7 1.80E-15   
SPU_004579*   58.2 8.10E-16 40.6 2.40E-11   
SPU_004629 motif  52.1 4.20E-14 56.4 5.50E-16   
SPU_004752*   45.9 2.50E-12     
SPU_004754*   52.3 3.80E-14     
SPU_005086     64.5 2.30E-18   
SPU_005087     38.1 1.30E-10   
SPU_005097   37 7.80E-10 126.7 1.40E-36   
SPU_005578 motif        
SPU_005678     44.3 1.90E-12   
SPU_005846     65.5 1.20E-18   
SPU_005967 motif    120 1.30E-34   
SPU_006431* motif        
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Table 2.2 continued 

Identification method 

Hidden Markov model (HMM) 

  LxxxxxxRxxAIxxPL Fish OR Lamprey OR Fish T1R 

Protein ID Motif ≥70% Bitscore E-value Bitscore E-value Bitscore E-value 
SPU_006927     44.1 2.30E-12   
SPU_007186       64.5 9.40E-18 

SPU_007422   44.9 4.80E-12     
SPU_007467*   37.9 4.30E-10 40.7 2.30E-11   
SPU_007574*   66.4 4.00E-18     
SPU_007575*   68 1.30E-18     
SPU_007646 motif        
SPU_007747       181.6 6.20E-51 

SPU_007917   51.2 7.60E-14     
SPU_008190     35.3 8.30E-10   
SPU_008476*  motif ≥70%       
SPU_008564  motif ≥70%       
SPU_008789     40.7 2.20E-11   
SPU_008947     86.7 7.40E-25   
SPU_008973     59 9.60E-17   
SPU_008988       159.4 3.10E-44 

SPU_009038* motif        
SPU_009088*   53.3 2.00E-14     
SPU_009149     59 9.40E-17   
SPU_009202*   43.3 1.30E-11     
SPU_009393       106.6 1.80E-29 

SPU_009587*   70.5 2.70E-19     
SPU_009766     201.3 2.00E-58   
SPU_010357* motif        
SPU_010387*     66.3 6.90E-19   
SPU_010431*   49.3 2.70E-13     
SPU_010497     43.3 3.70E-12   
SPU_010836* motif  45.6 3.00E-12     
SPU_011320     173.1 3.70E-50   
SPU_011401*     38.2 1.20E-10   
SPU_011405     67.9 2.40E-19   
SPU_011672*   45.8 2.60E-12     
SPU_011698 motif        
SPU_011947     49.4 6.20E-14   
SPU_011948*     41.6 1.20E-11   
SPU_012237     42.1 8.70E-12   
SPU_012273     54.9 1.60E-15   
SPU_012434*   48.6 4.20E-13     
SPU_012435*   61.3 1.10E-16     
SPU_012436*   62.2 6.10E-17     
SPU_012438*   57.4 1.40E-15     
SPU_012499     154 1.50E-44   
SPU_012525*   53.6 1.60E-14 37.7 1.70E-10   
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Table 2.2 continued 

Identification method 

Hidden Markov model (HMM) 

  LxxxxxxRxxAIxxPL Fish OR Lamprey OR Fish T1R 

Protein ID Motif ≥70% Bitscore E-value Bitscore E-value Bitscore E-value 
SPU_012562*     35.9 5.60E-10   
SPU_012799 motif        
SPU_012974*   42.7 1.90E-11     
SPU_012979     87.4 4.70E-25   
SPU_013107     201.3 2.00E-58   
SPU_013152     52.2 9.50E-15   
SPU_013306*   63.5 2.60E-17     
SPU_013359 motif  58.2 8.20E-16 63.7 4.00E-18   
SPU_013453     56.2 6.50E-16   
SPU_013623*   50.6 1.20E-13 37.1 2.50E-10   
SPU_013767   37 7.70E-10 123.8 1.00E-35   
SPU_014086     40.8 2.00E-11   
SPU_014269     104.7 3.80E-30   
SPU_014380 motif        
SPU_014447* motif        
SPU_014448* motif        
SPU_014487* motif        
SPU_015098* motif        
SPU_015139 motif        
SPU_015140 motif        
SPU_015259     40.6 2.30E-11   
SPU_015512*   39 2.20E-10     
SPU_015593     42.5 6.50E-12   
SPU_015761   37 7.70E-10 123.8 1.00E-35   
SPU_015788*   41 5.80E-11     
SPU_015847*   54.6 8.40E-15     
SPU_015968     126.1 2.20E-36   
SPU_016177     55.8 8.10E-16   
SPU_016939     58.6 1.20E-16   
SPU_016940     55.6 9.60E-16   
SPU_016941     55.5 1.00E-15   
SPU_016942     39.4 5.30E-11   
SPU_017325 motif        
SPU_017426       57.3 9.80E-16 

SPU_017585       256.5 1.80E-73 

SPU_017687*   53.6 1.60E-14     
SPU_017688*   53.6 1.60E-14     
SPU_017789*   50.4 1.30E-13     
SPU_017856* motif        
SPU_017918   48.9 3.30E-13 134.1 9.90E-39   
SPU_017919   37.1 7.40E-10 124.9 4.80E-36   
SPU_018006   39.9 1.20E-10 51.6 1.40E-14   
SPU_018091     89.5 1.10E-25   
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Table 2.2 continued 

Identification method 

Hidden Markov model (HMM) 

  LxxxxxxRxxAIxxPL Fish OR Lamprey OR Fish T1R 

Protein ID Motif ≥70% Bitscore E-value Bitscore E-value Bitscore E-value 
SPU_018268     38.5 9.40E-11   
SPU_018339 motif    52.6 7.10E-15   
SPU_018478       40.3 5.30E-11 

SPU_018600*   54.8 7.30E-15 40.6 2.40E-11   
SPU_018826     164.8 1.00E-47   
SPU_018966     42.3 7.30E-12   
SPU_019084     48.9 8.70E-14   
SPU_019108*   49.3 2.60E-13     
SPU_019228     57.8 2.20E-16   
SPU_019281     50.2 3.50E-14   
SPU_019376* motif        
SPU_019675 motif        
SPU_020028*   39.7 1.40E-10     
SPU_020213       67.5 1.40E-18 

SPU_020348     39.9 3.80E-11   
SPU_020361*   44.1 7.70E-12 63.8 3.60E-18   
SPU_021092     52 1.00E-14   
SPU_021160* motif        
SPU_021290 motif        
SPU_021588   46.6 1.50E-12 108.9 2.30E-31   
SPU_021794     49.1 7.80E-14   
SPU_022376 motif        
SPU_022401     37.4 2.00E-10   
SPU_022402     42.2 8.00E-12   
SPU_022403     39.8 3.90E-11   
SPU_022436*   55.4 5.00E-15     
SPU_022459* motif        
SPU_022468 motif        
SPU_022683   49.4 2.50E-13 162.5 4.70E-47   
SPU_022684     159.6 3.30E-46   
SPU_022730* motif  37 8.00E-10     
SPU_022857     100.3 7.70E-29   
SPU_023223 motif        
SPU_023742* motif        
SPU_023754*   59.1 4.60E-16 35.5 7.20E-10   
SPU_023755*   47 1.20E-12     
SPU_024079*     60.4 3.80E-17   
SPU_024749   38.5 3.00E-10     
SPU_024887 motif        
SPU_024889*  motif ≥70%       
SPU_024900   51.7 5.50E-14 149.2 3.60E-43   
SPU_024924     42 9.20E-12   
SPU_024934     61.9 1.40E-17   
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Table 2.2 continued 

Identification method 

Hidden Markov model (HMM) 

  LxxxxxxRxxAIxxPL Fish OR Lamprey OR Fish T1R 

Protein ID Motif ≥70% Bitscore E-value Bitscore E-value Bitscore E-value 
SPU_024992     35.1 9.40E-10   
SPU_025315       186.5 2.10E-52 

SPU_025412* motif  44.7 5.40E-12     
SPU_025436     117.6 6.60E-34   
SPU_025661       200.2 1.60E-56 

SPU_025999       163.4 1.80E-45 

SPU_026059*   40.5 8.10E-11     
SPU_026167* motif        
SPU_026368*  motif ≥70%       
SPU_026369  motif ≥70%       
SPU_026370  motif ≥70%       
SPU_026432     77.1 4.60E-22   
SPU_026530       193.5 1.70E-54 

SPU_026626       50.2 9.50E-14 

SPU_026627       151.1 6.50E-42 

SPU_026688  motif ≥70%       
SPU_026773       108.6 4.90E-30 

SPU_026853     36.5 3.80E-10   
SPU_027212     40.9 1.90E-11   
SPU_027549*   50.6 1.10E-13     
SPU_027700     66.3 7.00E-19   
SPU_027867     37 2.70E-10   
SPU_027884     60.2 4.10E-17   
SPU_027908* motif        
SPU_028063*     71.1 2.80E-20   
SPU_028231*   60.3 2.00E-16     
SPU_028351     140.9 9.90E-41   
SPU_028801     37 2.70E-10   
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Figure 2.1 Phylogeny of 177 S. purpuratus candidate ORs. 

Phylogeny of 177 S. purpuratus candidate ORs (blue), vertebrate ORs (pink) and a diversity 

of rhodopsin-like GPCRs (black). The Neighbor-Joining tree was constructed using 

approximately 200 amino acid positions and Poisson-corrected distances. One thousand 

bootstrap replicates were conducted (values for major clades are shown). There are 311 

genes in the tree including 60 vertebrate ORs and 74 non-ORs from the rhodopsin-like 

GPCR family. 
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Figure 2.2 Phylogeny of 144 S. purpuratus candidate ORs. 

Phylogeny of 144 S. purpuratus candidate ORs (blue), vertebrate ORs (pink) and a diversity 

of rhodopsin-like GPCRs (black). Sea urchin genes on branches with non-OR rhodopsin-

like GPCRs that are supported by ≥70% are labelled in red (n=15). The Neighbor-Joining 

tree was constructed using approximately 200 amino acid positions and Poisson-corrected 

distances. One thousand bootstrap replicates were conducted (values for major clades are 
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shown). There are 278 genes in the tree including 60 vertebrate ORs and 74 non-ORs from 

the rhodopsin-like GPCR family.  

 

2.3.4  Gene expression  

 

Sea urchin tissues were surveyed for expression of candidate ORs using locus specific 

primers. I found five genes that are expressed in putative sensory structures such as 

pedicellariae and tube feet (Figure 2.3). Transcripts of a few genes were also detected in 

the spines, the testis and immature sperm. The identity of amplification products was 

confirmed by sequencing. 
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Figure 2.3 Expression profile of S. purpuratus candidate ORs in sea urchin tissues. 

Protein ID numbers are listed on the left and tissue types are listed above. The positive 

control is the TATA binding protein (TBP). The TBP primers span an intron therefore 

amplicons from DNA are expected to be larger than amplicons from cDNA (data not 

shown). Abbreviations: Tri. ped. = tridentate pedicellariae, P. membrane = peristomial 

membrane Glob. ped. = globiferous pedicellariae, Ophio. ped. = ophiocephalous 

pedicellariae. 
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2.4 Discussion 
 

Using a combination of bioinformatics approaches, 192 candidate chemosensory genes 

were uncovered in the S. purpuratus protein predictions. Within the set of 192, 177 have 

sequence features that are characteristic of the rhodopsin-like GPCR family. These 

features include the [D/E]R[Y/W] motif in TM3, a conserved cysteine residue in TM3 

and IL2, a tryptophan residue in TM4 and the NPxxY motif in TM7 (Fredriksson et al. 

2003; Karnik et al. 2003: Fredriksson and Schiöth 2005). It is these sites that serve as 

anchors in the sequence alignment. The majority (71%) of the sea urchin candidate ORs 

are single exon genes and one third are found in the genome linked to at least one other 

candidate OR. This organization is observed in ORs, TAARs, FPRs and V1Rs. Protein 

sequence identity among the 177 candidate ORs ranges from approximately 6-99% over 

the transmembrane spanning domains. The remaining 15 S. purpuratus genes were hits to 

the fish T1R HMM and belong to the glutamate family of GPCRs (Figure 1.1) which 

includes metabotropic glutamate receptors, GABA receptors, calcium-sensing receptors, 

the fish 5.24 receptor (Speca et al. 1999) and T1Rs (Fredriksson et al. 2003). 

 

2.4.1 Phylogenetic analyses  
 

The phylogenetic analysis that includes the S. purpuratus candidate ORs, a diversity of 

ORs from vertebrates, and a diversity of non-OR receptors from the rhodopsin-like 

GPCR family shows that among the sea urchin candidate ORs, there are three sea urchin 

specific clades (Figure 2.2). Several of the genes within each clade are found linked in 

the sea urchin genome. This, combined with the observation that several of these genes 
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are found on short branches in the phylogeny in Figure 2.2, suggests that these genes 

were produced by recent duplication or gene conversion events. 

 

Although the genes identified in this survey are rhodopsin-like, their phylogenetic 

position with respect to the vertebrate ORs and the other rhodopsin-like GPCRs is not 

clear. The phylogenetic analysis shows weak statistical support for a monophyletic clade 

that includes sea urchin candidate ORs and a subset of vertebrate ORs. The bootstrap 

support for this node is 45% (Figure 2.2). Furthermore, these results suggest that the S. 

purpuratus candidate OR genes are only distantly related to the other major groups of 

rhodopsin-like GPCRs. This finding is consistent with the data collected in an 

independent survey by Raible et al. (2006). It is not clear however, to what extent this 

apparent divergence can be explained by the phylogenetic distance between sea urchins 

and vertebrates; at this point we did not yet know that the genome of the cephalochordate 

Branchiostoma floridae encodes a family of ORs (Chapter 3; Churcher and Taylor 2009). 

Also, the repertoires of rhodopsin-like GPCRs in urochordates and cephalochordates 

(Kamesh, Aradhyam and Manoj 2008; Nordström, Fredriksson and Schiöth 2008) had 

not yet been characterized. Therefore few sequences were available to help break up the 

long branches that separated candidate ORs in sea urchins from ORs in vertebrates. The 

relationships between the expanded subfamilies of sea urchin rhodopsin-like GPCRs 

reported by Raible et al. (2006), the sea urchin genes from the current study, and the 

other main subgroups of rhodopsin-like GPCRs are unlikely to be resolved in the absence 

of sequences from the other classes of echinoderms and other invertebrate deuterostomes. 

Therefore, the next step is to break up long branches with genes from the other four 
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echinoderm classes and other invertebrate deuterostomes such as urochordates, 

cephalochordates and hemichordates.  

 

In this survey, a subset of genes was uncovered that, based on the phylogenetic 

analysis, appear to be more closely related to non-OR genes from the rhodopsin-like 

GPCR family. That is, 15 genes are located on branches in the phylogenetic tree with 

non-OR rhodopsin-like GPCRs that are supported by ≥70% bootstrap support (Figure 

2.2). Of the 15 genes, ten were retrieved using our motif based search approach and five 

were hits to the lamprey OR HMM. This result suggests that our search motif could be 

improved by making the motif more OR-specific. This result also suggests that the fish 

OR HMM is a better search tool than the lamprey OR HMM. A subset of the proteins 

used to construct the lamprey OR HMM have since been reannotated as TAARs 

(Hashiguchi and Nishida 2007) which likely reduced the OR specificity of the model. 

 

The S. purpuratus genome encodes between 895 (Materna, Berney and Cameron 2006) 

and 979 rhodopsin-like GPCRs (Raible et al. 2006) therefore the number of sea urchin 

candidate ORs identified in our survey (reported in Burke et al. 2006) reflects about one 

quarter of the total number of sea urchin rhodopsin-like GPCRs. In an independent 

survey that is also reported in Burke et al. (2006), 678 candidate chemosensory receptors 

were identified in the sea urchin genome. Seventy-four of these genes were also retrieved 

using our search strategies (marked with * in Table 2.2). 
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2.4.2 Expression of candidate ORs 
 

Sea urchin tissues were surveyed for expression of candidate ORs with the prediction 

that, if a gene functions in odorant detection, it will be expressed at a location that is 

exposed to the environment. A diversity of sea urchin candidate ORs was selected to look 

for gene expression. This survey revealed that a subset of sea urchin candidate ORs are 

expressed in sea urchin sensory structures such as tube feet, pedicellariae and spines 

(Figure 2.3). These results support the hypothesis that these genes function in 

environmental monitoring. Although function cannot be inferred from expression data 

alone, this result forms the basis for an improved understanding of the molecular 

mechanisms of odorant detection in sea urchins. These genes may be used to identify 

cells that can be tested for function and to further characterize sea urchin sensory 

structures such as tube feet and pedicellariae. 

