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Abstract

Diversification in the marine realm is driven by poorly understood processes 

including vicariance, dispersal and ecological specialization. To test the role of these 

processes, I construct the first comprehensive molecular phylogenies of the Rapaninae

and Ergalataxinae, two cosmopolitan, ecologically important but taxonomically 

complex subfamilies of carnivorous neogastropods (four genes: 12S rRNA, 28S 

rRNA, 16S rRNA, cytochrome c oxidase I). I sampled more than 50% of the 

described species in both subfamilies: 66 species and 19 genera of Ergalataxinae, 82 

species and 26 genera of Rapaninae, and used fossils to calibrate the phylogenies. 

Unlike previously studied gastropod groups, the rapanine genus Stramonita has long 

lived pelagic larvae with a potentially trans-oceanic scale of dispersal, raising the 

question of how allopatric speciation has proceeded. To delimit species, I use 

statistical methods of phylogenetic tree analysis and show that the S. haemastoma 

species complex diversified in response to barriers operating at both large and small 

geographic scales; habitat specialization may also have played a role in this radiation. 

Dietary specialization has also been implicated in marine radiations. The ergalataxine 

genus Drupella was previously thought to consist of five species of obligate 

corallivores. I show that this monophyletic genus includes the facultative coral-feeder 

‘Ergalatax margariticola’, which is itself composed of two cryptic species. Genetic 

structure within this species complex does not relate to feeding mode, but instead 

seems to correspond to broad patterns of habitat ecology found in other gastropod 

taxa. Drupella diversified following the major expansion of coral reefs in the early 

Miocene. If dietary specialization has permitted sympatric speciation, it is predicted 

that sympatric sister species should be specialized on different food resources. I test 

this prediction in the rapanine genus Drupa. Contrary to expectation, the sympatric 

sister species D. ricinus and D. arachnoides have similarly generalist diets.  
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Chapter 1. Introduction

The patterns and processes of lineage splitting, diversification and speciation are 

fundamental to the study of evolutionary biology. Despite their central importance, 

these phenomena are still poorly understood, particularly in the sea. Critical to an 

understanding of these processes in marine taxa are the patterns of vicariance, 

dispersal and ecological specialization. If ancient vicariance is responsible for modern

diversity patterns, phylogenetic breaks between clades should correlate in time and 

space with historical changes in geography that have split populations. Furthermore, 

similar patterns should appear across unrelated taxa, irrespective of life history. If 

relatively recent dispersal has shaped diversity patterns, congruence among taxa with 

similar larval dispersal patterns would be expected. If ecological specialization has 

been important in diversification, sister species are expected to occupy different 

ecological niches. These mechanisms of evolutionary diversification have been the 

subject of long controversy, but are not necessarily mutually exclusive. Their relative 

importance in the generation of marine biodiversity, and the time and geographic 

scale over which they operate, remain unclear. My aim is to test the relative 

importance of these processes in a model system.

1.1 A brief review of life in the sea

 Historical biogeography and modern patterns of species richness
During the Cretaceous and early Cenozoic, the world’s oceans were united in a 

single marine province, the pantropical Tethyan Realm, which lay between the 

supercontinents of Laurasia and Gondwana (Bellwood & Wainwright 2002; Crame & 

Rosen 2002). Since that time, the history of the global tropical ocean has been 

characterized by fragmentation. Starting in the Eocene, the Indian plate ruptured the 

integrity of the ancient Tethys Sea by migrating northwards and joining Asia 

(Harzhauser et al. 2002). During the Oligocene, the Australian plate moved 

northwards towards Southeast Asia, restricting the connection between the Indian and

Pacific Oceans (Vermeij 2001a). At this time, the Tethyan Realm was also being 

constricted by the northward movement of Africa, until the Tethyan seaway finally 

closed in the Early Miocene, separating the Indo-West Pacific region from the 

Atlantic Ocean (Paulay 1997; Bellwood & Wainwright 2002; Crame & Rosen 2002). 
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Finally, the uplift of the Isthmus of Panama in the mid-Pliocene separated the Eastern 

Pacific from the Western Atlantic, a process that took approximately 12 Myr (see 

Lessios 2008 and references therein). 

These tectonic events created today’s tropical marine regions: the Eastern Atlantic 

(the African coast from Senegal to Angola), the Western Atlantic (from the south-

eastern coast of Florida to Brazil, including the Caribbean and the Yucatan 

Peninsula), the Eastern Pacific (from Baja California along the Central American 

coast to northern Peru) and the Indo-West Pacific (the Indian Ocean and the Pacific 

Ocean as far east as the edge of Polynesia and Hawaii; Vermeij 2001a).

Species richness varies considerably among these regions. For most marine taxa, 

the highest diversity is found within the Indo-West Pacific (IWP), where it is usually 

concentrated in the area bounded by the Philippines, Indonesia and Papua New 

Guinea, the so-called ‘East Indies Triangle’ or Indo-Australian Archipelago (Paulay 

1997; Vermeij 2001a; Bellwood & Wainwright 2002; Briggs 2006). Species richness 

declines in the Western Atlantic (WA) and Eastern Pacific (EP), and the lowest 

diversity is found in the Eastern Atlantic (EA; Vermeij 2001a; Lessios 2008). Corals 

and reef-associated organisms are more diverse in the WA than EP (Bellwood & 

Wainwright 2002; Lessios 2008), while the reverse is true for shore-associated taxa 

(Vermeij 2001a; Williams & Reid 2004). 