 

The sea urchin tissue expression data also revealed that sea urchin candidate ORs are 

expressed in sea urchin testis and immature sperm (Figure 2.3). ORs transcripts have also 

been found in mammalian (Parmentier et al. 1992; Vanderhaeghen et al. 1993; 

Feldmesser et al. 2006; Fukuda and Touhara 2006) and avian testes (Steiger, Fidler and 

Kempenaers 2008) as well as non-olfactory tissues (reviewed in Feldmesser et al. 2006). 

Some evidence shows that a few ORs have a role in sperm chemotaxis (Spehr et al. 

2003), however the function of ORs in non-olfactory tissues remains largely unexplored.  
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In an independent survey, Raible et al. (2006) used quantitative PCR (qPCR) to screen 

sea urchin tissues for expression of six putative chemosensory receptors. These genes 

belong to an expanded subfamily of sea urchin rhodopsin-like GPCRs from which no non 

sea urchin genes have been identified. None of the genes in this expanded subfamily were 

identified in the current survey. The pattern of expression observed by Raible et al. 

(2006) is similar to the data presented here in that transcripts were detected in tube feet 

and pedicellariae. Their data are different in that low levels of expression were detected 

in the ampullae and radial nerve and ring and no expression was detected in the testis. 

Here, transcripts were not detected in the radial nerve or ampullae. It cannot be ruled out 

however, that transcripts are present in these tissues at concentrations below the threshold 

of detection in this survey.   

 

2.5 Conclusions 
 

In this survey, I have identified a set of 192 sea urchin genes that share sequence 

features with receptors that are involved in vertebrate chemosensation. These include 177 

genes that belong to the rhodopsin-like GPCR family and 15 genes that belong to the 

glutamate family. Like the genes involved in vertebrate olfaction, the majority of the sea 

urchin candidate ORs are single exon genes that are tandemly arrayed in the sea urchin 

genome. These genes are expressed in locations that are exposed to the external 

environment supporting the hypothesis that they function in environmental monitoring. 

The genes identified here can be used to further characterize sensory cells in tube feet and 

pedicellariae and to identify cells that have not previously been described. By using an 
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approach that starts at the level of the gene we are able to bypass some of the obstacles, 

such as the small size of echinoderm nerves, that have historically made studying sensory 

systems in echinoderms difficult. This approach may be exploited to study other sensory 

systems in echinoderms and in other organisms in which genomic sequence data are 

available.  



 

 

Chapter 3:Amphioxus (Branchiostoma floridae) has orthologs of 
vertebrate odorant receptors 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A version of this chapter is published as: 
 
Churcher AM, Taylor JS. 2009. Amphioxus (Branchiostoma floridae) has orthologs of 

vertebrate odorant receptors. BMC Evolutionary Biology. 9:242.  
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3.1 Introduction  
 

Gene duplication and gene loss in different vertebrate lineages have lead to an 

enormous amount of variation in OR gene repertoire size among species. As mentioned 

in Chapter 1, some fish have fewer than 100 OR genes, while some mammals possess 

more than 1000. In mammals, phylogenetic analyses have shown that many of the OR-

encoding genes are the products of relatively recent duplication events. Despite lineage-

specific gene amplification and loss, ORs in vertebrates are members of a single large 

monophyletic clade. Here we report the results of our search for orthologs of vertebrate 

ORs in the tunicate, Ciona intestinalis (subphylum Urochordata), and in amphioxus, 

Branchiostoma floridae (subphylum Cephalochordata).  

 

Recently, phylogenetic analyses have shown that Urochordata is the extant sister group 

of the vertebrates and that Cephalochordata is the sister group to the vertebrate plus 

urochordate clade (Delsuc et al. 2006), which is called Olfactores (Jefferies 1991). Whole 

genome sequences are available for C. intestinalis and B. floridae but similarity-based 

surveys have not yet identified orthologs of vertebrate ORs in either genome (Kamesh, 

Aradhyam and Manoj 2008; Nordström, Fredriksson and Schiöth 2008). However, 

neither study employed as queries the available diversity of vertebrate OR sequences in 

their survey. Here we used a bioinformatics approach that mimics the molecular strategy 

of Buck and Axel. Instead of degenerate primers, we used an HMM model based upon a 

broad diversity of full-length fish OR sequences as a probe to survey the C. intestinalis 

and B. floridae protein predictions. The candidate ORs identified were then used as 
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BLASTP query sequences to search within each species for additional ORs. This 

experiment uncovered 50 full-length and 11 partial OR genes in B. floridae. No ORs 

were uncovered in C. intestinalis. Phylogenetic analysis places the B. floridae OR genes 

in a monophyletic clade with the vertebrate ORs demonstrating that the receptors 

involved in vertebrate olfaction evolved at least 550 million years ago. Many of these 

new B. floridae sequences lack introns and are linked as is the case for most vertebrate 

ORs. 

 

In this study, we also identified amino acid motifs that can discriminate between ORs 

and non-OR GPCRs in a regular expression-based survey. These key residues have 

proven to be useful for identifying formerly unrecognized ORs in vertebrates and for 

identifying orthologs in even more distantly related taxa (Chapter 4; Churcher and Taylor 

2011). Our results provide the foundation for future comparative studies with 

cephalochordates, urochordates and early vertebrates. The results will also aid in the 

understanding of OR gene family evolution, OR function, the mechanisms that control 

single receptor expression, axonal guidance, signal transduction and signal integration. 

 

3.2 Materials and methods 

3.2.1  An HMM and BLASTP based search for ORs in B. floridae 
 

Ray-finned fish (Actinopterygii) ORs (n=238), the majority from zebrafish (Danio 

rerio), were used with HMMER (Eddy 1998) to create an OR Hidden Markov Model 

(HMM). We used fish sequences instead of mammalian ORs because fishes have retained 

members of eight of the nine classes of odorant receptors thought to be present in early 
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vertebrates (Niimura and Nei 2005). Conversely, although mammals possess on average 

more ORs than other vertebrates, only two of the nine OR clades are present in mammals 

(Niimura and Nei 2005).  Fish OR nucleotide sequences (Alioto and Ngai 2005) were 

downloaded from GenBank and translated into amino acid sequences. All pseudogenes, 

and one sequence that could not be aligned (NM_131143.1), were removed and the 

remaining sequences were aligned with ClustalW (Thompson, Higgins and Gibson 1994). 

The alignment was edited by hand in BioEdit (Hall 1999) and used to construct a profile 

hidden Markov model (HMM) using default settings and the HMM calibrate application 

(Eddy 1998). This HMM model was used to search the B. floridae protein predictions 

(N=50 817, assembly version 1.0) that were downloaded from the DOE Joint Genome 

Institute (http://www.jgi.doe.gov). The protein predictions for C.  intestinalis (N=19 858, 

assembly version 2 release 53) were downloaded from Ensemble 

(http://www.ensembl.org/info/data/ftp/index.html) and searched using the OR HMM. An 

E-value cut-off of E-10 and default parameters were used for the HMM searches. 

 

The B. floridae sequences identified in the HMM survey were used as query sequences 

in a BLASTP (Altschul et al. 1997) search of the B. floridae protein predictions. For a 

BLASTP hit to be considered a candidate OR, it had to be at least 40% identical to the 

query sequence over a minimum of 100 amino acids. Each of the hit sequences that met 

this criterion was used in a second BLASTP search using the same criteria.  In this 

survey, only hits that aligned to one or more TM-spanning domain of the query 

sequences were retained. Proteins that spanned all seven TM domains were considered 

full-length sequences; all others were considered partial sequences. 
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3.2.2 Phylogenetic analyses  
 

All candidate ORs from B. floridae were aligned to 59 vertebrate ORs including 

sequences from lamprey, tetrapods (Sarcopterygii), and ray-finned fish (Actinopterygii) 

using ClustalW (Thompson, Higgins and Gibson 1994). A single candidate OR from B. 

belcheri (Satoh 2005) was also included in the alignment. N and C-termini were removed 

for the phylogenetic analysis as well as EL2 and TM5 because they could not be aligned 

(transmembrane boundaries defined by Man, Gilad and Lancet 2004). Non-OR GPCRs 

from the rhodopsin-like GPCR family included in the alignment were human and fish 

purinergic (GenBank: NM_002563, GenBank: CAK04925) and melanocortin receptors 

(GenBank: AAC13541, GenBank: NP_851301). Although several other rhodopsin-like 

genes were used as out-groups in our preliminary analyses (see Appendix A), the P2Y 

and melanocortin receptors were chosen because the human P2Y receptor belongs to a 

subgroup of the rhodopsin-like GPCRs that includes the human ORs (group δ) and is 

expected to be more closely related to the vertebrate ORs than the melanocortin receptor 

which belongs in another subgroup (group α) (Fredriksson et al. 2003, see Chapter 1). An 

alignment of 200 amino acid positions was used to construct a Neighbor-Joining tree in 

Mega 3.1 (Kumar, Tamura and Nei 2004) based on Poisson-corrected distances. Support 

for tree topology was estimated using 1000 bootstrap replicates.  

 

3.2.3  Key amino acid motifs 
 

To identify amino acid motifs common in vertebrate and B. floridae ORs, we 

constructed an alignment of vertebrate (n=64) and B. floridae (n=61) ORs. Sequences 



 

 

45 

from all nine clades of vertebrate ORs (Niimura and Nei 2005) were used in the 

alignment including representatives from human, mouse, lamprey, fish, chicken and 

amphibians. The alignment included the same amino acid positions that were used for the 

phylogeny. Using the alignment, we constructed a WebLogo (Crooks et al. 2004) from 

which a list of amino acid motifs was generated. To determine whether these motifs were 

present in ORs, non-ORs, or both, we downloaded InterPro protein families (Hunter et al. 

2009) IPR000276 (rhodopsin-like GPCRs) and IPR000725 (olfactory receptors) and used 

them to construct two MySQL databases: one containing 5438 ORs and the other 

containing the rhodopsin-like sequences with the OR genes from IPR000725 excluded 

(N=21 282). We searched these databases for the presence of the motifs using a series of 

regular expressions. An OR-specific motif was defined as one that is found in a large 

proportion of ORs but less than 1% of non-ORs. 

 

3.2.4  OR gene structure and scaffold positions 
 

Vertebrate ORs are intronless and are often found in tandem (Buck and Axel 1991; 

Young and Trask 2002; Mombaerts 1999). To determine if B. floridae ORs are also 

intronless and in tandem, we obtained exon number and gene orientation from the 

annotation file accompanying genome assembly version 1.0. The locations of these genes 

were obtained from the more recent version of the assembly, version 2.0. Our ability to 

identify single exon genes is limited by the incomplete annotation of the genome. 

However, as previously stated, we considered a full-length sequence to be one that spans 

all seven transmembrane domains. 
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3.3  Results  

3.3.1  HMM and BLASTP surveys 
 

When we searched the B. floridae protein predictions using the HMM model derived 

from fish ORs with an e-value cut off of E-10, three B. floridae proteins were identified.  

No proteins in the C. intestinalis protein predictions database were identified using the 

same search criteria. Each of the three amphioxus sequences was used as a query in a 

BLASTP search of the B. floridae protein predictions. This BLASTP search identified 50 

sequences that were at least 40% identical to one or more of the three query sequences 

over a minimum of 100 amino acids. To uncover additional candidate ORs, a second 

BLASTP search was carried out using the 50 hits from the first search as query 

sequences. The HMM search combined with two BLASTP searches generated a list of 

246 candidate ORs from the B. floridae protein predictions. However, 2 of the 50 hits 

from the first BLASTP search (Braf1_106555 and Braf1_92691) had unusually long N- 

termini and these domains alone aligned to 180 of the genes in the second BLASTP 

search. Five more sequences were hits only to the C-termini of query sequences 

Braf1_111311, Braf1_69444 and Braf1_87794. None of these 185 hits to N or C-termini 

contain any of the transmembrane spanning domains and they were removed from the 

dataset, leaving 61 candidate amphioxus ORs (see Appendix B). Three of these 61 

proteins were previously identified as GPCRs (Nordström, Fredriksson and Schiöth 

2008), but they were not considered to be ORs. One was classified as a basal member of 

the rhodopsin-like amine family (Braf1_69014), and the other two were not classified 

(Braf1_109264 and Braf1_69037). Of the 61 genes, 50 are considered full-length genes 
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because they contain all seven TM domains; the remaining 11 are partial sequences 

because they are missing at least one of the seven TM domains. 

 

3.3.2  Phylogenetics 
 

We aligned the 50 full-length candidate ORs from B. floridae with vertebrate ORs (see 

Appendix C for sequence list), some of which were used in the construction of the HMM. 

We also included non-OR GPCRs from the rhodopsin-like GPCR family to root the tree 

(alignment shown in Appendix D). The OR and non-OR out-group sequences have 

several ‘anchor’ residues common to rhodopsin-like GPCRs. These features include: a 

conserved cysteine residue in transmembrane domain three, TM3 (Bockaert and Pin 

1999; Karnik et al. 2003), the conserved E/DRY motif at the junction of TM3 and 

intracellular loop two (IL2), a tryptophan residue in TM4, and the NPxxY motif in TM7 

(Fredriksson et al. 2003; Fredriksson and Schiöth 2005). These conserved sites were used 

to obtain a reliable alignment. The results of this analysis (Figure 3.1) suggest that B. 

floridae ORs fall into two subfamilies: one contains 40 genes, the other contains 10 

genes. The phylogeny also shows that all B. floridae candidate ORs belong to a 

monophyletic clade and that this clade is the sister group to type 1 vertebrate ORs. This 

last observation suggests that vertebrate type 2 ORs diverged from type 1 ORs prior to 

the split between cephalochordates and the Olfactores (Jefferies 1991). Finally, a single 

gene from Branchiostoma belcheri, believed to be an amphioxus OR based on its 

expression domain (Satoh 2005), occurs in the larger subfamily of B. floridae ORs. 
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Figure 3.1 Phylogenetic analysis of B. floridae and vertebrate type 1 and type 2 ORs.  

Neighbor-Joining tree of representative type 1 and type 2 vertebrate ORs (n=59), 50 full-

length B. floridae ORs, and one sequence from B. belcheri (Satoh 2005). The vertebrate ORs 

include sequences from human, mouse, fish, amphibian, chicken and lamprey. The 

abbreviations in the sequence names represent these species: Danio rerio (Dr), Takifugu 

rubripes (Fr), Xenopus tropicalis (Xt), and Gallus gallus (Gg).  Type 1 and type 2 

designations are based on (Niimura and Nei 2005). Tree construction was based on 

approximately 200 amino acid positions and 1000 bootstrap replicates were conducted. The 

bootstrap values for nodes with less than 70% support were excluded from the tree and 

human and fish purinergic (GenBank: NM_002563, GenBank: CAK04925) and 

melanocortin receptors (GenBank: AAC13541, GenBank: NP_851301) were used to root 

the tree. For the complete list of vertebrate ORs included in the tree, see Appendix C. 

 

3.3.3  Regular expression survey 

 

The phylogenetic node separating amphioxus and Olfactores (Jefferies 1991) is 

approximately 550 million years old (Putnam et al. 2008). By identifying individual 

amino acid residues or motifs that are conserved in amphioxus and vertebrate ORs we 

may be able to find those that play an important role in signal transduction. Four 

conserved regions were uncovered using WebLogo (Figure 3.2). Three of these are found 

in intracellular loops 1-3, and one is found in TM7. For each of these conserved regions, 

it was possible to derive between 1 and 12 motifs that could be evaluated in terms of their 

ability to discriminate between ORs and other GPCRs from the rhodopsin-like gene 

family. These motifs were used in regular expression searches of an OR and a non-OR 

MySQL databases. From this list we identified one motif (KAxxTxxxH) that is found in 

more than 73% of ORs and less than 1% of non-ORs, and two motifs 
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(MxxxxYxxxCxPLxY, and LxxPxYxxxxxLxxxDxxxxxxxxP) that are present in more 

than 44% of ORs and less than 1% of non-ORs (Table 3.1).  
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Figure 3.2 WebLogo based on type 1 and type 2 vertebrate ORs and B. floridae ORs.  

This WebLogo was created using an alignment of 64 vertebrate ORs (chicken, human, 

mouse, lamprey, amphibian and fish), 50 full-length B. floridae ORs and 11 partial B. 

floridae ORs. Approximately 200 positions were included in the alignment. The arrows 

indicate positions where blocks of sequence have been removed because they could not be 

aligned. For this reason, extracellular loop 2 (EL2) and transmembrane domain 5 (TM5) 

are missing from the WebLogo image. Transmembrane domains are represented by green 

bars and the boundaries were defined according to (Man, Gilad and Lancet 2004). The 

intracellular and extracellular loops are labelled ‘IL’ and ‘EL’ respectively. The four 

conserved regions shaded in pink (labelled A-D) were used to generate a list of OR motifs 

(Table 3.1). 
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Table 3.1 List of amino acid motifs used to search OR and non-OR sequence databases.  

This table contains the 27 amino acid motifs identified from the WebLogo of B. floridae and 

vertebrate ORs. The areas of conservation from which the motifs were derived are labelled 

A-D and correspond to the regions shaded in pink in Figure 3.2. All variable amino acid 

positions are denoted by periods. The OR motifs were used in regular expression searches 

of an OR sequence database (n=5438), a non-OR database (n=21 282) and a database of 

full-length and partial B. floridae ORs (n=61).  The occurrence of each motif in a given 

database is given as a percentage. 

 

 

 
Motif 

 
ORs 
 

B.floridae 
ORs 

Non-ORs 
 

A L..P.Y.L...L...D........P 5.79 4.92 0.04 

A L..P.Y.....L...D........P 44.43 8.20 0.06 
A L..P.......L...D........P 47.11 77.05 7.56 
A L..P...L...L...D........P 6.71 73.77 5.39 
B L...M....Y...C.PL.Y 32.93 0.00 0.00 
B L...MA.D.Y...C.PL.Y 25.27 0.00 0.00 
B M....Y...C.PL.Y 52.94 67.21 0.17 
B MA.D.Y.AIC.PL.Y 37.57 0.00 0.01 
B MA.D.Y...C.PL.Y 41.69 37.70 0.10 
B MA.DRY.AIC.PL.Y 36.02 0.00 0.01 
B MA...Y...C.PL.Y 42.04 63.93 0.16 
C KA..T...H 73.48 14.75 0.24 
C KAF.....H 50.24 42.62 0.17 
C KA......H 75.05 47.54 1.54 
C K...T...H 83.32 18.03 1.29 
D NP..Y 68.90 75.41 40.03 
D NP..Y..R 46.41 65.57 2.45 
D NP..YG 7.87 21.31 6.17 
D NP..YS 36.43 54.10 2.11 
D NPIIY 13.63 42.62 9.74 
D P..NP..Y 57.32 0.00 0.59 
D PP..NP..Y 15.45 0.00 0.02 
D PS..NP..Y 0.28 3.28 0.01 
D S..NP..Y 0.97 65.57 21.65 
D S...NP..Y 2.57 62.30 8.36 
D SP..NP..Y 1.86 0.00 0.05 
D SS..NP..Y 0.15 62.30 2.77 
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3.3.4  Amphioxus OR gene structure and location  
 

Of the 61 B. floridae ORs, 50 are full-length genes. Of these, 35 are predicted to be 

intronless (see Appendix B). In the B. floridae assembly version 2.0, the 61 genes are 

found on 44 scaffolds. Four of these scaffolds contain two ORs, two contain three ORs 

and three contain four ORs. 

 

3.4 Discussion  
 

Using a combination of HMM and BLASTP searches, we have identified 50 full-length 

and 11 partial sequences among the B. floridae protein predictions that appear to be ORs. 

Similarities between the vertebrate ORs used to generate the HMM and amphioxus hits to 

this HMM are low. However, the stringent criteria used in our alignment-based searches 

and the bootstrap support for the key nodes in the phylogenetic tree support the 

hypothesis that these amphioxus genes are orthologs of vertebrate ORs. Furthermore, the 

B. floridae candidate ORs have amino acid motifs found in vertebrate ORs that appear 

not to occur, or occur very rarely, in non-OR genes from the rhodopsin-like GPCR 

family. Lastly, evidence has been reported by Satoh (2005) indicating that these genes are 

likely to be expressed in B. floridae rostral epithelium. 

 

3.4.1 Phylogenetic analysis 
 

Vertebrate ORs have recently been divided into two groups, the type 1 and the type 2 

ORs; the type 1 genes have been further subdivided into six clades (Niimura and Nei 
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2005). Genes from only two of these type 1 clades are present in mammals, whereas fish 

and amphibians have genes from five of the six clades. Type 2 ORs have been subdivided 

into three clades and appear to be present only in amphibians and fish (Niimura and Nei 

2005). Since type 1 ORs have been identified in lamprey (Freitag et al. 1999), the 

divergence between these two lineages of paralogous genes occurred at least 450 million 

years ago (Niimura and Nei 2005). Representatives from all nine type 1 and type 2 

vertebrate OR clades were included in a phylogenetic analysis with the candidate ORs 

from B. floridae identified here. The results of this analysis demonstrate that amphioxus 

ORs and the vertebrate type 1 ORs form a monophyletic group (Figure 3.1). In a separate 

phylogenetic analysis, we added fish and mammalian sequences from the α, β, γ and δ 
subgroups of rhodopsin-like GPCRs (Fredriksson et al. 2003) and non-OR rhodopsin-like 

GPCRs from B. floridae (Nordström, Fredriksson and Schiöth 2008) (see Appendix A). 

The addition of more sequences to the phylogeny had no effect on the bootstrap support 

for the key nodes and did not change the topology of the tree. These observations not 

only provide strong support for the hypothesis that the amphioxus genes are orthologs of 

vertebrate ORs, they also indicate that type 1 and type 2 ORs diverged more than 550 

million years ago.  

 

Sequence identity among amphioxus ORs ranges from approximately 22% to 95%, 

over the seven transmembrane regions indicating that these genes were produced by old 

and recent duplication events. This pattern can also be observed in fish ORs; sequence 

identity among the 238 fish ORs used in this study ranges from under 20% to over 90% 

(data not shown). The range of sequence identity values between B. floridae ORs and the 
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vertebrate ORs derived from the alignment used to reconstruct the phylogeny in Figure 

3.1 was 10% to 31%. All B. floridae ORs are members of a clade that contains no 

vertebrate sequences suggesting that a few OR genes have provided the raw material for 

gene family expansions just as in several vertebrate lineages.  

 

The number of OR genes identified in B. floridae is smaller than the number of OR 

genes that are found in most vertebrates. One possible explanation is that the majority of 

the receptors involved in olfaction in B. floridae are encoded by other gene families, such 

as the TAARs or the FPRs. Alternatively, we may not have identified all members of the 

B. floridae OR gene family. If this is the case, these genes may belong to OR gene 

families yet to be identified in any chordates; the InterPro database (Hunter et al. 2009) 

contains a number of orphan genes in the rhodopsin-like GPCR family. As genome 

annotation improves for lamprey, hemichordates and echinoderms, it might be possible to 

identify additional OR genes in amphioxus and vertebrates that cannot be detected using 

a search based entirely upon the OR diversity currently described in vertebrates.  

 

As mentioned above, Nordström et al. (2008) did not uncover orthologs of vertebrate 

ORs among the 664 GPCRs identified in their survey of the B. floridae protein 

predictions. Our search strategy differed from theirs in that it employed a greater 

diversity of vertebrate OR sequences to query the amphioxus protein predictions. As 

mentioned in Chapter 1, mammals generally have more ORs than fish, but they have 

representatives of only two of the nine OR clades, whereas fish have OR genes from 

eight of these clades (Niimura and Nei 2005). By using fish sequences instead of 
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mammalian sequences in our search, we emphasized residues conserved in a broad 

diversity of ORs and were able to ignore residues that appear to be diagnostic for ORs 

only because they are common in recently duplicated genes. 

 

3.4.2 Sequence conservation: GPCRs 
 

The candidate B. floridae ORs identified in this study share several features with other 

genes in the rhodopsin-like GPCR family. These include a conserved cysteine residue at 

the border of TM3 and extracellular loop (EL1), a conserved tryptophan in TM4, and an 

NPxxY motif in TM7. The cysteine residue is present in most GPCRs and is thought to 

participate in a disulfide bond between TM3 and EL2 (Bockaert and Pin 1999; Karnik et 

al. 2003). The tryptophan residue in TM4 plays a role in inter-helix interactions that help 

to maintain receptor conformation (Palczewki et al. 2000). The NPxxY motif is found in 

most genes in the rhodopsin-like GPCR family (Palczewki et al. 2000; Karnik et al. 2003) 

including vertebrate ORs (Zozulya, Echeverri and Nguyen 2001; Alioto and Ngai 2005) 

and is thought to be involved in receptor internalization and desensitization (Gripentrog, 

Jesaitis and Miettinen 2000). A DRY motif occurs in TM3 of most rhodopsin-like 

GPCRs (Fredriksson et al. 2003; Karnik et al. 2003). While this motif is also present in 

some B. floridae ORs, the majority have a leucine (L) in place of the arginine (R) residue. 

The consequences of mutations in this motif vary (reviewed in Rovati, Capra and Neubig 

2007) and the DLY motif is not inconsistent with OR status. A search of our InterPro OR 

database uncovered homologous DLY motifs in human, colobus monkey, and dolphin 

OR proteins. 
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3.4.3  Sequence conservation: ORs 
 

Having shown that B. floridae ORs share several sequence features with other 

members of the rhodopsin-like GPCR family, our next goal was to identify features 

specific to ORs. The WebLogo analysis of an alignment of 125 ORs revealed four areas 

that are conserved in vertebrate and amphioxus ORs (Figure 3.2). From these four 

regions, we generated a series of 27 motifs that were then tested for their ability to 

discriminate between ORs and non-ORs. This survey identified three motifs common in 

ORs but rare in other rhodopsin-like GPCRs; LxxPxYxxxxxLxxxDxxxxxxxxP,  

MxxxxYxxxCxPLxY and KAxxTxxxH. These three motifs are found in intracellular 

loops one, two and three respectively and all three overlap with neighbouring TM 

domains. The KAxxTxxxH was best at discriminating between ORs and non-ORs (as 

defined by InterPro).  This motif occurred in 73.48% of ORs, but only in 0.24% of non-

ORs. 

 
As discussed in Chapter 1, conserved amino acid motifs have been observed in 

alignments of human, mouse and zebrafish OR sequences (Pilpel and Lancet 1999; 

Zozulya, Echeverri and Nguyen 2001; Liu et al. 2003 Alioto and Ngai 2005) and these 

motifs include some of the amino acid residues highlighted above. For example, most 

mammalian ORs have a conserved motif in IL1 (Liu et al. 2003) that is similar to the first 

motif identified in this study. Both motifs include a leucine (L) residue followed by 

downstream proline (P) and tyrosine (Y) residues. In B. floridae ORs, the L, P and Y 

residues are conserved though the Y residue appears to have been lost in many of the 

recent duplicates. The comparison between the MAYDRYVAIC motif found in zebrafish 
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and mouse ORs (Zhang and Firestein 2002; Alioto and Ngai 2005) and the second motif 

identified here suggests that the methionine (M), tyrosine (Y), and cysteine (C) residues 

are the most important components of this motif and may have OR-specific functions. 

The alanine (A) and aspartic acid (D) residues are also common in both vertebrate and B. 

floridae ORs (Table 3.1). In IL3, the KAFSTC motif is also present in human, mouse and 

zebrafish ORs (Zozulya, Echeverri and Nguyen 2001; Zhang and Firestein 2002; Alioto 

and Ngai 2005), however, the phenylalanine (F) and serine (S) residues are not as 

common in zebrafish ORs. The comparison between the KAFSTC motif and our third 

motif suggests that the lysine (K), alanine (A) and threonine (T) residues play the most 

important roles, and that the downstream histidine (H) would also be a good candidate for 

site directed mutagenesis studies. Though the threonine residue is highly conserved 

among taxa, it appears to have been lost in many of the B. floridae ORs. Finally, our 

analysis that included B. floridae sequences shows that an NPxxY motif, which is 

common to rhodopsin-like GPCRs, becomes a good OR marker when an arginine (R) 

residue is included two amino acids positions downstream (i.e. NPxxYxxR).   

 

The locations of the motifs within the intracellular loops suggest they these loops are 

important for OR signalling. In other GPCRs, the intracellular loops interact with G 

proteins and other proteins on the inside of the cell to regulate signal transduction. In 

mOR-EG, a mouse OR, mutation of conserved positions within the intracellular loops has 

been shown to inhibit receptor function that is unrelated to the protein's ability to bind 

ligands (Kato, Katada and Touhara 2008). The pattern of conservation observed here 

suggests that signal transduction in cephalochordate and vertebrate sensory neurons may 
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be regulated by similar molecular interactions on the inside of the cell. These conserved 

residues may also be important for maintaining receptor conformation in 

cephalochordates and vertebrates. Though purely speculative as to what the precise role 

of these residues is, these sites, because of their persistence over evolutionary time, are 

excellent candidates for functional analysis.  

 

3.4.4  Organization in genome 
 

ORs in vertebrates are intronless and have short N and C-termini (Buck and Axel 1991; 

Zhang and Firestein 2002; Quignon et al. 2005). In B. floridae, 35 out of 50 of the full-

length ORs identified in this study are intronless. Like vertebrates, most B. floridae ORs 

have short N-termini but unlike vertebrates, many B. floridae ORs have long C-termini. 

In mOR-EG, the C-terminus plays an important role in maintaining receptor 

conformation and specificity; mutation of residues within the C-terminus can inhibit 

signalling (Katada, Tanaka and Touhara 2004). In other GPCRs, the C-terminus is 

important for receptor phosphorylation and the internalization of the receptor from the 

membrane (reviewed in Hanyaloglu and von Zastrow 2008). The presence of long C-

termini in B. floridae ORs should be confirmed experimentally, however, the presence of 

several clusters of serine and threonine residues in the C-termini suggests they may be 

sites for receptor phosphorylation as seen in other GPCRs (Oakley et al. 2001; 

Hanyaloglu and von Zastrow 2008).  
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Another common feature of vertebrate odorant receptors is that they are often found 

tandemly arrayed in the genome (Quignon et al. 2005; Zhang and Firestein 2002; Alioto 

and Ngai 2005; Glusman et al. 2001; Niimura and Nei 2005). More than half of the full-

length and partial OR genes identified here are found on a scaffold with at least one other 

OR, and over a third of these genes are found on a scaffold with two or more ORs. Since 

the B. floridae genome assembly is not yet complete, the degree of linkage among B. 

floridae ORs is likely an underestimate. 

 

3.4.5  Expression in the rostral epithelium 
 

Although our bioinformatics approach tells us only that these amphioxus genes are 

orthologs of vertebrate ORs, there are also experimental data for a similar gene in B. 

belcheri suggesting these genes function as ORs. Satoh (2005) sequenced a single gene 

from B. belcheri that appeared to be related to vertebrate ORs and he showed expression 

in the rostral epithelium using an in-situ probe for this sequence. This gene was included 

in our phylogenetic analysis of B. floridae candidate ORs and it occurred nested within 

the larger group of B. floridae ORs (Figure 3.1).  Interestingly, Satoh also mentioned that 

the sequence he amplified from cDNA for the in-situ probe was ‘nearly identical’ to the 

one derived from genomic DNA suggesting there may be recently duplicated OR genes 

in the B. belcheri genome that are highly similar in primary structure. If these duplicate 

genes are present in the B. belcheri genome as seen in the B. floridae genome, then the 

primers used to make the in-situ probe may not have been gene-specific resulting in a 

pool of probes generated from highly similar B. belcheri OR genes. Alternatively, a 
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single probe may have bound to multiple, highly similar mRNAs. These factors may 

explain the ‘ubiquitous’ expression pattern in the rostral epithelium that Satoh observed. 

 

In conjunction with the expression data collected by Satoh (2005), the identification of 

amino acid motifs that are conserved in both amphioxus and vertebrate ORs supports the 

hypothesis that these amphioxus genes function as ORs. However, GPCRs that are 

similar in sequence may not have exactly the same function: sequence identities among 

the FPR genes range from 67-96% but in mice, not all of these genes are expressed in the 

vomeronasal sensory neurons (Rivière et al. 2009). For this reason, further experimental 

evidence is required to determine if the amphioxus ORs have the same function as 

vertebrate ORs. 

 

3.4.6  Ciona intestinalis 
 

Using the search strategy employed here, we did not uncover orthologs of vertebrate 

ORs in the urochordate Ciona intestinalis. Our results are consistent with those obtained 

in a recent survey of the C. intestinalis protein predictions for GPCRs (Kamesh, 

Aradhyam and Manoj 2008). Orthologs of vertebrate ORs may be present in other 

urochordate species but have been lost in C. intestinalis. However, the results of our 

phylogenetic analysis show that OR families have expanded from a few progenitor genes 

independently in many lineages, suggesting that the loss of ORs in any one clade (e.g. 

urochordates) could have been be a result of the loss of only one or two ancestral genes.  
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3.5 Conclusions  
 

In this study we have identified orthologs of vertebrate OR genes in the 

cephalochordate B. floridae.  This discovery supports the hypothesis that vertebrate ORs 

evolved prior to the split between cephalochordates and chordates, which occurred 

approximately 550 million years ago (Putnam et al. 2008). By aligning and comparing 

vertebrate and amphioxus ORs, we have identified amino acid motifs that are conserved 

only in ORs. These residues may prove useful for uncovering formerly unrecognized 

ORs in vertebrates and for uncovering orthologs in more distantly related taxa. These 

sites, which occur in intracellular loops, are also excellent candidates for mutation-based 

study of OR signal transduction. The expression domains of these genes may be used to 

identify candidate homologous sensory neurons in vertebrate and invertebrate chordates. 