In addition to these longitudinal patterns within the tropics, there is a latitudinal 

trend of decreasing diversity from tropical to temperate regions which has existed 

since the Mesozoic (Vermeij 2001a). The reasons for this latitudinal pattern also 

remain the subject of intense debate (reviewed by Mittelbach et al. 2007). 

 Diversification and extinction
Fossil evidence suggests that the Tethyan fauna was relatively uniform until the 

northward movement of the Australian plate in the Oligocene and the final closure of 

the Tethys seaway in the Early Miocene (Bellwood & Wainwright 2002; Crame & 

Rosen 2002).

An increase in diversification rate during the Oligo-Miocene has been shown in 

several taxa (e.g. Frey & Vermeij 2008; Williams & Duda 2008). It has been 

postulated that speciation was stimulated by new shallow-water habitats created as the

Australian plate moved northwards (Bellwood & Wainwright 2002). This plate 
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movement constricted the circum-tropical current, and may have reduced gene flow 

between the Indian and Pacific Oceans (Frey & Vermeij 2008). This, coupled with 

falling sea levels in the Pleistocene, may have created many isolated and refugial 

areas in the central IWP, allowing for rapid diversification (Williams & Reid 2004; 

Reid et al. 2006). The circum-tropical current was halted by the closure of the Tethys 

seaway (Harzhauser et al. 2002). 

The rise of the Isthmus of Panama during the Pliocene effectively isolated the 

shallow-water biota of the Atlantic and Pacific coasts of the Americas. The presence 

of germinate species pairs on either side of the Isthmus is supported by phylogenetic 

analysis, although many lineages have been shown to have diverged long before the 

Isthmus was fully uplifted, perhaps due to gradual shoaling and ecological effects 

(Marko 2002; Lessios 2008; Hurt et al. 2009). There are also strong divisions within 

the EP and WA. In some fish, for example, the genetic divergence along the EP coast 

is greater and older than between the EP and the WA (Bellwood & Wainwright 2002).

Strong divergence has also been found between the southern Caribbean and the Gulf 

of Mexico in some taxa (Liu et al. 1991; Rocha et al. 2005). 

Analysis of diversification based on the phylogeny of extant species is complicated 

by extinction events. Extinction was profound in the EP and WA (Vermeij 2001a) 

although, because of rapid speciation, net diversity loss was minimal (Paulay 1997, 

2002). Palaeontological studies have shown that less than 30% of the early to mid-

Pliocene fauna of tropical America has survived to the present (see Vermeij 2001a for

a discussion). In contrast, extinction seems to have been relatively unimportant in the 

IWP (Vermeij 2001a; Williams & Reid 2004). A variety of theories have been 

presented to account for the mass extinctions in the EP and WA during the Pliocene, 

including a reduction in available nutrients (Bellwood & Wainwright 2002) and 

decreasing global temperature (Paulay 1997; Briggs 2006).

1.2 Mechanisms of diversification

 The allopatric model: vicariance and dispersal
In recent years, a number of marine palaeontologists and phylogeneticists have 

focused on global patterns of diversification and extinction, particularly in gastropods 

(e.g. Meyer 2003; Williams & Reid 2004; Frey & Vermeij 2008; Malaquias & Reid 

2009; Reid et al. 2010), sea urchins (e.g. Lessios et al. 2001) and reef fish (e.g. 
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Bellwood & Hughes 2001; Bowen et al. 2001; Bellwood et al. 2010). These studies 

have emphasized the importance of allopatric differentiation, driven by both 

vicariance and dispersal.

Vicariance and dispersal have sometimes been presented as diametrically opposed 

explanations for observed allopatric patterns of phylogeography (see e.g. Heads 

2005); ‘pure’ vicariance suggests that disjunct distributions are due to abiotic events 

only, while ‘pure’ dispersal implies that these distributions are caused by founder 

effects (Paulay & Meyer 2002). Yet phylogenetic work has repeatedly shown that 

distribution patterns cannot be explained by either mechanism alone (Paulay & Meyer

2002; Williams & Reid 2004; Reid et al. 2006). 

Vicariance is often taken to imply a relatively ancient change in geography that 

separated lineages, and dispersal a relatively recent invasion of a new area by a 

population. However, in the sea the two processes are in fact extremes of a 

continuum, and the distinction between them becomes blurred at intermediate scales 

of time and distance (Paulay & Meyer 2002). Either process can lead to 

geographically isolated populations, within which selection or drift can eventually 

result in reproductive isolation, and hence speciation or cladogenesis. This is the 

classical model of allopatric speciation, in which the range of young sister species is 

not expected to overlap (reviewed by Coyne & Orr 2004).

The theoretical dispersal range of many species in the sea is large owing to pelagic 

larval stages, and potential barriers to dispersal in the open ocean are not obvious. 

Therefore marine species might be expected to have large ranges and large 

populations. This in turn implies that speciation in the sea should be relatively rare 

and slow. In fact this is not the case: many marine genera are species-rich. This 

conundrum has been dubbed the ‘Marine Speciation Paradox’ (Palumbi 1992). It is 

now clear that theoretical dispersal ability is not always equivalent to realized 

dispersal, and that many marine populations are ‘closed’ rather than ‘open’ in terms 

of their recruitment patterns (Mora & Sale 2002). Furthermore, many barriers to 

dispersal do exist in the sea (Paulay & Meyer 2006). A formidable example of such a 

barrier lies in the eastern Pacific Ocean, where 5000 km of open ocean lies between 

the Line Islands and Central America. This Eastern Pacific Barrier has been in place 

since the Cretaceous and is a dispersal barrier for all but the most long-lived larvae 
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(Vermeij 2001a). Currents, temperature fronts and absence of habitat can all also 

contribute to restrictions on free dispersal in the sea.

There is a correlation between larval duration and species range in some species 

(e.g. cowries, Paulay & Meyer 2006). Founder speciation is most likely to occur at the

limit of an organism’s range of dispersal; any nearer and there is too much gene flow 

to allow differentiation, any farther away and colonization is too unlikely (Paulay & 

Meyer 2002). However, the factors determining species ranges are complex, and in 

some very good or very poor dispersers, dispersal ability shows little correlation with 

range (e.g. corals and reef fish, Bellwood & Hughes 2001; Nerita gastropods, Frey & 

Vermeij 2008; see also Weersing & Toonen 2009). 

The phylogenetic signature of cladogenesis by dispersal or vicariance is the same. 

To distinguish between vicariance caused by a physical oceanographic barrier, and 

the invasion of a new area by sporadic larval dispersal, it is necessary to know the age

of the barrier and of the cladogenetic event. Although dating of phylogenetic trees can

be based purely on a molecular clock, or on the assumption that certain phylogenetic 

breaks were caused by known tectonic events, the most reliable calibration is by 

means of fossils that document the first appearance of clades (Donoghue & Benton 

2007). 

For example, it is possible that sister species pairs on either side of the Atlantic 

were separated as the American continents began to drift away from Europe and 

Africa in the Mesozoic. Alternatively, trans-Atlantic sister relationships could be the 

result of relatively recent dispersal events across the existing ocean. The only way to 

distinguish between these two possibilities is to date the divergences. Within genera, 

divergences across the Atlantic Ocean are mostly ascribed to recent dispersal 

(Williams & Reid 2004; Frey & Vermeij 2008), although some species may maintain 

amphi-Atlantic ranges (Vermeij 2001b). 

 Ecological specialization and speciation in the face of gene flow
Not all species-distribution patterns can be explained by dispersal or vicariance. 

There is increasing evidence that ecology may play a role in the speciation process, 

resulting in sister species that differ in ecological characters and may be sympatric 

(e.g. Rocha 2003; Williams & Reid 2004; Meyer et al. 2005; Rocha et al. 2005; Reid 

et al. 2006; Rocha et al. 2008; Frey 2010). The theory of ecological speciation 
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suggests that reproductive isolation evolves via disruptive selection acting on 

populations that occupy contrasting environments or use different resources (reviewed

by Schluter 2001; Coyne & Orr 2004). 

In the marine snail Echinolittorina, for example, species can be categorized as 

‘continental’ or ‘oceanic’, based on whether they occur on islands of low primary 

productivity or on the productive continental margin (Williams & Reid 2004). 

Although both types of species maintain genetic connectivity across long distances, 

phylogenetic breaks have been observed between species with adjacent ranges but 

different habitat types. Such patterns have been explained by the process of parapatric

ecological speciation, involving specialization to distinct habitats (Schluter 2001). 

Wrasses in the Caribbean have a similar habitat-correlated distribution; phylogenetic 

breaks were observed between adjacent ranges with different habitat types, while no 

such breaks were found between highly disjunct ranges of similar habitat (Rocha et 

al. 2005). 

In groups with specialized diets, there is further evidence for an ecological role in 

speciation. In terrestrial systems, host preference and local adaptation has long been a 

focus of speciation research (reviewed by Coyne & Orr 2004). Although fewer such 

studies have been performed on marine organisms, examples of local adaptation and 

possible ecological speciation are found among crustaceans, polychaetes and molluscs

(reviewed by Sotka 2005). Some of these examples have widely dispersed larvae, 

suggesting that speciation may have occurred in the face of gene flow (Sotka 2005). 

In the widely-dispersed gastropod genus Conus, phylogenetic analysis shows that all 

unambiguous sister species share the same prey type, and many are broadly sympatric

(Duda et al. 2001; Duda & Palumbi 2004; Duda & Kohn 2005; reviewed by Krug 

2011). Such a pattern corresponds to neither the prediction of the allopatric nor of the 

ecological speciation model. It is possible that this pattern may indicate a lack of 

competitive exclusion after secondary contact following allopatric speciation (Krug 

2011); alternatively possible microhabitat differences among sympatric sister species 

may indicate ecological speciation (Vallejo 2005). 