Comparative studies that include cephalochordates, urochordates and early vertebrates 

should help us to understand OR gene family evolution, the mechanisms that control 

single receptor expression, axonal guidance, and signal transduction and integration. 
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by the discovery of orthologs in the cnidarian Nematostella vectensis. Genome 
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4.1  Introduction 
 

The OR repertoires of several mammals, fish and amphibians have been described and, 

more recently, cephalochordates (Chapter 3; Churcher and Taylor 2009) yet orthologs of 

chordate ORs do not appear to occur in protostomes such as insects and nematode worms 

(reviewed in Kaupp 2010). Though chemosensory receptors have been described in 

protostomes such as insects and nematode worms, these genes are unrelated to the ORs 

found in chordates. The apparent absence of chordate ORs in the protostomes does not 

mean that they are a deuterostome innovation. To explore the origin of ORs relative to 

the emergence of early metazoan lineages, we used amino acid motifs (Table 4.1) that are 

commonly found in cephalochordate and vertebrate ORs (Chapter 3; Churcher and 

Taylor 2009) to query the protein predictions of 12 invertebrate species. Sequences 

possessing these motifs were then used as queries in BLASTP searches for paralogous 

genes. Motif-possessing sequences and BLASTP hits were then used in two phylogenetic 

analyses. Using this approach, we found a novel group of genes in the cnidarian 

Nematostella vectensis. Phylogenetic analyses that included representatives from the 

other major lineages of rhodopsin-like GPCRs showed that the cnidarian genes, the 

cephalochordate ORs from the previous chapter, the vertebrate ORs, and a family of 

genes from the echinoderm, Strongylocentrotus purpuratus, form a monophyletic clade. 

The taxonomic distribution of these genes indicates that the formation of this clade and 

therefore the diversification of the rhodopsin-like GPCR family began at least 700 

million years ago, prior to the divergence of cnidarians and bilaterians.  

 



 

 

66 

4.2 Materials and methods 

4.2.1 Identification of OR-like genes 
 

The protein predictions from Monosiga brevicollis (n=9196, genome assembly version 

1.0; King et al. 2008), Capitella sp. I (n=32 415, genome assembly version 1.0, 

unpublished data), Helobdella robusta (n=23 432, genome assembly version 1.0, 

unpublished data), Lottia gigantea (n=23 851, genome assembly version 1.0, unpublished 

data), Trichoplax adhaerens (n=11 520, genome assembly version 1.0; Srivastava et al. 

2008), Nematostella vectensis (n=27 273, genome assembly version 1.0; Putnam et al. 

2007) and Ciona intestinalis (n=14 002, genome assembly version 2.0; Dehal et al. 2002) 

were downloaded from the US Department of Energy Joint Genome Institute 

(http://www.jgi.doe.gov). The sea urchin, Strongylocentrotus purpuratus, proteins (n=28 

944, assembly version 0.5; Sea Urchin Genome Sequencing Consortium 2006) were 

downloaded from the Human Genome Sequencing Center at Baylor College of Medicine 

(ftp://ftp.hgsc.bcm.tmc.edu/pub/data). The Caenorhabditis elegans proteins (n= 39 620, 

release WS190; C. elegans Sequencing Consortium 1998) were downloaded from 

WormBase (http://www.wormbase.org). The Drosophila melanogaster (n=20 815, 

release 54; Adams et al. 2000) and Anopheles gambiae (n= 13 133, release 54; Holt et al. 

2002) proteins were downloaded from Ensembl (www.ensembl.org). The Hydra 

magnipapillata proteins (n=17 398, assembly version 1.0; Chapman et al. 2010) were 

downloaded from the National Center for Biotechnology Information 

(ftp://ftp.ncbi.nih.gov). Protein sets were used to construct 12 MySQL databases that 

were searched using five amino acid motifs (Table 4.1) that are present in less than 1% of 

non-OR rhodopsin-like GPCRs (Chapter 3; Churcher and Taylor 2009). These motifs 
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were derived from a diverse set of lamprey, fish, mammalian and cephalochordate ORs 

and were selected because of their ability to discriminate between ORs and non-ORs 

from the rhodopsin-like GPCR family. Proteins containing a query motif were used in 

BLASTP (Altschul et al. 1997) searches for paralogs. Sequences that were at least 40% 

identical to the query sequence over a minimum of 100 amino acids were used in iterative 

BLASTP searches until no more genes meeting our search criteria could be identified. 

Only hits to at least part of any of the TM domains were retained. Three sequences were 

excluded because they do not appear to be GPCRs (S. purpuratus protein 028230, N. 

vectensis proteins 205877 and 212306). Proteins with all seven TM domains were 

considered full-length sequences; all others were considered partial sequences.  

 

4.2.2  Phylogenetic analysis 
 

Motif-containing sequences and BLASTP hits were aligned to vertebrate and 

cephalochordate ORs using ClustalW (Thompson, Higgins and Gibson 1994) and the 

alignment was adjusted by hand in BioEdit (Hall 1999). The alignment file is included in 

Appendix E. The Neighbor-Joining (NJ) tree was constructed in MEGA version 4.0 

(Tamura et al. 2007) using the pairwise deletion option. The unrooted NJ tree is based on 

approximately 200 amino acid positions and Poisson-corrected distances. Support for 

nodes was estimated using 1000 bootstrap replicates. Outgroup sequences from the 

protostomes, deuterostomes, cnidarians and a placozoan were carefully selected to ensure 

that, where possible, representatives of the α, β, γ and δ subgroups of rhodopsin-like 

GPCRs were included. The list of sequences can be found in Appendix F. N. vectensis 
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protein (214496) is very short and was excluded from the NJ tree to allow pairwise 

distances to be calculated from the alignment. Therefore, Figure 4.1 includes 45 of the 46 

N. vectensis OR-like genes. Tree topology was confirmed by using PHYML version 3.0 

(Guindon and Gascuel 2003) to construct an unrooted maximum likelihood tree. This tree 

is included in Appendix G. 

 

4.2.3  Identification of conserved amino acid residues 
 

To highlight conserved amino acid residues we constructed a WebLogo (Crooks et al. 

2004) from the alignment of 35 full-length N. vectensis OR-like genes (Figure 4.2). 

Amino acid residues that are commonly found in fish (Alioto and Ngai 2005), mouse 

(Alioto and Ngai 2005) and cephalochordate ORs (Chapter 3; Churcher and Taylor 2009) 

are marked in the Figure 4.2. 

 

4.3  Results 
 

Motif-containing proteins were identified in the cnidarian N. vectensis, the echinoderm 

S. purpuratus and the gastropod snail L. gigantea (Table 4.1). No proteins from the other 

nine invertebrates contained a query motif. 
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4.3.1 Nematostella vectensis 
 

In N. vectensis our motif-based search retrieved seven proteins with motif 1 and nine 

proteins with motif 2 (Table 4.1). Using these genes in iterative BLASTP searches, we 

uncovered a family of genes from the cnidarian, N. vectensis that belongs to a 

monophyletic clade that includes echinoderm, cephalochordate and vertebrate ORs 

(Figures 4.1, Appendix G). This relationship is not dependant on the inclusion of the 

motif-containing region of the alignment because removal of this region does not alter the 

topology of the tree (data not shown). This new N. vectensis gene family includes 35 full-

length and 11 partial OR-like genes (Appendix H) and contains six of the seven 

sequences with motif 1 and seven of the nine sequences with motif 2 (Table 4.1). 

Sequence identity among the full-length OR-like genes over the transmembrane spanning 

domains ranges from 14-98%. Like the chordate ORs, many of these genes have only one 

exon and are tandemly arrayed in the N. vectensis genome (Appendix H).  

 
 



 

 

Table 4.1 Occurrence of chordate OR motifs in the protein predictions from 12 invertebrates. 

  Speciesa 

  Motif b Monosiga 
brevicollis 

Trichoplax 
adhaerens 

Hydra 
magnipapillata 

Nematostella 
vectensis 

Helobdella 
robusta 

Lottia  
gigantea 

Capitella sp 
I 

Caenorhabditis 
elegans 

Drosophila 
melanogaster 

Anopheles 
gambiae 

Ciona      
intestinalis 

Strongylocentrotus 
purpuratus 

1 L..P.Y.L...L...D........P 0 0 0 7 0 0 0 0 0 0 0 6 

2 L..P.Y.....L...D........P 0 0 0 9 0 0 0 0 0 0 0 7 

3 MA.D.Y...C.PL.Y 0 0 0 0 0 0 0 0 0 0 0 0 

4 MA...Y...C.PL.Y 0 0 0 0 0 0 0 0 0 0 0 0 

5 M....Y...C.PL.Y 0 0 0 0 0 1 0 0 0 0 0 0 

              

a See methods for the numbers of proteins for each species 

b Positions denoted with '.' represent any amino acid 



 

 

71 

 



 

 

72 

Figure 4.1 Phylogenetic analysis of N. vectensis and S. purpuratus OR-like genes. 

This analysis includes N. vectensis and S. purpuratus OR-like genes, cephalochordate and 

vertebrate odorant receptors (ORs), and a diversity rhodopsin-like GPCRs that includes the 

trace-amine associated receptors (TAARs) and the formyl peptide receptor-like proteins 

(FPRs). The unrooted Neighbor-Joining (NJ) tree is based on approximately 200 amino acid 

positions and Poisson-corrected distances. The tree was constructed using the pairwise 

deletion option and support for nodes was estimated using 1000 bootstrap replicates. The 

bootstrap values for major clades are shown and the scale bar below indicates distance. 

Non-OR rhodopsin-like GPCRs were included based on the α, β, γ and δ subgroup 

classification (Fredriksson et al. 2003). A list of these genes is included in Appendix F. Type 

1 and 2 vertebrate OR designations are based on the classification in Niimura and Nei 

(2005). Motif-containing sequences are marked with ‘■’ and non-OR rhodopsin-like GPCRs 

from cnidarians are marked with ‘▲’. 

 

Two other N. vectensis genes contain a query motif one of which has motif 2 (Table 

4.1). Phylogenetic analysis showed that this gene, and eight genes that were BLASTP hits 

to this gene, form a monophyletic clade with the α subgroup of rhodopsin-like GPCRs 

(data not shown). The other N. vectensis gene has motif 1 and 2 (Table 4.1) and it had a 

single BLASTP hit. Although these two genes are clearly related to each other, we were 

unable to assign them to a rhodopsin-like GPCR clade based on the amino acid positions 

used in our phylogenetic analysis. 

 

4.3.2  Strongylocentrotus purpuratus 
 

Six proteins from S. purpuratus contain motif 1 and seven proteins have motif 2 (Table 

4.1). When used in iterative BLASTP searches, these proteins found an additional 20 full-

length genes. These 27 proteins, with the N. vectensis OR-like genes, form a 

monophyletic clade with the chordate ORs (Figures 4.1). Most of the 27 S. purpuratus 
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genes are single exon genes that are tandemly arrayed in the sea urchin genome 

(Appendix H).  

 

4.3.3  Lottia gigantea 
 

One protein from L. gigantea contains query motif 5 (Table 4.1) and it retrieved a 

single hit in our BLASTP search for paralogs. Both of the L. gigantea genes are most 

closely related to receptors in the α subgroup of rhodopsin-like GPCRs (data not shown). 

 

4.4  Discussion 
 

Using the combination of motif-based searches, iterative BLASTP searches and 

phylogenetic analysis, we uncovered a novel family of genes from the cnidarian N. 

vectensis that belongs to a monophyletic clade that includes echinoderm, cephalochordate 

and vertebrate ORs (Figures 4.1, Appendix G). This result suggests that chordate ORs 

evolved from a distinct clade of rhodopsin-like genes that was present in the ancestor of 

cnidarians and bilaterians and that is approximately 700 million years old (Putnam et al. 

2007).  

 

Our survey also uncovered 27 S. purpuratus genes that belong to a family of at least 40 

OR-like genes that were characterized by Burke et al. (2006) and Raible et al. (2006) 

(Figure 4.1). Although 13 of the 40 genes do not possess our query motifs and were not 

BLASTP hits to motif-containing sequences, they are single exon genes and most are 
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linked to genes that were detected in this survey. We therefore suspected the 13 genes 

may be related to the genes from this survey. We added them to the alignment and the 

phylogenetic analysis and our suspicions were confirmed; the 13 additional genes form a 

monophyletic clade with the 27 genes from this survey. More importantly, this new 

analysis clarifies the position of the S. purpuratus OR-like gene family relative to 

chordate ORs and other rhodopsin-like GPCRs.  

 

Consistent with previous genome surveys, we did not uncover orthologs of chordate 

ORs in the protostomes surveyed. Therefore, chordate ORs join the list of genes that are 

present in N. vectensis and vertebrates but appear to have been lost in flies and nematode 

worms (Putnam et al. 2007). In mammals, fish and cephalochordates, the OR genes 

appear to have arisen from only a few ancestral genes (Niimura and Nei 2005; Niimura 

2009; Chapter 3; Churcher and Taylor 2009) and therefore the apparent lack of chordate 

ORs in the protostomes may be the result of the loss of one or a few genes in the common 

ancestor of protostomes. While our survey included representatives from both the 

ecdysozoa and lophotrochozoa, it remains possible that OR orthologs occur in 

unsurveyed protostomes. 

 

Although our survey uncovered orthologs of chordate ORs in N. vectensis, we did not 

find representatives of this clade in the freshwater hydrozoan H. magnipapillata. This 

result is not surprising given that the amino acid substitution rates in H. magnipapillata 

proteins relative to their human orthologs is typically greater than the substitution rates 

found in N. vectensis and that the divergence time between anthozoans and H. 

magnipapillata is estimated to be 540 million years (Chapman et al. 2010). It is possible 
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that OR-like genes are present in H. magnipapillata and other hydrozoans but that these 

genes lack our query motifs. Many of the N. vectensis genes described above lack the 

motifs as did many of the S. purpuratus genes. And, while the motifs are common in 

chordate ORs, not all of them have the motifs. Therefore, these motifs can uncover OR 

orthologs in very distantly related metazoans, but the lack of motif possessing sequences 

in a given genome does not rule out the possibility that OR orthologs are present. 

 

Although the cnidarian and echinoderm genes are more closely related to the chordate 

ORs than any other rhodopsin-like GPCRs, the function of these genes is not yet clear. 

Expression data suggest that the amphioxus genes in this clade function as ORs (Satoh 

2005), but without experimental data from cnidarians and echinoderms, we cannot 

attribute the same role to these genes. The conservation of motif 1 over time however, 

combined with the results of our phylogenetic analysis makes these N. vectensis and S. 

purpuratus OR-like genes excellent candidates for expression and functional analysis. 

 

Several amino acid positions in the N. vectensis OR-like genes (Figure 4.2) are also 

conserved in cephalochordate (Chapter 3; Churcher and Taylor 2009) and vertebrate ORs 

(Alioto and Ngai 2005). In more closely related sequences (e.g. mouse or rat ORs), these 

sites are not obvious because residues at other positions can appear highly conserved 

simply because they occur in a large number of genes produced by recent duplication 

events. The discovery of orthologs of chordate ORs in cnidarians however, allows us to 

compare genes among lineages that diverged a long time ago and therefore exposes sites 

that are likely to be functionally significant.  
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Figure 4.2 Conserved amino acid residues among N. vectensis OR-like genes. 

The WebLogo (Crooks et al. 2004) is based on an alignment of 35 full-length N. vectensis 

OR-like genes from which the N and C-termini have been removed. The seven 

transmembrane spanning domains (TM 1-7) are labelled with blue bars and the 

intracellular (IL1-3) and extracellular (EL1-3) loops are also labelled. Amino acid positions 

that are common to fish ORs (Alioto and Ngai 2005) are indicated with ‘●’. Positions that 

are common to mouse ORs (Alioto and Ngai 2005) are shown with ‘-’ and those commonly 

found in cephalochordate ORs (Chapter 3; Churcher and Taylor 2009) are shown by ‘*’. 

The region of the alignment that contains motifs 1 and 2 is highlighted in light grey. 

 

 

Conserved amino acid positions found in N. vectensis and chordate ORs include an 

asparagine (N) in transmembrane domain one (TM1), several leucines (L), a proline (P) 

and an aspartate (D) in intracellular loop one (IL1) and TM2 (Figure 4.2). These residues 

were part of our query motifs (motifs 1 and 2) that also include a tyrosine (Y) residue. 