Microhabitat specialization may also be a factor in the marine snail Littorina 

saxatilis, which has emerged as a model organism for studies of ecological and 

sympatric speciation (Johannesson 2001). However, as different morphs of this snail 
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occupy different vertical regions of the shore, and dispersal is limited, as is adult 

migratory ability (Janson 1983; Johannesson et al. 1993), L. saxatilis is perhaps a 

better example of small-scale allopatry rather than ecological specialization in the 

face of gene flow.

1.3 Selection of a model system

 A molluscan model
Molluscs are useful for studies of diversification because of the large volume of 

taxonomic, biogeographic and palaeontological information available (Vermeij 

2001a). Although much of the literature has focused on the Indo-West Pacific region, 

several circum-tropical phylogenies of gastropods have recently been published. 

These include phylogenies of the genera Conus (Duda & Kohn 2005), Nerita (Frey & 

Vermeij 2008; Frey 2010) and Echinolittorina (Williams & Reid 2004; Reid et al. 

2006) as well as the families Cypraeidae (Meyer 2003) and Turbinidae (Williams & 

Ozawa 2006; Williams 2007).

Useful models for studies of evolution and biogeography should meet the 

following criteria: they should be well studied, have a good fossil record, be 

reasonably species-rich, and occur worldwide in various habitats (Vermeij 1996). 

Vermeij (1996) pointed out that the Muricidae, a family of carnivorous marine 

gastropods, satisfy these criteria, and this is equally true of the muricid subfamilies 

Rapaninae and Ergalataxinae. The morphology and systematics of Recent and fossil 

rapanines and ergalataxines has been studied extensively (e.g. Kool 1993a; DeVries 

1995; Houart 1995a, 1995b; Tan 1995; Houart 1996a, 1996b, 1996c; Vokes 1996a; 

Houart & Vilvens 1997; Houart 2000; Vermeij & Carlson 2000; Houart 2002; Tan 

2003b; Houart 2004; DeVries 2007; Houart 2008a, 2008b). They are large and 

species-rich groups (~120 morphospecies in each subfamily; M.C., unpublished data).

In addition, although members of both subfamilies occur mainly in the rocky 

intertidal and shallow subtidal zones, rapanine and ergalataxine species can also be 

found in a variety of other habitats including deep water, coral reefs and mangroves. 

They occur world-wide in the tropics and subtropics (e.g. Keen 1971; Abbott 1974; 

Kay 1979; Tan 1995, 2000, 2003b; Houart & Héros 2008). Many rapanine and 

ergalataxine genera have fossil records that extend back to the Eocene (Vermeij & 

Carlson 2000). Vermeij and Carlson (2000) have constructed a rapanine/ergalataxine 
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phylogeny based on morphological characters that includes fossil taxa. This is 

impossible for other rocky shore taxa for which molecular phylogenies have been 

constructed (e.g. Echinolittorina and Nerita), because of their poor fossil records 

(Williams & Reid 2004; Frey & Vermeij 2008).

Although the plesiomorphic mode of rapanine and ergalataxine feeding is 

thought to be the drilling of hard-shelled prey such as barnacles and other molluscs, 

dietary specialization has arisen frequently (Vermeij & Carlson 2000). For example, 

species in the genus Drupella are obligate coral feeders (reviewed by Turner 1992), a 

dietary specialization that is relatively rare in molluscs (Robertson 1970). Species in 

the rapanine genus Drupa have unusual diets, and show a high degree of 

specialization (Taylor 1975b). Different species of Drupa may feed on sipunculans, 

sponges and fish as well as molluscs, barnacles and polychaetes (Taylor 1975b, 1978, 

1982, 1984). Even drillers with more generalized diets employ a number of variations 

in drilling style and method of attack (Vermeij & Carlson 2000). 

Larval development is also known for several species of the Rapaninae and 

Ergalataxinae. Although some species are direct developers (Tan 1995), other species 

are known to have a planktonic larval phase. For example, Stramonita haemastoma, a 

rapanine, is known to have long-lived planktonic larvae (2-3 months; Scheltema 

1977). This is consistent with the classical taxonomic interpretation of this as an 

exceptionally wide-spread species (Clench 1947; Abbott 1974). 

The worldwide distribution, fossil record, range of dispersal mechanisms, 

habitat and dietary diversity, and taxonomic familiarity of the Rapaninae and 

Ergalataxine make them excellent models for studies of vicariance, dispersal and 

ecological speciation in the sea. 

 A brief review of the Rapaninae and Ergalataxinae1

The current concept of the Rapaninae dates mainly from the phylogenetic analysis 

of Kool (1993a) , which demonstrated that the group previously familiar as Thaidinae 

should be divided into the subfamilies Rapaninae and Ocenebrinae (see Kool 1993a, 

for an historical review of these taxa). Although the taxonomy of many rapanine 

1A similar version of this short review of rapaninae ergalataxine phylogenetic history has already been 
published (Claremont et al. 2008; Appendix A).
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species is well known, the composition of the subfamily remains controversial. The 

Rapaninae have been difficult to define because the morphological characters used for

distinguishing the subfamilies of Muricidae are subject not only to convergence 

among groups, but to variation within them. External shell features have been most 

widely used for muricid classification, despite evidence of strong selection leading to 

convergence and of direct environmentally-induced effects on shell shape (review by 

Kool 1993a). Radular characters have also been widely used in diagnoses, even 

though radular morphology has been shown to vary within species during ontogeny, 

with season and with sex (Fujioka 1985; Kool 1993a; Tan 1995).

The phylogenetic analysis of the Rapaninae by Kool (1993a) was based on 18 

characters of the anatomy, radula, operculum, protoconch and shell mineralogy of 23 

‘thaidine’ muricid genera, with a single outgroup from the subfamily Muricinae. 

External features of the adult shell were excluded, because they were considered too 

variable and likely to be subject to evolutionary convergence. Kool’s analysis 

demonstrated the monophyly of Rapaninae and of Ocenebrinae, but did not address 

relationships between these subfamilies, because of lack of wider sampling within the 

family. Resolution within the Rapaninae was poor, but a clade combining Morula and

Cronia was consistently supported, usually in a terminal position. 

Vermeij and Carlson (2000) re-examined the phylogeny of the Rapaninae 

using a larger dataset of 36 rapanine and nine non-rapanine genera, scored for 34 

teleoconch characters and also incorporating the mainly anatomical data of Kool 

(1993a). They argued that shell characters should not be disregarded, because all 

characters, not just shell characters, are subject to evolutionary convergence (Vermeij 

& Carlson 2000). The results from a variety of analyses and weighting schemes were 

presented. While their ‘preferred’ phylogeny differed in some respects from that of 

Kool (1993a), it likewise showed a monophyletic Rapaninae and a derived clade of 

some ‘ergalataxine’ genera, including Morula, Cronia and Ergalatax. 

The subfamily Ergalataxinae was first described based on characters of the shell, 

operculum, radula and egg capsule, without formal comparison with other 

subfamilies; it originally included just three genera (Kuroda & Habe 1971). Some 

subsequent workers accepted the Ergalataxinae, while recognizing the variability of 

the shell and radular features, and added additional genera to the group (e.g. Houart 
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1995b; Vokes 1996a; Houart 2004). However, Tan (2000) considered the 

Ergalataxinae and Rapaninae synonymous, suggesting that anatomical differences 

between the two groups were not sufficiently consistent to justify separation. 

Although the phylogenetic analysis of Vermeij and Carlson (2000) supported a 

derived clade of six ‘ergalataxine’ genera, this clade fell within the Rapaninae. Other 

‘ergalataxine’ genera fell elsewhere within the Rapaninae and even among the 

outgroup taxa. There was therefore no support in Vermeij and Carlson’s (2000) 

analysis for recognition of Ergalataxinae as a distinct subfamily in a phylogenetic 

classification.

Although the placement of the Rapaninae and Ergalataxinae within the Muricidae 

remains unstable, recent molecular analyses have confirmed the monophyly of the 

each subfamily (Claremont et al. 2008; Barco et al. 2010; Appendices A, B).

1.4 Delimitation of species and genera

 Species concepts
Although species are intuitively conceived of as discrete evolutionary units 

with clear morphological differences, the definition of a species is not 

straightforward. This has been the subject of prolonged debate among evolutionary 

biologists (see Coyne & Orr 2004 for a review). 

Two of the most popular species concepts are relevant to this study: the 

biological species concept (BSC) and the phylogenetic species concept (PSC). 

Although these concepts (as well as most other species concepts) are equivalent in 

sympatry, both have difficulty defining species in allopatry.

In its simplest form, the BSC was originally defined by Mayr (1963) in terms 

of populations of animals that cannot interbreed. This idea of species has intuitive 

appeal. In sympatry, it is easy to diagnose species under the BSC: populations that 

maintain genetic separation in sympatry must be species, because they do not 

exchange genes. In allopatry, however, it becomes difficult to apply the BSC. Species 

diagnosis then requires taxon-specific methods, including breeding experiments and 

detailed observation (Bickford et al. 2007). For many marine populations with 

prolonged or complex life cycles, such analysis is difficult or impractical. However, 

instead of these taxon-specific methods, it is possible to test for reproductively 

isolated units with multi-locus genetic data (Knowles & Carstens 2007). 
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Phylogenetic studies have more commonly used a modified version of the 

PSC (also called the Genealogical Species Concept; Coyne & Orr 2004). Under the 

PSC, each species is defined as an exclusive clade whose members are more closely 

related to each other than any other group, and which contains no other exclusive 

group within it (Coyne & Orr 2004). The difficulty with the PSC arises because gene 

trees and species trees are not the same, and the evolution of a given locus is not 

necessarily identical to the evolution of a species (Nichols 2001). It is non-trivial to 

determine how many congruent loci are ‘enough’ to qualify a population for species 

status (Coyne & Orr 2004). The most strict definitions of the PSC require monophyly 

of all loci, but more recent work has suggested that a threshold of 50% is sufficient to 

designate a genetic species (Shaw 2001; Coyne & Orr 2004). It must also be noted 

that, although different mitochondrial genes can increase resolution of combined gene

trees, they represent a single linkage group or locus (Coyne & Orr 2004). An 

alternative approach is to use statistical methods to detect the coalescence point at 

which population-level variation transitions to species-level variation. One example is

the methods of Pons et al. (2006), which tests the null hypothesis that all variation in 

the ingroup can reasonably be explained by intra-specific variation; the alternative 

explanation is that there have been multiple coalescent events within the ingroup, 

resulting in multiple ‘evolutionarily significant units’ (ESUs; Moritz 1994; see 

implementations in e.g. Barraclough et al. 2009; Fontaneto et al. 2009; Emerson et al.