Although the tyrosine residue is present in a subset of N. vectensis OR-like genes, it 

appears to have been lost in the majority. This residue is also absent in some 

cephalochordate ORs (Chapter 3; Churcher and Taylor 2009) and zebrafish ORs (Alioto 

and Ngai 2005). In chordate ORs, the KAxxTxxxH (where x represents a variable amino 

acid position) motif in IL3 occurs frequently (Chapter 3; Churcher and Taylor 2009). In 

N. vectensis OR-like genes however, only the lysine (K) and the threonine (T) residues 

are common. 

 

The N. vectensis OR-like genes also have several amino acid residues that are common 

to rhodopsin-like GPCRs and that are believed to have roles in receptor activation. These 

include the D/ERY motif at the boundary between TM3 and IL2, a tryptophan (W) 

residue in TM4 and the NPxxY motif in TM7. The arginine (R) in the D/ERY motif and 
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the NPxxY motif are believed to function as micro-switches in receptor activation 

(reviewed in Nygaard et al. 2009).  

 

Most of the conserved residues occur in, or very close to, the intracellular loops of the 

protein (Figure 4.2). In other GPCRs, the intracellular loops interact with G proteins and 

other proteins on the cytosolic side of the cell (reviewed in Ritter and Hall 2009). In the 

mouse odorant receptor, mOR-EG, conserved positions within the intracellular loops are 

required for receptor function (Kato, Katada and Touhara 2008). It is therefore possible 

that signal transduction in cnidarians and chordates may be regulated in a similar fashion.  

 

Our phylogenetic analysis combined with the data presented by Anctil (2009) shows 

that there was a diversity of rhodopsin-like GPCRs in the cnidarian-bilaterian ancestor; 

cnidarians have representatives of at least three of the four main subgroups of rhodopsin-

like GPCRs found in humans (Figure 4.1). Since the receptors involved in olfaction 

represent much of the diversity within the rhodopsin-like gene family (e.g. ORs, TAARs 

and FPRs) and receptors for environmental sensing are likely to have evolved prior to 

those for cell-cell communication, sensory receptors such as the ORs may be appropriate 

outgroups for understanding the evolution of rhodopsin-like GPCRs that have other 

functions.  

 



 

 

Chapter 5: Sea urchin (S. purpuratus) candidate ORs are 
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5.1 Introduction 
 

In this chapter, I expand upon the S. purpuratus gene expression data collected in 

Chapter 2. In Chapter 2, I reported the discovery of 192 candidate chemosensory genes in 

S. purpuratus, many of which were expressed in sea urchin sensory structures (e.g. tube 

feet and pedicellariae). The subsequent discovery of a family of ORs in B. floridae led to 

the identification of OR-specific amino acid motifs (Chapter 3; Churcher and Taylor 

2009). This revised analysis also exposed amino acid motifs that are present in sea 

urchin, cephalochordate, vertebrate and cnidarian ORs. The addition of the ORs from B. 

floridae and N. vectensis (Chapter 4; Churcher and Taylor 2011) to the phylogenetic 

analysis revealed that a subset of the original 192 genes form a monophyletic clade with 

mammalian, fish, cephalochordate and cnidarian ORs. Therefore, in this chapter, I focus 

on this set of S. purpuratus genes. The goal of this study was to characterize the 

expression pattern of S. purpuratus motif containing genes. This PCR survey utilized 

primers for two motif containing genes and two other genes that are closely related to 

motif containing genes. As in Chapter 2, the expectation here is that, if a gene functions 

in odorant detection, it should be expressed in tissues or structures that are exposed to the 

environment. 
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5.2 Materials and methods 

5.2.1 Animals 
 

One adult S.  purpuratus was obtained in Victoria, British Columbia and anaesthetized 

as described in Chapter 2. Ninety-six hour larvae were obtained from animals collected in 

Sooke, British Columbia.  

 

5.2.2 RNA extraction and cDNA synthesis 

 

Total RNA was extracted from the radial nerve, tube feet, the intestine, ampullae, 

pedicellariae (globiferous and tridentate), the peristomial membrane, ovary and tube feet 

from an adult sea urchin and from 96 hour larvae using AurumTM Total RNA Fatty 

Fibrous Tissue Pack from BioRad (catalogue no. 732-6830). To remove contaminating 

DNA, DNAse digestion was conducted on the column according to the manufacturer’s 

instructions as well as with Ambion’s DNA-freeTM kit (catalogue no. 1906). cDNA 

synthesis was carried out using iScriptTM cDNA Synthesis kit from BioRad (catalogue 

no. 170-8891) in 50µl reactions. One microgram of RNA was used in each reaction. 

 

5.2.3 Gene expression 
 

To determine whether the motif containing genes (and related sequences) identified in 

Chapter 4 are expressed in putative sensory structures, sea urchin tissues were surveyed 

using four primer pairs (Table 5.1). Control primers were designed to amplify the gene 

for the S. purpuratus TATA binding protein (TBP=SPU_012621). The TBP primers span 
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an intron, therefore amplicons from cDNA are shorter than those from genomic DNA 

(283bp versus 780bp). PCR products were amplified using iProofTM High Fidelity DNA 

Polymerase from BioRad (catalogue no. 172-5301) and the following cycling conditions: 

initial denaturation at 98°C for 30 seconds then 35 cycles of: 98°C for 10 seconds, 60-

68.5°C temperature (specific annealing temperatures are listed in Table 5.1) for 30 

seconds (annealing) and 72°C for 30 seconds (extension). Following the 35 cycles, the 

final extension at 72°C lasted 10 minutes. PCR amplification was done in 20ul reactions 

that contained: 20mM MgCl2, 4ul of iProofTM HF Buffer, 4mM dNTPs, 0.4-0.5 units of 

polymerase, 2ul of cDNA template and 10uM of the forward and reverse primers. To 

ensure no carryover DNA was present in the RNA, the TBP primers were used in PCR 

reactions that included 2ul of RNA as a template (negative control). All PCR reactions 

were done in an EppendorfTM Mastercycler® EP Grad S thermocycler.  

 

 

Table 5.1 Primer sequences, amplification products and PCR annealing temperatures 

Primer 
name 

Primer sequence (5’-3’) Amplification 
product 

Annealing  
(°C) 

TBPintF CAGGATGGAGGGCAACAGAGGAGTC SPU_012621 68.5 
TBPintR GCATGGAGGGCAATTTTCTTCAGATC SPU_012621 68.5 
04577 TGTATCGTGCTTCGGTGAAACAG SPU_004577 63 
1aR ACTCTTTGACTCGCAATCTTTCTCG SPU_004577 63 
10431F CCGGGTGGTACAAGACGAG SPU_010431 68 
10431R GAGAATGATCTGCCCGACATG SPU_010431 68 
13623F TTATCTTCATCATCCATTGGCCAC SPU_013623 65 
13623R CTTGACTAGTATCCATGTTGTCC SPU_013623 65 
09587F CTTCTCCTCATGTGTGTTTCAG SPU_009587 60 
09587R GACGTCATCAAAAGGTCGACTG SPU_009587 60 
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5.2.4 Cloning and sequencing 
 

PCR amplicons were separated by electrophoresis in a 2% agarose gel and, in cases 

where there were multiple bands, the target band was excised and extracted using 

QIAquick® Gel Extraction Kit from Qiagen (catalogue no. 28704) and re-amplified 

using PCR. PCR products from the tube feet or pedicellariae were purified using 

QIAquick® PCR Purification Kit (catalogue no. 28104), A-tailed using Taq DNA 

Polymerase from Invitrogen (catalogue no. 18038-018) and cloned using pGEM®-T 

Easy Vector System II from Promega (catalogue no. A1380). For SPU_013623 and 

SPU_004577, amplicons from both the tube feet and radial nerve were also cloned and 

sequenced. Insert-containing bacteria were screened using PCR for detecting clones with 

inserts of the expected size. Bacterial colonies were grown-up overnight and plasmids 

were isolated using QIAprep® Spin Miniprep Kit from Qiagen (catalogue no. 27104) or 

Wizard Plus SV Minipreps DNA Purification System from Promega (catalogue no. 

A1270). Sequencing was done at Operon using M13 primer sites. 

 

5.3 Results 

5.3.1 Gene expression 

 

The result of the tissue expression survey indicate that SPU_013623 is expressed in sea 

urchin tube feet, intestine, peristomial membrane, pedicellariae (globiferous and 

tridentate), radial nerve and 96 hour larvae (Figure 5.1). SPU_009587 appears to be 

expressed in the tube feet, peristomial membrane, pedicellariae (globiferous and 

tridentate) and radial nerve. No transcripts of this gene were detected in the intestine or 
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96 hour larvae. For SPU_010431, PCR products of the expected size were amplified from 

cDNA from all tissue types except the intestine and ovary. The SPU_010431 primers 

(Table 5.1) produced a second band that was observed only in globiferous and tridentate 

pedicellariae (marked with an * in Figure 5.1) and the peristomial membrane. I cloned 

and sequenced this product and it was identified as SPU_007614 which is annotated in 

GenBank as beta actin.   

 

A transcript of SPU_004577 was amplified, cloned and sequenced from tube feet 

cDNA. I also cloned and sequenced the faint band that was amplified from the radial 

nerve cDNA (Figure 5.1). I wanted to confirm that this product was SPU_004577 

because in my Chapter 2 survey, I did not detect transcripts of SPU_009202, which is 

closely related to SPU_004577 (labelled in Figure 5.1), in the radial nerve (Figure 2.3). 

The sequenced clone was identified as SPU_010994 which is not a GPCR however it is 

possible that the PCR product from the radial nerve also includes amplicons of 

SPU_004577. 
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Figure 5.1 Phylogeny and gene expression data for sea urchin candidate ORs.   

A) This tree is a condensed version of the Neighbour-Joining tree shown in Figure 4.1. It 

includes N. vectensis and S. purpuratus OR-like genes, chordate ORs (vertebrate and 

cephalochordate) and a diversity rhodopsin-like GPCRs (Chapter 4, Appendix F). The N. 

vectensis OR-like genes, the chordate ORs and the rhodopsin-like GPCRs are on collapsed 

branches. OR-specific motif-containing sequences are marked with ‘■’.  B) Expression 

profile of S. purpuratus OR-like genes in sea urchin tissues. Protein identification numbers 

are listed on the right and the tissue types are listed above. Primers for the TATA binding 

protein (TBP) and S. purpuratus genomic DNA were used as positive controls. The RNA 

from which cDNA pools were transcribed and PCR reactions with the TBP primers and no 

added template  were used as negative controls. The TBP primers span an intron therefore 

amplicons from DNA are expected to be larger than amplicons from cDNA. The band 

marked with an '*' was cloned and sequenced and identified as beta actin (SPU_007614). 

Abbreviations: Tri. ped. = tridentate pedicellariae, P. membrane = peristomial membrane, 

Glob. ped. = globiferous pedicellariae.  

 

5.4 Discussion 
 

The goal of this survey was to expand upon the sea urchin gene expression data 

collected in Chapter 2. My original survey uncovered 192 candidate chemosensory genes 

in S. purpuratus, several of which are expressed in sea urchin sensory structures such as 

tube feet and pedicellariae. The subsequent discovery of ORs from B. floridae (Chapter 

3; Churcher and Taylor 2009) and N. vectensis (Chapter 4; Churcher and Taylor 2011) 

and the addition of these genes to the phylogenetic analysis revealed that a subset of 40 of 

the original 192 sea urchin genes form a monophyletic clade with mammalian, fish, 

cephalochordate and cnidarian ORs. Therefore, in this chapter, I focussed on this set of 

genes with the expectation that, if a gene functions in odorant detection, it should be 

expressed at a location that is exposed to the environment. 
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Of the subset of sea urchin genes mentioned above, seven have an OR-specific motif 

(Table 4.1, marked in Figure 5.1). Sea urchin proteins SPU_013626 and SPU_009587 

have the motif LxxPxYxLxxxLxxxDxxxxxxxP (where 'x' represents a variable amino 

acid position). My expression survey indicates that mRNA transcripts of SPU_013626 

are found in tube feet, the intestine, the peristomial membrane, pedicellariae (globiferous 

and tridentate), the radial nerve, and 96 hour larvae (Figure 5.1); no such transcripts were 

detected in the ovary. Transcripts of SPU_009587 were found in tube feet and appear 

also to occur in the peristomial membrane, pedicellariae and the radial nerve, however no 

transcripts of this gene were detected in the intestine, ovary or 96 hour larvae (Figure 

5.1). 

 

Sea urchin tissues were also screened for transcripts of SPU_010431 and SPU_004577. 

These genes encode proteins that are closely related to the motif-containing genes 

mentioned above, but they do not have the motif. PCR products of the expected size were 

amplified from tube feet, peristomial membrane, globiferous and tridentate pedicellariae, 

radial nerve and 96 hour larvae cDNA. Both bands from the tridentate pedicellariae 

(Figure 5.1) were cloned and sequenced. The product of the expected size was confirmed 

as SPU_010431. The second band, which was found only in cDNA from the two types of 

pedicellariae (marked as an * in Figure 5.1) was identified as a transcript variant of beta 

actin. 

 

For SPU_004577, amplicons of the expected size were synthesized from: tube feet, 

peristomial membrane, globiferous pedicellariae, tridentate pedicellariae and radial nerve 
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cDNA (Figure 5.1). Sequencing confirmed that transcripts for SPU_004577 are present in 

tube feet, however sequencing of the radial nerve product revealed that it was 

SPU_010994 which is not a GPCR. This result suggests that the product amplified from 

radial nerve cDNA is not SPU_004577 however I cannot rule out the possibility that this 

product also includes copies of SPU_004577.  

 

In Chapter 2, we cloned and sequenced an amplicon of SPU_009202 (Figure 2.3) 

which is closely related to SPU_004577 (marked in Figure 5.1). The results from Chapter 

2 indicate the SPU_009202 is expressed in a similar pattern to that of SPU_004577. In 

the Chapter 2 survey, amplicons were detected in three types of pedicellariae (tridentate, 

globiferous and ophiocephalous), the peristomial membrane, tube feet and the testis. No 

transcripts of SPU_009202 were detected in radial nerve. It is noteworthy, that 

SPU_009202 product from Chapter 2 was amplified using primers specific to another 

closely related gene (Table 2.1). Given this result and the high sequence identity among 

members of this subset of genes, it is possible that the PCR products reported here and in 

Chapter 2 include more than one gene.  

 

The presence of transcripts of S. purpuratus candidate ORs in tube feet and 

pedicellariae lends support to the hypothesis that these genes are used in environmental 

monitoring however, the detection of transcripts in tissues that are not exposed to the 

environment (e.g. the intestine) suggests that these genes may have additional roles. 

Since Buck and Axel discovered ORs in 1991, several studies have reported transcripts of 

ORs in non-olfactory tissues (reviewed in Feldmesser et al. 2006). As mentioned in 
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Chapter 2, data for a few ORs show that they have roles in sperm chemotaxis (Spehr et 

al. 2003). For the majority of ORs however, little is known about their function in non-

olfactory tissues. Furthermore, one of the difficulties associated with making functional 

inferences based on transcript copy number is that some ORs are expressed at higher 

levels in non-olfactory tissues than in olfactory tissues (Feldmesser et al. 2006; Zhang et 

al. 2007). Interestingly, though it is well established that ORs are expressed in non-

chemosensory tissues, the criteria used in many studies to assign a chemosensory role to 

a novel receptor is that it is expressed exclusively in chemosensory tissues. When I began 

my dissertation research, I held the belief that the absence of transcripts for a receptor in 

non-chemosensory tissue was somehow indicative of the receptor's function in 

chemosensory tissues. My perspective now is that, until more is known about the 

function of chemosensory genes in unexpected locations, the presence of a receptor 

transcript in one tissue suggests it may have a role in that tissue, but it is not reliably 

informative in regards to the gene's role in other tissues.  

 

The observations made in this survey and my Chapter 2 survey suggest that the pattern 

of gene expression among tissues may provide valuable insight into the evolution of these 

receptor families. In this chapter, I observed that genes that appear to be recent duplicates 

have more restricted expression patterns compared to genes with conserved amino acid 

motifs. Some evidence suggests that ORs expressed in both the olfactory epithelium and 

non-olfactory tissues are under greater evolutionary constraint (Branscomb, Seger and 

White 2000; De la Cruz et al. 2009). Genes under greater evolutionary constraint are 

expected to have more conserved sequence features and are therefore more likely to be 
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retrieved in homology-based bioinformatics surveys. If ORs with conserved sequence 

features have broader expression patterns, then highly divergent genes are expected to 

have more restricted patterns of expression. Therefore, more divergent genes are most 

likely to be identified in surveys that require that a novel candidate chemosensory 

receptor be exclusively expressed in chemosensory tissues. The finding that SPU_013623 

has a conserved motif and has the broadest expression pattern of all the genes tested (here 

and in Chapter 2) is consistent with the above hypothesis and it will be intriguing to find 

out, with additional data, whether this pattern is consistent among other sea urchin 

receptors.  