2011; Williams et al. 2011). Implicit is that these units are expected to continue to 

diverge (Hey 2009).

 Definition of genera 
In contrast, the definition of genera is arbitrary; the only requirement in a 

phylogenetic classification scheme is that genera are composed of monophyletic 

groups of species. Traditionally, taxonomists have described genera based on 

morphological disparity. According to the rules of nomenclature (International 

Commission on Zoological Nomenclature 1999), generic concepts must be based on 

the designated type species. In a phylogenetic classification a generic name can 

therefore only be applied to a monophyletic group that contains the type species. 

In studies of deeper (i.e. supraspecific) phylogenetic patterns it is usual to use 

exemplar species to represent genera; where possible these should be the type of the 
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genus (e.g. Vermeij & Carlson 2000; Meyer 2003). In order to test the monophyly 

(and therefore validity) of a generic name, as many potential member species 

(recognized by their morphology) as possible should be included (e.g. Williams et al. 

2003). In reconciling traditional morphological classifications with the clades 

supported by molecular phylogenetic analyses, some arbitrary decisions are 

inevitable, but are made with the intention of minimal disruption to the ‘accepted’ 

(morphological) classification scheme. 

1.5 Thesis aims
My aims in this study are to test the roles of the processes of vicariance, dispersal 

and ecological specialization in the diversification of the Rapaninae and 

Ergalataxinae. I first derive a phylogenetic hypothesis and new classification for each 

subfamily. Within these phylogenetic frameworks I ask the questions: (1) How and in 

what time frame have the patterns of diversity and biogeography been generated? (2) 

How does speciation proceed in the case of species with extremely widespread larval 

dispersal? (3) How and when have striking examples of carnivorous dietary 

specialization evolved? (4) Can dietary specialization promote speciation in the face 

of gene flow?
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Chapter 2. A molecular framework for the Ergalataxinae 
(Neogastropoda: Muricidae)

2.1 Abstract
The validity of the muricid subfamily Ergalataxinae has recently been confirmed 

with molecular techniques, but its composition and relationships among its constituent

genera remain unclear. In order to investigate this, I use four genes (28S rRNA, 12S 

rRNA, 16S rRNA and cytochrome c oxidase subunit I, COI) to construct a Bayesian 

phylogeny of 52 ergalataxine species in 19 genera, representing approximately 40% 

of the currently accepted species. This is the most complete phylogeny of this 

taxonomically confusing subfamily yet produced. My results indicate the polyphyly 

of many traditional genera, including Morula, Pascula and Orania. To address some 

of the polyphyly, I restrict the definition of Morula, resurrect Tenguella, and elevate 

Oppomorus to full genus, but describe no new genera. Further molecular and 

morphological analysis, in the context of this framework, may help to resolve the 

remaining ambiguities in this subfamily. I estimate the age of diversification of the 

Ergalataxinae as the early Eocene, and the age of many clades as the mid to late 

Miocene. 

2.2 Introduction
The Muricidae are a large, taxonomically complex family of neogastropods. Many 

species in this family are well-known for their charismatic shells (Murex, Chicoreus), 

as predators of commercially important bivalves (Ocenebra, Urosalpinx), as an 

ancient source of purple dye (Plicopurpura), or as a food item (Concholepas). 

However, until recently the phylogeny of the family was poorly known; subfamilies 

have been erected in the family based largely on general shell and radular 

resemblances. One such subfamily is the Ergalataxinae, the description of which was 

based on somewhat vague characters of the shell, operculum, radula and egg capsule 

(Kuroda & Habe 1971). It has been criticised as “the least well-defined [subfamily] in

the entire family Muricidae (Vokes 1996a, p. 27).” Ever since its introduction, the 

taxonomy of the group, and its relationship to another muricid subfamily, the 

Rapaninae [= Thaidinae of authors], has been controversial. Although some 

contended that there was little morphological support for the separation of the 
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Rapaninae and Ergalataxinae (Tan 1995, 2000), others accepted the Ergalataxinae and

added genera to it (e.g. Houart 1995a, 1995b; Vokes 1996a, 1996b; Houart 1997). 

Recent molecular phylogenetic analyses have tested these opposing views and have 

shown unequivocally the validity of the Ergalataxinae (Claremont et al. 2008; Barco 

et al. 2010). 

Like the rest of the Muricidae, ergalataxines are carnivorous, preying upon a wide 

variety of organisms including corals, polychaetes, barnacles and other molluscs (e.g. 

Taylor 1980; Tan 1995; Ishida 2004a; Claremont et al. 2011a). Ergalataxines are 

mainly found in the tropical Indo-West Pacific and display a wide range of habitats, 

with some species common in the high intertidal, while others live more than 500m 

deep (Kuroda & Habe 1971; Houart 1995b; Tan 1995). The subfamily was initially 

established for only three genera (Ergalatax, Bedevina and Cytharomorula), but many

traditionally ‘thaid’ genera have been transferred to it subsequently (e.g. Morula, 

Spinidrupa, Cronia, Drupella; Tröndlé & Houart 1992; Kool 1993a; Vokes 1996a; 

Tan 2000; Vermeij & Carlson 2000; Houart 2004; Claremont et al. 2011a). New 

ergalataxine genera have also been described, based on characters of the shell and 

radula (e.g. Habromorula; Houart 1995a). 

Characters of the shell, internal anatomy and radula have also been used to suggest 

affinities between various genera (e.g. Fujioka 1985; Houart 1995a, 1995b, 2004), but

the prevalence of parallel and convergent evolution within the Ergalataxinae has made

phylogenetic reconstruction based on morphology difficult. For example, the radula 

has been used to differentiate genera (see e.g. Houart 1995b, 2002), but radular 

morphology has been shown to vary with sex, growth and season (Fujioka 1985; Kool

1993a; Tan 1995). Indeed, early cladistic analyses of morphological characters did not

even find support for the monophyly of the Ergalataxinae (Kool 1993a; Vermeij & 

Carlson 2000). Although molecular analyses have confirmed the validity of the 

subfamily (Claremont et al. 2008; Barco et al. 2010; Appendices A, B), these studies 

suffered from limited sampling: a comprehensive molecular analysis of this important

subfamily remains to be done.

I aim to provide a phylogenetic framework of the Ergalataxinae for further 

taxonomic, ecological and phylogeographic work; to test monophyly of nominal 

genera currently defined by morphological characters; and to provide a new 
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phylogenetic classification. To do this, I construct a molecular phylogeny using one 

nuclear and three mitochondrial genes. I use a fossil calibration to date my phylogeny 

and briefly discuss the evolutionary history of the subfamily. My phylogeny includes 

52 ergalataxine species; this represents the most comprehensive phylogeny of the 

Ergalataxinae constructed to date. 

2.3 Materials and methods

 Taxon sampling and identification
A total of 109 ergalataxine specimens were obtained for molecular analysis (Table 

2.1). These were identified morphologically as belonging to 52 species in 19 genera, 

representing 40% of the approximately 129 accepted species in the subfamily, and all 

of the currently accepted genera (Houart 1986, 1987, 1991; Tröndlé & Houart 1992; 

Houart 1995a, 1995b; Tan 1995; Houart 1996a, 1996b; Vokes 1996b; Houart 1997, 

1998, 2000; Vermeij & Carlson 2000; Houart 2002, 2004, 2008b; Table 2.2). I have 

sequenced the type species of 16 genera (Houart 1995b; Vermeij & Carlson 2000; 

Tables 2.1, 2.2). Eight additional genera have been included in the Ergalataxinae 

(Tröndlé & Houart 1992; Houart 1995b; Vokes 1996b): of these, one is synonymized 

with another ergalataxine genus and three have been removed from the Ergalataxinae 

(Ponder 1972; Radwin et al. 1976; Barco et al. 2010; R. Houart, 2010, personal 

communication; Table 2.3). Confounding morphology makes the placement of the 

remaining four genera in the Ergalataxinae uncertain (R. Houart, 2010, personal 

communication; Table 2.3), but representative species should be included in further 

molecular analyses.
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Table 2.1 Specimens used in this study. Not all genes are available for each specimen; unavailable 

sequences are indicated with dashes. Representatives of type species are in bold. Voucher locations: 

Natural History Museum, London (NHMUK); Australian Museum, Sydney (AM); Western Australian 

Museum, Perth (WAM); Florida Museum of Natural History, Gainesville (UF); University of Costa 

Rica (UCR); Universidad Nacional Autónoma de México (CNMO); ‘‘La Sapienza” University of 

Rome (BAU); Muséum Nationale d'Histoire Naturalle, Paris (MNHN). Sequence accession numbers 

beginning with EU were previously published in Claremont et al. (2008); accession numbers beginning

with FN were previously published in Barco et al. (2010); accession numbers beginning with FR were 

previously published in Claremont et al. (2011a).

Species Locality Voucher 12S 28S 16S COI

Rapanine Outgroup
Concholepas 
concholepas
(Bruguière, 1789)

Chile: Isla Rojas, 
Region IX

NHMUK 
19990303

FN677398 EU391554 FN677453 EU391581

Dicathais orbita
Gmelin, 1791

Australia: Tasmania AM C458269 FN677395 FN677459 FN677450 EU391573

Mancinella intermedia
(Kiener, 1835)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060440

FN677384 EU391543 FN677434 EU391574

Rapana bezoar
(Linnaeus, 1767)

Japan: Kochi Pref. NHMUK 
20080038

FN677376 FN677476 FN677438 FN677421

Thais nodosa
(Linnaeus, 1758)

Ghana: Matrakni Point NHMUK 
20070652

FN677373 EU391566 FN677425 EU391579

Thalessa aculeata
(Deshayes, 1844)

New Caledonia: Touho NHMUK 
20070631

FN677374 FN677477 FN677426 FN677422

Ergalataxinae (Kuroda and Habe, 1971)
Trachypollia lugubris 
(C.B. Adams, 1852)

Costa Rica: Puntarenas UCR
7797

HE583773 HE583860 HE583924 HE584011

Trachypollia lugubris 
(C.B. Adams, 1852)