 

5.5 Conclusions 
 

The expression data shown here is consistent with the hypothesis that these genes have 

roles in environmental monitoring however, transcripts were also detected in unexpected 

locations. The presence of transcripts in, for example, the intestine does not exclude the 

possibility that the protein products of these transcripts function in environmental 

monitoring in other tissues such as tube feet and pedicellariae. Though I cannot infer 

function based on expression data alone, the results from this survey and my Chapter 2 

survey are a prerequisite for further examination into the molecular basis for 

chemosensation in echinoderms. The genes described here can be used to label cells that 

can then be tested for function. As mentioned in Chapter 2, molecular tools are 

particularly useful for studying neural processes in echinoderms because of the small size 

of echinoderm nerves.  
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Chapter 6:Summary and future directions 
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6.1 Summary 
 

Chemical cues provide information about the surrounding environment and mediate a 

variety of activities such as foraging, anti-predator behaviour, reproduction, navigation 

(e.g., migration, dispersal, aggregation), and social communication. Though it is clear 

that sea urchins can respond to chemical cues, much remains to be understood about the 

molecular basis for chemosensation in these organisms. Using a combination of 

bioinformatics approaches, I uncovered 192 candidate chemosensory receptors many of 

which I show are expressed in sensory structures such as pedicellariae and tube feet. The 

utility of this expression data is that it can be used to further characterize the sea urchin 

sensory cells as well as to obtain an improved understanding of the molecular basis for 

chemosensation in echinoderms.  

 

In this dissertation, I describe a novel family of ORs in the cephalochordate B. floridae 

that includes 50 full-length and 11 partial genes. Like vertebrate ORs, the majority of B. 

floridae ORs are tandemly arrayed in the genome. By exposing conserved amino acid 

motifs and testing the ability of these motifs to discriminate between ORs and non-OR 

GPCRs, I identified three OR-specific amino acid motifs that are common in 

cephalochordate, fish and mammalian ORs. These motifs are found in less than 1% of 

non-ORs from the rhodopsin-like GPCR family. The significance of these motifs is that 

they can be used as probes to search for orthologs of chordate ORs in organisms in which 

ORs have not been identified.  
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To further investigate the antiquity of vertebrate ORs, I used the OR-specific motifs 

mentioned above to search for orthologs among the protein predictions from 12 

invertebrates. My search uncovered a new group of genes in the cnidarian N. vectensis. 

Phylogenetic analysis that included representatives from the other major lineages of 

rhodopsin-like GPCRs showed that the cnidarian genes, the cephalochordate and 

vertebrate ORs, and a subset of genes S. purpuratus from my initial survey, form a 

monophyletic clade. The taxonomic distribution of these genes indicates that the 

formation of this clade and therefore the diversification of the rhodopsin-like GPCR 

family began at least 700 million years ago, prior to the divergence of cnidarians and 

bilaterians.  

 

The utility of the new genes I describe here is that they can be used to identify 

candidate olfactory cells and organs in cnidarians, echinoderms and cephalochordates 

that can then be tested for function. Although olfaction is well-studied in insects, 

nematode worms and several vertebrates, ORs have not been identified for most 

metazoan lineages. Therefore, the genes I describe in this dissertation provide the raw 

material for surveys of other metazoans as their genomes become available. My sequence 

level comparison between chordates, echinoderms and cnidarians exposed several 

conserved amino acid positions that may be useful for understanding receptor mediated 

signal transduction; the persistence of these sites over evolutionary time suggests they 

have a common functional role. In addition, my phylogenetic analyses show that three of 

the four major subgroups of rhodopsin-like GPCRs that are present in human existed in 
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the ancestor of cnidarians and bilaterians. Therefore the rhodopsin-like GPCR family 

diversified much earlier than previously believed.  

 

My dissertation research was inspired by my observations at Bamfield Marine Sciences 

Centre in 2004. I was intrigued by the possibility that sea urchins could communicate 

with each other using chemical cues. Though my dissertation has taken a path that is 

different than perhaps I might have anticipated at the start of this research, the findings 

have, and will continue to, contribute to the body of knowledge concerning the evolution 

of chemosensory systems. This contribution serves as the foundation for future 

comparative investigations and provides new exciting avenues for future research.  

 

6.2 Future directions 
 

The rhodopsin-like GPCR family is particularly intriguing from an evolutionary 

perspective because it includes both sensory receptors (e.g. opsins and ORs) and 

receptors that communicate signals from one cell to another (e.g. serotonin and dopamine 

receptors). Although signalling through G proteins evolved earlier, rhodopsin-like 

GPCRs make their first appearance in sponges and placozoans. The recent sequencing of 

the sponge (Amphimedon queenslandica) and placozoan (Trichoplax adhaerens) 

genomes revealed that these animals possess rhodopsin-like GPCRs though the complete 

repertoires have not yet been characterized. The cnidarian N. vectensis genome encodes 

826 rhodopsin-like GPCRs (Nordström 2010). A detailed description of these genes has 

not yet been published however, our data from Chapter 4 show that the rhodopsin-like 
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GPCR family diversified into at least three of the four main clades found in mammals by 

the time cnidarians and bilaterians diverged. An improved understanding of this family in 

basal metazoans would therefore provide valuable insight into the evolution of cells that 

could signal to each other using receptors and ligands.  

 

In addition, the rhodopsin-like GPCR family represents a unique set of markers for 

describing cellular diversity. As mentioned in Chapter 1, this family is large and diverse, 

is characterized by extensive duplication and divergence and duplicates are often 

expressed in distinct cells. For example, TAARs, ORs and FPRs are expressed in distinct 

subsets of sensory neurons (Vassar et al. 1994; Liberles and Buck 2006; Liberles et al. 

2009; Rivière et al. 2009). Taken together, these observations show that rhodopsin-like 

GPCRs are useful molecular markers for describing cellular diversity and may be 

valuable for describing uncharacterized sensory and neural structures.  

 

Most importantly however, is the suggestion that the evolution of rhodopsin-like 

GPCRs, including ORs, played a key role in metazoan evolution. These genes may have 

been associated with the emergence of cells that could migrate from one location to 

another and cells that form connections with distant cells. This hypothesis is based on the 

observation that several rhodopsin-like GPCRs have been shown to have roles in 

establishing cell-cell connections. For example: chemokine receptors regulate the 

formation of nerve cell projections and cell migration (Li and Ransohoff, 2008; Tiveron 

and Cremer 2008); serotonin, dopamine, adenosine and cannabinoid receptors are 

involved in neurite growth (Gaspar, Cases and Maroteaux 2003; McKenna et al. 2008; 
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Bhide 2009; Galve-Roperh et al. 2009); and mammalian ORs control sensory neuron 

axon guidance - cells expressing the same receptor send projections to the same 

glomerulus and removal or substitution of the receptor changes axon paths (Mombaerts et 

al. 1996; Wang et al. 1998; Bozza et al. 2002). When these functions are mapped onto a 

phylogeny of rhodopsin-like GPCRs, it is clear that several of the main subgroups of 

rhodopsin-like GPCRs found in mammals are represented. That is, receptors from the α, γ 
and δ subgroups of rhodopsin-like GPCRs described by Fredriksson et al. (2003) are 

included on the list above. These subgroups also contain cnidarian representatives 

therefore if the ability to influence the formation of cell projections is of common 

descent, then it may have evolved early on in metazoan evolution. If this is the case, then 

the lineage-specific duplication and divergence events that are commonly observed in the 

rhodopsin-like GPCR family may have had a key role in the evolution of novel neuronal 

connections including the evolution of novel sensory structures. Thus, the duplication and 

divergence of rhodopsin-like GPCRs in early metazoans may have been a prerequisite for 

the cellular and neuronal flexibility that led to the evolution of complex body plans. 

 

The traditional view is that the expansion of the rhodopsin-like GPCR family increases 

the diversity of ligands with which the cells expressing those receptors interact. 

Duplication and divergence of rhodopsin-like GPCRs also introduces variation in the 

strength of receptor-ligand interactions already present. Here, I suggest that the ability to 

determine the orientation of neural projections is an evolutionary conserved function of 

rhodopsin-like GPCRs and that independent amplification of subfamilies of GPCRs in 

different taxa contributes to the establishment of their specific nervous system 
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architecture. I anticipate that future investigations on this subject will shed light on the 

evolution of novel cellular networks while adding to the body of knowledge concerning 

the neural connectivity code. If we can understand the molecular mechanisms of cell-cell 

wiring then we may be able to maintain and recreate cell-cell connections in humans.  
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Appendix A: Phylogenetic analysis of vertebrate ORs, B. floridae 
ORs and non-OR rhodopsin-like GPCRs  

 

This figure contains an unrooted Neighbor-Joining tree that was constructed using 

vertebrate ORs, cephalochordate ORs (Chapter 3) and non-OR GPCRs from the α, β, γ 
and δ groups of GPCRs from the rhodopsin-like GPCR family (Fredriksson et al. 2003). 

Non-OR GPCRs include melanocortin, trace amine-associated, alpha2β-adrenergic, 

adenosine, oxytocin, opioid, somatostatin, hypocretin, mas-related, formyl peptide and 

purinergic receptors. Fish-mammalian pairs of receptors were included where possible as 

well as non-OR B. floridae GPCRs identified by (Nordström, Fredriksson and Schiöth 

2008) (see Appendix B for the complete sequence list). Tree construction was based on 

approximately 200 amino acid positions and 1000 bootstrap replicates were conducted 

(see Appendix C for sequence alignment).  
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Appendix B: List of full-length and partial B. floridae ORs 
 

This table contains B. floridae protein IDs, intron and exon information, and the 

location of each gene in the B. floridae genome assembly (version 2.0). Full-length and 

partial sequences are denoted by ‘F’ and ‘P’ respectively. 

 

Gene 
name F/P 

Protein 
ID Scaffold Strand 

First 
position 

Last 
position Length Exon  

Bf1OR1 F 64125 3 - 3717128 3718141 1014 1 
Bf1OR2 F 64126 3 - 3721488 3722979 996 2 
Bf1OR3 F 88923 17 + 914257 915669 1413 1 
Bf1OR4 F 73254 21 + 3560843 3562279 1437 1 
Bf1OR5 F 69014 21 - 3166004 3167407 1404 1 
Bf1OR6 F 92979 28 + 2002204 2003346 1143 1 
Bf1OR7 P 87794 32 - 748342 753305 1020 2 
Bf1OR8 F 71292 32 + 3089890 3091416 1527 1 
Bf1OR9 F 71300 32 - 3199315 3200694 1380 1 
Bf1OR10 F 71301 32 - 3205527 3207134 1608 1 
Bf1OR11 F 64115 41 - 2513326 2514741 960 2 
Bf1OR12 F 118526 62 + 4296209 4320444 1143 16 
Bf1OR13 F 67646 65 - 4287947 4289206 1260 1 
Bf1OR14 F 67647 65 - 4290352 4294255 1200 2 
Bf1OR15 F 77183 69 + 521986 523437 1452 1 
Bf1OR16 P 78872 80 + 738618 765389 591 3 
Bf1OR17 F 92603 93 - 1889505 1899289 1044 3 
Bf1OR18 F 80472 94 - 42507 44096 1590 1 
Bf1OR19 F 73439 98 - 4245059 4246525 1467 1 
Bf1OR20 P 198258 100 + 110307 110642 336 1 
Bf1OR21 F 93291 105 - 21149 22282 1134 1 
Bf1OR22 F 83327 120 - 862466 863749 1284 1 
Bf1OR23 F 81320 128 - 66887 68182 1296 1 
Bf1OR24 F 81319 128 - 61007 62209 1203 1 
Bf1OR25 F 85038 137 + 1434351 1435553 1203 1 
Bf1OR26 F 77393 155 + 848952 850472 1521 1 
Bf1OR27 F 80556 157 - 990066 991424 1359 1 
Bf1OR28 F 223001 157 + 985356 986276 921 1 
Bf1OR29 F 82317 157 + 2847848 2849272 1425 1 
Bf1OR30 F 78920 157 - 2184721 2185995 1275 1 
Bf1OR31 F 87788 166 - 426318 431866 1065 2 
Bf1OR32 F 88953 180 - 1472087 1476371 1062 2 
Bf1OR33 P 108091 192 + 80940 81950 1011 1 
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Gene 
name F/P 

Protein 
ID Scaffold Strand 

First 
position 

Last 
position Length Exon  

Bf1OR34 F 90545 199 - 184564 198429 1854 4 
Bf1OR35 P 69037 200 - 1629971 1636017 1116 2 
Bf1OR36 F 88114 205 - 1393258 1394559 1302 1 
Bf1OR37 F 121476 216 - 1876011 1883409 2550 7 
Bf1OR38 F 69444 220 + 1546261 1548350 1935 2 
Bf1OR39 F 92691 226 + 989186 1079954 2748 10 
Bf1OR40 F 83350 232 - 389861 397533 1200 6 
Bf1OR41 F 64035 239 + 253346 254734 1389 1 
Bf1OR42 P 97467 303 - 98885 966391 744 3 
Bf1OR44 F 101068 374  + 799576 800433 858 1 
Bf1OR45 F 101541 384  + 691805 693022 1218 1 
Bf1OR46 F 130733 459 + 338120 364538 1146 15 
Bf1OR47 P 186988 459 - 334774 335124 351 1 
Bf1OR48 P 245724 459 - 329995 330369 375 1 
Bf1OR49 P 245735 459 - 332252 332713 462 1 
Bf1OR50 F 106555 538  + 36404 47912 2838 3 
Bf1OR51 F 131506 548 - 374028 383187 9160 7 
Bf1OR52 F 108014 603 - 333688 335204 1517 1 
Bf1OR53 F 109263 676  + 91666 93129 1464 1 
Bf1OR54 F 109265 676 + 111031 112491 1461 1 
Bf1OR55 P 109264 676  + 104098 107439 954 2 
Bf1OR56 F 110793 803 - 25493 26950 1458 1 
Bf1OR57 P 139778 868 + 77311 77862 552 1 
Bf1OR58 F 111310 873 - 12075 13436 1362 1 
Bf1OR59 F 111311 873 - 17361 18722 1362 1 
Bf1OR60 F 257613 873 - 7860 8717 858 1 
Bf1OR61 F 111465 895 + 80564 81700 1137 1 

 



 

 

Appendix C: List of genes used in Chapter 3 phylogenies 
 

This table contains a list of sequences used in the phylogenetic analysis in Chapter 3 and Appendix D and includes the GenBank 

accession numbers where available. 

 

Sequence Label in Tree Species Accession Number Annotation or Source 

B.belcheri OR 
Branchiostoma 
belcheri GenBank: AB182635 

Olfactory receptor-related GPCR gene coding 
locus 

C.auratus OR1 Carassius auratus GenBank: AAC64071 Putative odorant receptor   
C.auratus OR2 Carassius auratus GenBank: AAC64072 Putative odorant receptor  
C.auratus OR3 Carassius auratus GenBank: AAC64074 Putative odorant receptor  
Dr3OR10.21 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR10.24 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR10.8 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR15.35 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR15.41 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR17.1 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR21.16 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr3OR21.21 Danio rerio   Olfactory receptor (Niimura and Nei 2005) 
Dr_OR108-1 Danio rerio GenBank: DQ305987 Odorant receptor (OR108-1)  
Dr_OR104-1 Danio rerio GenBank: DQ305993 Odorant receptor (OR104-1)  
Dr_OR106-1 Danio rerio GenBank: DQ305996 Odorant receptor (OR106-1)  
Dr_OR109-1 Danio rerio GenBank: DQ306009 Odorant receptor (OR109-1)  
Dr_OR115-1 Danio rerio GenBank: DQ306039 Odorant receptor (OR115-1)  
Dr_OR101-1 Danio rerio GenBank: DQ306041 Odorant receptor (OR101-1)  
Dr_OR137-1 Danio rerio GenBank: DQ306044 Odorant receptor (OR137-1)  



 

 

113 

Sequence Label in Tree Species Accession Number Annotation or Source 
Dr_OR134-1 Danio rerio GenBank: DQ306048 Odorant receptor (OR134-1)  
Dr_OR128-2 Danio rerio GenBank: DQ306059 Odorant receptor (OR128-2)  
Dr_OR121-1 Danio rerio GenBank: DQ306074 Odorant receptor (OR121-1)  
Dr_OR113-1 Danio rerio GenBank: DQ306079 Odorant receptor (OR113-1)  
Dr_OR118-1 Danio rerio GenBank: DQ306087 Odorant receptor (OR118-1)  
Dr_OR111-1 Danio rerio GenBank: DQ306093 Odorant receptor (OR111-1)  
Dr_OR103-5 Danio rerio GenBank: DQ306105 Odorant receptor (OR103-5)  
Dr_OR102-2 Danio rerio GenBank: DQ306110 Odorant receptor (OR102-2)  
Dr_OR124-1 Danio rerio GenBank: DQ306119 Odorant receptor (OR124-1)  
Dr_OR125-1 Danio rerio GenBank: DQ306121 Odorant receptor (OR125-1)  
Dr_OR133-1 Danio rerio GenBank: DQ306129 Odorant receptor (OR133-1)  
Dr_OR112-1 Danio rerio GenBank: DQ306144 Odorant receptor (OR112-1)  
Dr_OR130-1 Danio rerio GenBank: DQ306145 Odorant receptor (OR130-1)  
D.rerio OR Danio rerio GenBank: ABC43280 Odorant receptor  
Fr3OR142.7 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Fr3OR18.1 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Fr3OR2346.3 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Fr3OR6030.1 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Fr3OR633.1 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Fr3OR7011.1 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Fr3OR7149.1 Takifugu rubripes   Olfactory receptor (Niimura and Nei 2005) 
Gg2OR1.2 Gallus gallus   Olfactory receptor (Niimura and Nei 2005) 
Gg2OR5.19 Gallus gallus   Olfactory receptor (Niimura and Nei 2005) 
Gg2OR9.1 Gallus gallus   Olfactory receptor (Niimura and Nei 2005) 
Gg2ORUn.61 Gallus gallus   Olfactory receptor (Niimura and Nei 2005) 
H.sapiens OR2L5 Homo sapiens GenBank: DAA04856 Olfactory receptor 2L5 (also called OR1-53) 
L.fluviatilis OR Lampetra fluviatilis GenBank: CAA10136 Olfactory receptor  
M.musculus  Olfr683 Mus musculus GenBank:  AAP71150 Olfactory receptor Olfr683  
O.latipes OR1 Oryzias latipes GenBank: BAA84275 Olfactory receptor 1  
O.latipes OR2 Oryzias latipes GenBank: BAA85093 E1 olfactory receptor  
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Sequence Label in Tree Species Accession Number Annotation or Source 
X.laevis OR1 Xenopus laevis GenBank: AJ250750 Olfactory receptor class I (xb238 gene) 
X.laevis OR2 Xenopus laevis GenBank: AJ250753 Olfactory receptor class II (xb154 gene) 
X.laevis OR3 Xenopus laevis GenBank: AJ250754 Olfactory receptor class II (xb177 gene) 
Xt1OR10411.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR11576.2 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR2286.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR35679.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR39249.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR42821.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR5329.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
Xt1OR5508.1 Xenopus tropicalis   Olfactory receptor (Niimura and Nei 2005) 
D.rerio melanocortin receptor 1 Danio rerio GenBank: NP_851301 Melanocortin 1 receptor 
H.sapiens melanocortin receptor Homo sapiens GenBank: AAC13541 Melanocortin receptor  
M.musculus Taar7a Mus musculus GenBank: Q5QD12 Trace amine-associated receptor 7a 
R.norvegicus Taar5 Rattus norvegicus GenBank: Q5QD23 Trace amine-associated receptor 5 
H.sapiens Taar2 Homo sapiens GenBank: Q9P1P5 Trace amine-associated receptor 2 
R.norvegicus Taar3 Rattus norvegicus GenBank: Q5QD24 Trace amine-associated receptor 3 
M.musculusTaar4 Mus musculus GenBank: Q5QD15 Trace amine-associated receptor 4 

D.rerio Taar66 Danio rerio 
GenBank: 

NP_001076512 Trace amine-associated receptor 66 
D.rerio Taar1b Danio rerio GenBank: AAI63112 Trace amine-associated receptor 1b 
H.sapiens P2Y1 receptor Homo sapiens GenBank: NM_002563 Purinergic receptor P2Y (P2RY1)  

D.rerio P2Y receptor Danio rerio GenBank: CAK04925 
Protein similar to vertebrate purinergic receptor 
P2Y 

H.sapiens P2Y11 receptor Homo sapiens GenBank: NP_002557 Purinergic receptor P2Y11 
H.sapiens P2Y12 receptor Homo sapiens GenBank: NP_073625 Purinergic receptor P2Y12 
H.sapiens hypocretin receptor 2 Homo sapiens GenBank: CAH73407 hypocretin (orexin) receptor 2 
D.rerio hypocretin receptor Danio rerio GenBank: ABL96925 hypocretin receptor 
H.sapiens oxytocin receptor Homo sapiens GenBank: AAQ91333 Oxytocin receptor 

G.gallus oxytocin receptor Gallus gallus 
GenBank: 

NP_001026740 Oxytocin receptor 
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Sequence Label in Tree Species Accession Number Annotation or Source 
H.sapiens opioid receptor delta 1 Homo sapiens GenBank: NP_000902 Opioid receptor, delta 1 
D.rerio opioid receptor kappa 1 Danio rerio GenBank: NP_878306 Opioid receptor, kappa 1 
H.sapiens somatostatin receptor Homo sapiens GenBank: AAA20828 Somatostatin receptor  
H.sapiens somatostatin receptor 5 Danio rerio GenBank: NP_998462 Somatostatin receptor 5 
D.rerio alpha2B-adrenergic receptor Danio rerio GenBank: AAL07509 Alpha2B-adrenergic receptor 
R.norvegicus alpha2B-adrenergic 
receptor Rattus norvegicus GenBank: AAK53388 Alpha2B-adrenergic receptor 
D.rerio adenosine receptor A2a.2 Danio rerio GenBank: AAI62249 Adenosine receptor A2a.2 
B.taurus adenosine A1 receptor Bos taurus GenBank: CAA45135 Adenosine A1 receptor 
M.musculus mas proto-oncogene Mus musculus GenBank: CAA47964 Mas proto-oncogene 
H.sapiens mas-related GPR member X3 Homo sapiens GenBank: NP_473372 Mas-related GPR, member X3 
H.sapiens Fpr2 Homo sapiens GenBank: AAH29125 Formyl peptide receptor 2  
M.musculus Fpr-rs3 Mus musculus GenBank: AAC34586 N-formylpeptide receptor-like 3  
M.musculus Fpr-rs2 Mus musculus GenBank: NP_032065 Formyl peptide receptor related sequence 2  
M.musculus Fpr1 Mus musculus GenBank: NP_038549 Formyl peptide receptor 1  

D.rerio Fpr1-like  Danio rerio GenBank: CAK05401 
Protein similar to vertebrate formyl peptide 
receptor 1  

B.floridae 225039 
Branchiostoma 
floridae Protein_ID: 225039 Rhodopsin-like GPCR (Nordström et al. 2008) 

B.floridae 227418 
Branchiostoma 
floridae Protein_ID: 227418 Rhodopsin-like GPCR (Nordström et al. 2008) 

B.floridae 107702 
Branchiostoma 
floridae Protein_ID: 107702 Rhodopsin-like GPCR (Nordström et al. 2008) 

B.floridae 202803 
Branchiostoma 
floridae Protein_ID: 202803 Rhodopsin-like GPCR (Nordström et al. 2008) 

B.floridae 211803 
Branchiostoma 
floridae Protein_ID: 211803 Rhodopsin-like GPCR (Nordström et al. 2008) 

B.floridae 148901 
Branchiostoma 
floridae Protein_ID: 148901 Rhodopsin-like GPCR (Nordström et al. 2008) 

B.floridae 92625 
Branchiostoma 
floridae Protein_ID: 92625 Rhodopsin-like GPCR (Nordström et al. 2008) 
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Appendix D: Sequence alignment for Chapter 3 
 

This figure contains the multiple sequence alignment used to generate the Neighbor-

Joining trees in Figure 3.1 and Appendix A. The N and C-termini have been removed as 

well as three blocks of sequence that could not be aligned (shown as gaps in the 

alignment). 
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Appendix E: Sequence alignment for Chapter 4 
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Appendix F: List of sequences in Chapter 4 phylogenies 
 

List of sequences used to create the phylogenies in Figures 4.1 and Appendix G. The sequences are listed in the order that they 

appear, from top to bottom, in the NJ tree in Figure 4.1. 

 

Position Annotation Species ID number or source 
1 Olfactory receptor (Dr3OR21.16) Danio rerio (Niimura and Nei 2005) 
2 Odorant receptor (OR125-1)  Danio rerio GenBank: DQ306121 
3 Olfactory receptor (Fr3OR2346.3) Takifugu rubripes (Niimura and Nei 2005) 
4 Putative odorant receptor Carassius auratus GenBank: AAC64074.1 
5 Odorant receptor (OR128-2)  Danio rerio GenBank: DQ306059 
6 Odorant receptor (OR124-1)  Danio rerio GenBank: DQ306119 
7 Olfactory receptor 1  Oryzias latipes GenBank: BAA84275.1 
8 Olfactory receptor (Xt1OR39249.1) Xenopus tropicalis (Niimura and Nei 2005) 
9 Olfactory receptor (Fr3OR7149.1) Takifugu rubripes (Niimura and Nei 2005) 
10 Olfactory receptor (Dr3OR17.1) Danio rerio (Niimura and Nei 2005) 
11 Odorant receptor (OR121-1)  Danio rerio GenBank: DQ306074 
12 Olfactory receptor (Xt1OR11576.2) Xenopus tropicalis (Niimura and Nei 2005) 
13 Odorant receptor (OR108-1)  Danio rerio GenBank: DQ305987 
14 Odorant receptor (OR115-1)  Danio rerio GenBank: DQ306039 
15 Odorant receptor (OR113-1)  Danio rerio GenBank: DQ306079 
16 Odorant receptor (OR112-1)  Danio rerio GenBank: DQ306144 
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Position Annotation Species ID number or source 
17 Olfactory receptor (Xt1OR2286.1) Xenopus tropicalis (Niimura and Nei 2005) 
18 Olfactory receptor 51B2 Homo sapiens Protein_ID: Q9Y5P1 
19 Olfactory receptor Olfr683 Mus musculus Protein_ID: Q7TRN9  
20 Olfactory receptor (Xt1OR42821.1) Xenopus tropicalis (Niimura and Nei 2005) 
21 Olfactory receptor (Gg2OR1.2) Gallus Gallus (Niimura and Nei 2005) 
22 Olfactory receptor (Gg2ORUn.61) Gallus Gallus (Niimura and Nei 2005) 
23 Odorant receptor (OR328) Petromyzon marinus (Libants et al. 2009) 
24 Odorant receptor (OR435) Petromyzon marinus (Libants et al. 2009) 
25 Odorant receptor (OR324) Petromyzon marinus (Libants et al. 2009) 
26 Olfactory receptor  Lampetra fluviatilis GenBank: CAA10136 
27 Odorant receptor (OR345) Petromyzon marinus (Libants et al. 2009) 
28 Odorant receptor (OR369) Petromyzon marinus (Libants et al. 2009) 
29 Odorant receptor (OR381) Petromyzon marinus (Libants et al. 2009) 
30 Odorant receptor (OR307) Petromyzon marinus (Libants et al. 2009) 
31 Odorant receptor (OR340) Petromyzon marinus (Libants et al. 2009) 
31 Olfactory receptor (Xt1OR35679.1) Xenopus tropicalis (Niimura and Nei 2005) 
32 Odorant receptor (OR322) Petromyzon marinus (Libants et al. 2009) 
33 Odorant receptor (OR101-1)  Danio rerio GenBank: DQ306041 
34 Olfactory receptor 4S1 Homo sapiens Protein_ID: Q8NGB4 
35 Olfactory receptor class II (xb177 gene) Xenopus laevis GenBank: AJ250754 
36 Olfactory receptor (Xt1OR10411.1) Xenopus tropicalis (Niimura and Nei 2005) 
37 Olfactory receptor class II (xb154 gene) Xenopus laevis GenBank: AJ250753 
38 Olfactory receptor (Gg2OR5.19) Gallus Gallus (Niimura and Nei 2005) 
39 Olfactory receptor 2L5 (also called OR1-53) Homo sapiens GenBank: DAA04856 
40 Olfactory receptor class I (xb238 gene) Xenopus laevis GenBank: AJ250750 
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Position Annotation Species ID number or source 
42 Putative odorant receptor Carassius auratus GenBank: AAC64072.1 
43 Odorant receptor (OR103-5)  Danio rerio GenBank: DQ306105 
44 Odorant receptor (OR104-1)  Danio rerio GenBank: DQ305993 
45 Olfactory receptor (Fr3OR142.7) Takifugu rubripes (Niimura and Nei 2005) 
46 Odorant receptor (OR102-2)  Danio rerio GenBank: DQ306110 
47 Olfactory receptor (Dr3OR10.8) Danio rerio (Niimura and Nei 2005) 
48 Odorant receptor (OR106-1)  Danio rerio GenBank: DQ305996 
49 Putative odorant receptor Carassius auratus GenBank: AAC64071.1 
50 Odorant receptor (OR108-1)  Danio rerio GenBank: DQ305987 
51 Olfactory receptor (Dr3OR15.35) Danio rerio (Niimura and Nei 2005) 
52 Odorant receptor (OR111-1)  Danio rerio GenBank: DQ306093 
53 E1 olfactory receptor  Oryzias latipes GenBank: BAA85093.1 
54 Olfactory receptor (Dr3OR10.21) Danio rerio (Niimura and Nei 2005) 
55 Olfactory receptor (Dr3OR10.24) Danio rerio (Niimura and Nei 2005) 
56 Odorant receptor (OR109-1)  Danio rerio GenBank: DQ306009 
57 Odorant receptor (OR328) Petromyzon marinus (Libants et al. 2009) 
58 Odorant receptor (OR329) Petromyzon marinus (Libants et al. 2009) 
59 Odorant receptor (OR323) Petromyzon marinus (Libants et al. 2009) 
60 Odorant receptor (OR408) Petromyzon marinus (Libants et al. 2009) 
61 Odorant receptor (OR361) Petromyzon marinus (Libants et al. 2009) 
62 Odorant receptor (OR367) Petromyzon marinus (Libants et al. 2009) 
63 Odorant receptor (OR326) Petromyzon marinus (Libants et al. 2009) 
64 Odorant receptor (Bf1OR46) Branchiostoma floridae (Churcher and Taylor 2009) 
65 Odorant receptor (Bf1OR14) Branchiostoma floridae (Churcher and Taylor 2009) 
66 Odorant receptor (Bf1OR40) Branchiostoma floridae (Churcher and Taylor 2009) 
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Position Annotation Species ID number or source 
67 Odorant receptor (Bf1OR36) Branchiostoma floridae (Churcher and Taylor 2009) 
68 Odorant receptor (Bf1OR6) Branchiostoma floridae (Churcher and Taylor 2009) 
69 Odorant receptor (Bf1OR21) Branchiostoma floridae (Churcher and Taylor 2009) 
70 Odorant receptor (Bf1OR31) Branchiostoma floridae (Churcher and Taylor 2009) 
71 Odorant receptor (Bf1OR2) Branchiostoma floridae (Churcher and Taylor 2009) 
72 Odorant receptor (Bf1OR26) Branchiostoma floridae (Churcher and Taylor 2009) 
73 Odorant receptor (Bf1OR5) Branchiostoma floridae (Churcher and Taylor 2009) 
74 Odorant receptor (Bf1OR30) Branchiostoma floridae (Churcher and Taylor 2009) 
75 Odorant receptor (Bf1OR10) Branchiostoma floridae (Churcher and Taylor 2009) 
76 Odorant receptor (Bf1OR43) Branchiostoma floridae (Churcher and Taylor 2009) 
77 Olfactory receptor-related GPCR  Branchiostoma belcheri GenBank: AB182635 
78 Odorant receptor (Bf1OR58) Branchiostoma floridae (Churcher and Taylor 2009) 
79 Odorant receptor (Bf1OR34) Branchiostoma floridae (Churcher and Taylor 2009) 
80 Odorant receptor (Bf1OR56) Branchiostoma floridae (Churcher and Taylor 2009) 
81 Odorant receptor (Bf1OR37) Branchiostoma floridae (Churcher and Taylor 2009) 
82 Odorant receptor (Bf1OR51) Branchiostoma floridae (Churcher and Taylor 2009) 
83 Olfactory receptor (Fr3OR18.1) Takifugu rubripes (Niimura and Nei 2005) 
84 Olfactory receptor (Xt1OR5508.1) Xenopus tropicalis (Niimura and Nei 2005) 
85 Olfactory receptor (Fr3OR633.1) Takifugu rubripes (Niimura and Nei 2005) 
86 Olfactory receptor (Gg2OR9.1) Gallus Gallus (Niimura and Nei 2005) 
87 Odorant receptor (OR343) Petromyzon marinus (Libants et al. 2009) 
88 Odorant receptor (OR321) Petromyzon marinus (Libants et al. 2009) 
89 Olfactory receptor (Fr3OR7011.1) Takifugu rubripes (Niimura and Nei 2005) 
90 Odorant receptor (OR130-1)  Danio rerio GenBank: DQ306145 
91 Odorant receptor (OR137-1)  Danio rerio GenBank: DQ306044 
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Position Annotation Species ID number or source 
92 Odorant receptor (OR134-1)  Danio rerio GenBank: DQ306048 
93 Olfactory receptor (Xt1OR5329.1) Xenopus tropicalis (Niimura and Nei 2005) 
94 Olfactory receptor (Fr3OR6030.1) Takifugu rubripes (Niimura and Nei 2005) 
95 Odorant receptor  Danio rerio GenBank: ABC43280.1 
96 Olfactory receptor (Dr3OR21.21) Danio rerio (Niimura and Nei 2005) 
97 Odorant receptor (OR133-1)  Danio rerio GenBank: DQ306129 

98-142 OR-like receptors  Nematostella vectensis (table S1) 

143-182 OR-like receptors  
Strongylocentrotus 
purpuratus 

(table S1, 13 from Burke et al. 
2006) 

183 Alpha2B-adrenergic receptor Danio rerio GenBank: AAL07509.1 
184 Alpha2B-adrenergic receptor Rattus norvegicus GenBank: CAA52411 
185 Alpha2A-adrenergic receptor Sus scrofa Protein_ID: P18871 
186 Octopamine receptor Bombyx mori Protein_ID: Q17232 
187 Octopamine receptor Heliothis virescens Protein_ID: Q25188 
188 Dopamine D2-like receptor Drosophila melanogaster Protein_ID: Q8IS44 
189 Dopamine D2 receptor Homo sapiens Protein_ID: P14416 

190 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 009766 

191 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 022857 

192 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 002875 

193 Muscarinic acetylcholine receptor  Polyrhachis vicina GenBank: ACE60222 
194 Muscarinic acetylcholine receptor M3 Sus scrofa Protein_ID: P11483 
195 Similar to M2 muscarinic acetylcholine receptor Danio rerio GenBank: XP_683133 
196 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 85851 
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Position Annotation Species ID number or source 
197 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 109382 
198 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 136356 
199 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 204979 
200 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 1683 
201 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 122716 
202 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 222806 
203 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 131304 
204 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 119248 
205 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 1944 
206 Trace amine associated receptor 1b Danio rerio GenBank: AAI63112.1 
207 Trace amine associated receptor 5 Rattus norvegicus Protein_ID: Q5QD23 
208 Trace amine associated receptor 7 Rattus norvegicus Protein_ID: Q923Y1 
209 Trace amine associated receptor 66 Danio rerio GenBank: NP_001076512.1 
210 Trace amine associated receptor 4 Mus musculus Protein_ID: Q5QD15 
211 Trace amine associated receptor 2 Homo sapiens Protein_ID: Q9P1P5 
212 Trace amine associated receptor 3 Rattus norvegicus Protein_ID: Q5QD24 
213 Putative adenosine receptor Anopheles gambiae GenBank: XP_310647.1 
214 Adenosine receptor  Drosophila melanogaster GenBank: NP_651772.1 

215 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 008789 

216 Adenosine A1 receptor Bos taurus GenBank: CAA45135 
217 Adenosine A3 receptor isoform 2 Homo sapiens GenBank: NP_000668.1 
218 Adenosine A2b receptor Homo sapiens GenBank: NP_000667.1 
219 Adenosine receptor  Danio rerio GenBank: AAI62249.1 
220 Adenosine A2a receptor Homo sapiens GenBank: NP_000666.2 
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Position Annotation Species ID number or source 
221 P2Y1 receptor Homo sapiens GenBank: AAB94556 
222 Purinergic receptor Tetraodon nigroviridis Protein_ID: Q4SPQ4 
223 Purinergic receptor P2Y2 Xenopus tropicalis GenBank: NP_989039.1 
224 Purinergic receptor P2Y4 Xenopus laevis GenBank: NP_001080343.1 
225 Purinergic receptor P2Y11 Homo sapiens GenBank: NP_002557.2 
226 Purinergic receptor P2Y1 Xenopus tropicalis GenBank: NP_001005433.1 
227 P2Y purinoceptor 5 Salmo salar GenBank: ACI68155.1 
228 Purinergic receptor P2Y10 Danio rerio GenBank: NP_001082996.1 
229 Purinergic receptor P2Y12 Homo sapiens GenBank: NP_073625.1 
230 Purinergic receptor P2Y13 Danio rerio GenBank: XP_001921974.1 
231 Simimlar to purinergic receptor P2Y13 Xenopus laevis GenBank: NP_001086978.1 
232 Chemokine receptor type 4 Mus musculus Protein_ID: P51680 
233 Chemokine receptor 4 Oryzias latipes GenBank: ABC41565.1 
234 Chemokine receptor 3 Homo sapiens GenBank: NP_001136269 
235 Chemokine receptor Oncorhynchus mykiss GenBank: CAA05917.1 
236 Formyl peptide receptor-related sequence 6 Mus musculus GenBank: AAN63620.1 
237 N-formylpeptide receptor-like 3 Mus musculus GenBank: AAC34586 
238 Formyl peptide receptor-like 1 Mus musculus GenBank: NP_032068.2| 
239 Formyl peptide receptor 1 Mus musculus GenBank: NP_038549 
240 Novel protein similar to vertebrate FPR1 Danio rerio GenBank: CAK05401 
241 Mas proto-oncogene Mus musculus GenBank: CAA47964 
242 Similar to MAS proto-oncogene Ornithorhynchus anatinus GenBank: XP_001510632.1 
243 Mas-related GPCR member X3 Macaca mulatta GenBank: Q4QXU5.1 
244 Mas-related GPCR member X3 Homo sapiens GenBank: NP_473372.2 
245 Mas-related GPCR member X2 Macaca mulatta GenBank: AAZ42383.1 
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Position Annotation Species ID number or source 
246 Opioid receptor kappa 1 Danio rerio GenBank: NP_878306.1 
247 Opioid receptor delta 1 Homo sapiens GenBank: NP_000902.3 
248 Somatostatin receptor Homo sapiens GenBank: AAA20828.1 
249 Somatostatin receptor 5 Danio rerio GenBank: NP_998462.1 
250 Somatostatin receptor Aedes aegypti GenBank: XP_001663106.1 
251 Somatostatin receptor Drosophila melanogaster GenBank: AAK31793.1 

252 Galanin receptor 
Strongylocentrotus 
purpuratus Protein_ID: 024231 

253 Similar to galanin receptor type 1 Ciona intestinalis GenBank: XP_002122839.1 
254 Galanin receptor Homo sapiens GenBank: AAD47348.2 
255 Similar to galanin receptor 2 Danio rerio GenBank: XP_001341328.2 
256 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 13858 
257 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 34518 
258 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 133598 
259 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 98771 
260 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 122333 
261 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 24147 
262 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 34835 
263 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 81082 
264 Hypocretin (orexin) receptor 2 Homo sapiens GenBank: CAH73407.1 
265 Oxytocin receptor Danio rerio GenBank: ABL96925.1 

266 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 015139 

267 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 015140 
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268 Tachykinin receptor 3 Homo sapiens GenBank: NP_001050.1 
269 Tachykinin receptor  Ciona intestinalis GenBank: NP_001027809.1 
270 Opsin Nematostella vectensis GenBank: XP_001633075.1 
271 Putative opsin Trichoplax adhaerens Protein_ID: 15129 
272 Putative opsin Trichoplax adhaerens Protein_ID: 28334 
273 Putative opsin Trichoplax adhaerens Protein_ID: 58590 
274 Opsin 3 (encephalopsin, panopsin) Danio rerio GenBank: P_001104634 
275 P opsin Anolis carolinensis GenBank: AAD32622 
276 Rhodopsin Mus musculus GenBank: NP_663358.1 
277 Oxytocin receptor Homo sapiens GenBank: AAQ91333.1 
278 Oxytocin receptor Gallus Gallus GenBank: NP_001026740.1 

279 
Similar to vertebrate arginine vasopressin 
receptor Danio rerio GenBank: AI11584 

280 
Vascular-type vasopressin  
receptor V1 Homo sapiens GenBank: AAC60638 

281 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 021290 

282 Arginine vasopressin receptor Tribolium castaneum GenBank: NP_001078830.1 

283 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 021291 

284 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 028207 

285 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 026012 

286 GnRH receptor Canis familiaris GenBank: AF206513_1 
287 GnRH receptor type 1 Oreochromis niloticus GenBank: BAC77240.2 
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288 
Putative gonadotropin releasing-hormone 
receptor Petromyzon marinus GenBank: AF439802_1 

289 Rhodopsin-like GPCR Trichoplax adhaerens Protein_ID: 15334 
290 Rhodopsin-like GPCR Trichoplax adhaerens Protein_ID: 32666 
291 Rhodopsin-like GPCR Trichoplax adhaerens Protein_ID: 62166 
292 Rhodopsin-like GPCR Trichoplax adhaerens Protein_ID: 62192 
293 Rhodopsin-like GPCR Trichoplax adhaerens Protein_ID: 51796 
294 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 217594 
295 Rhodopsin-like GPCR Trichoplax adhaerens Protein_ID: 24941 

296 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 005162 

297 Rhodopsin-like GPCR  
Strongylocentrotus 
purpuratus Protein_ID: 012382 

298 Leucine-rich repeat-contaning GPCR 4 Homo sapiens GenBank: NP_060960.2 
299 Leucine-rich repeat-contaning GPCR 5 Homo sapiens GenBank: NP_003658.1 
300 Leucine-rich repeat-containing GPCR6 isoform 2 Homo sapiens GenBank: NP_067649.2 
301 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 204412 
302 Rhodopsin-like GPCR  Nematostella vectensis Protein_ID: 80429 
303 Leucine-rich repeat G  protein-coupled recetor Bombyx mori GenBank: AF177772_1 
304 Follicle stimulating hormone receptor Acanthopagrus schlegelii GenBank: ABU49599.1 
305 Follicle stimulating hormone receptor Salmo salar GenBank: CAD98923.1 
306 Follicle stimulating hormone receptor Homo sapiens GenBank: CAB58589.1 
307 Thyroid stimulating hormone receptor isoform 1 Homo sapiens GenBank: NP_000360.2 
308 Thyroid stimulating hormone receptor  Ictalurus punctatus GenBank: AAS45557.1 
309 Thyroid stimulating hormone receptor  Danio rerio GenBank: NP_001139235.1 
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Appendix G: Maximum likelihood tree 
 

Phylogenetic analysis of N. vectensis (blue) and S. purpuratus (pink) OR-like genes, 

cephalochordate (orange) and type 1 (dark green) and type 2 (light green) vertebrate 

odorant receptors (ORs), and a diversity of rhodopsin-like GPCRs (black). The unrooted 

maximum likelihood tree was constructed using PHYML version 3.0 (Guindon and 

Gascuel 2003) and the WAG model of amino acid substitution. The tree is based on 

approximately 200 amino acid positions and the sequence alignment is shown in 

Appendix E. Support for nodes was estimated using 100 bootstrap replicates. Non-OR 

rhodopsin-like GPCRs were included based on the α, β, γ, and δ subgroup classification 

(Fredriksson et al. 2003). A list of these genes can be found in Appendix F. This image 

was created using Dendroscope version 2.7.4 (Huson et al. 2007). 
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Appendix H: List of  N. vectensis and S. purpuratus genes 
 

List of full-length (F) and partial (P) N. vectensis and S. purpuratus (Sp) OR-like genes 

 

  Protein   First  Last     
Species Scaffold ID Strand position position Length Exon  F/P 

Nv 1 196123 - 536121 537236 1116 1 F 
Nv 1 38324 + 1605500 1605919 420 1 P 
Nv 5 197284 + 947938 948888 951 1 F 
Nv 5 197310 + 1224805 1225598 744 2 P 
Nv 8 197997 - 476808 477731 924 1 F 
Nv 10 36879 - 1317463 1317987 525 1 P 
Nv 10 35931 - 1321343 1322131 789 1 F 
Nv 10 85129 - 1656369 1656746 378 1 P 
Nv 11 198624 + 298475 299533 1059 1 F 
Nv 20 200218 + 565289 566281 993 1 F 
Nv 22 239944 + 433983 434993 1011 1 F 
Nv 22 89667 + 448201 448386 762 2 F 
Nv 27 201314 - 922098 923783 951 2 F 
Nv 33 202172 - 91217 91852 636 1 P 
Nv 39 202978 + 728999 730003 1005 1 F 
Nv 39 202979 + 731175 732770 756 2 P 
Nv 43 203460 + 417965 418888 924 1 F 
Nv 45 203745 - 518451 519371 921 1 F 
Nv 55 204980 - 683521 684552 1032 1 F 
Nv 56 205072 + 405789 406802 1014 1 F 
Nv 86 207938 + 447372 448358 987 1 F 
Nv 89 208176 + 397115 398089 975 1 F 
Nv 91 208358 - 573048 574091 1044 1 F 
Nv 98 208871 + 344522 345643 1122 1 F 
Nv 110 209719 - 441886 442875 990 1 F 
Nv 123 244491 + 580053 581033 981 1 F 
Nv 131 115414 + 534972 535349 378 1 P 
Nv 151 212185 - 130257 131174 918 1 F 
Nv 151 212186 - 134727 135767 1041 1 F 
Nv 151 212205 - 330282 331231 801 2 P 
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    Protein    First  Last        
Species Scaffold ID Strand position position Length Exon  F/P 

Nv 153 118391 + 141403 142269 867 1 F 
Nv 154 212348 - 121863 122906 1044 1 F 
Nv 169 213126 - 415407 420130 1728 4 F 
Nv 201 214493 - 402773 403879 1107 1 F 
Nv 201 214495 - 411971 413077 1107 1 F 
Nv 201 214496 - 416490 417803 768 3 P 
Nv 389 219172 + 136792 139875 1041 2 F 
Nv 389 219173 + 142337 143380 1044 1 F 
Nv 411 219451 + 94988 97835 1128 3 F 
Nv 411 219454 + 119027 120085 1059 1 F 
Nv 428 219665 - 37510 38487 978 1 F 
Nv 451 138948 + 60730 61152 423 1 P 
Nv 665 248555 - 13490 14473 984 1 F 
Nv 665 248556 - 19403 20416 1014 1 F 
Nv 665 221110 - 27508 30597 1032 2 F 
Nv 665 142416 + 40688 43705 471 2 P 
Sp 130 015847 - 349981 350982 1002 1 F 
Sp 1235 007574 - 21948 22967 1020 1 F 
Sp 1235 007575 - 8774 9808 1035 1 F 
Sp 1967 009088 + 156270 157223 954 1 F 
Sp 1976 028231 + 132103 133137 1035 1 F 
Sp 13149 012525 - 18004 19005 1002 1 F 
Sp 19378 009202 - 17975 18865 891 1 F 
Sp 21602 027549 - 9889 10905 1017 1 F 
Sp 24764 023754 + 19575 20693 1119 1 F 
Sp 24764 023755 + 25691 26133 443 2 F 
Sp 37328 013306 + 2253 3206 954 1 F 
Sp 59046 013623 - 49162 50265 1104 1 F 
Sp 61800 012437 + 9252 10208 957 1 F 
Sp 61800 012438 + 16129 17082 954 1 F 
Sp 72647 004576 + 32654 33616 963 1 F 
Sp 72647 004577 + 36399 37358 960 1 F 
Sp 72647 004578 + 55076 56012 937 2 F 
Sp 72647 004579 + 66892 67845 954 1 F 
Sp 72647 004580 + 72806 73762 957 1 F 
Sp 72647 004581 + 79892 80845 954 1 F 
Sp 75041 010431 - 514 1530 1017 1 F 
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    Protein    First  Last        
Species Scaffold ID Strand position position Length Exon  F/P 

Sp 75997 002599 + 2874 3908 1035 1 F 
Sp 95740 004752 - 12672 13625 954 1 F 
Sp 95740 004753 - 6435 7109 675 1 F 
Sp 95740 004754 - 2442 3404 963 1 F 
Sp 96572 018600 + 589 1542 954 1 F 
Sp 96865 009587 - 13779 17750 932 2 F 

 
 
 
 