Panama BAU 00248 HE583774 HE583861 HE583925 HE584012

     Clade A
‘Morula’ anaxares 
(Kiener, 1836)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060450

HE583775 EU391541 HE583926 EU391584

‘Morula’ anaxares 
(Kiener, 1836)

Vanuatu MNHN 
IM-2007-18198

HE583776 --- HE583927 ---

‘Morula’ nodulosa 
(Adams, 1845)

Costa Rica: 
Manzanillo

UCR
7783

HE583777 HE583862 HE583928 HE584013

‘Morula’ nodulosa 
(Adams, 1845)

Senegal: Almadies NHMUK 
20080030

HE583778 --- HE583929 ---

Muricodrupa 
fenestrata 
(Blainville, 1832)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060451

HE583779 EU39155 HE583930 HE584014

Muricodrupa 
fenestrata 
(Blainville, 1832)

New Caledonia: 
Noumea

NHMUK 
20070620

HE583780 FN677474 FN677428 FN677419
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Subclade U
Tenguella ceylonica 
(Dall, 1923)

Malaysia: Langkawi Is. NHMUK 
20080822

HE583781 HE583863 HE583931 HE584015

Tenguella granulata 
(Duclos, 1832)

Seychelles: Mahé NHMUK 
20070645

--- HE583864 HE583932 ---

Tenguella granulata 
(Duclos, 1832)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20020262

HE583782 --- HE583933 ---

Tenguella granulata 
(Duclos, 1832)

New Caledonia: 
Noumea

NHMUK 
20070621

FN677383 FN677469 FN677433 FN677414

Tenguella marginalba
(Blainville, 1832)

Australia: Moreton 
Bay, Queensland

NHMUK 
20090088

HE583783 HE583865 HE583934 HE584016

Tenguella musiva 
(Kiener, 1836)

Malaysia: Langkawi Is. NHMUK 
20080744

FN677380 FN677472 FN677430 FN677417

Tenguella mutica 
(Duclos, 1832)

Vanuatu: Maloka Is. MNHN 
IM-2007-18187

HE583784 HE583866 HE583935 ---

Tenguella mutica 
(Lamarck, 1816)

Guam: Mangalao NHMUK 
20080772

FN677379 FN677473 FN677429 FN677418

     Clade B
‘Cytharomorula’ 
pinguis
Houart, 1995

New Caledonia: 
Norfolk Ridge

MNHN 
IM-2009-8827

HE583785 --- HE583936 HE584017

‘Cytharomorula’ 
pinguis
Houart, 1995

New Caledonia: 
Norfolk Ridge

MNHN 
IM-2009-8828

HE583786 HE583867 HE583937 HE584018

‘Morula’ rumphiusi
Houart, 1996

Japan: Yakushima I., 
Kyushu

NHMUK 
20090337

HE583787 HE583868 HE583938 HE584019

‘Morula’ rumphiusi
Houart, 1996

Malaysia: E Coast 
Johor

NHMUK 
20080795

FN677381 FN677471 FN677431 FN677416

‘Muricodrupa’ 
fiscella
(Gmelin, 1791)

Australia: Queensland AM C205407 HE583788 HE583869 --- ---

‘Muricodrupa’ 
fiscella 
(Gmelin, 1791)

New Caledonia: 
Noumea

NHMUK 
20070623

FN677382 FN677470 FN677432 FN677415

‘Muricodrupa’ 
fiscella
(Gmelin, 1791)

Philippines: Panglao I. MNHN 
IM-2007-18195

HE583789 --- HE583939 ---

          Subclade V
Morula aspera 
(Lamarck, 1816)

Egypt: 
Marsa Alam

no voucher HE583790 HE583870 HE583940 HE584020

Morula benedicta
(Melvill & Standen, 
1895) 

Hawaii, U.S.A:  French 
Frigate Shoals

UF 414310 HE583791 HE583871 HE583941 ---

Morula biconica 
(Blainville, 1832)

Philippines: Panglao I. MNHN 
IM-2007-18172

HE583792 HE583872 HE583942 ---

Morula chrysostoma
(Deshayes, 1844)

United Arab Emirates: 
Fujairah

NHMUK 
20080911

HE583793 --- HE583943 HE584021

Morula coronata 
(Adams, 1869)

Mozambique: 
Mozambique Channel

MNHN 
IM-2009-5447

HE583794 HE583873 HE583944 HE584022

Morula japonica 
(Sowerby, 1903)

Japan: Sakihara Is., 
Amami Is

NHMUK 
20090347

HE583795 HE583874 HE583945 HE584023

Morula nodicostata 
(Pease, 1868)

Guam: Mangalao NHMUK 
20080766

HE583796 HE583875 HE583946 HE584024
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Morula spinosa
(H. & A. Adams, 
1853)

Vanuatu: Segond 
Channel

MNHN 
IM-2007-18223

HE583797 HE583876 HE583947 ---

Morula spinosa
(H. & A. Adams, 
1853)

Japan: Kagoshima, 
Kyushiu 

NHMUK 
20090351

HE583798 HE583877 HE583948 HE584025

Morula spinosa
(H. & A. Adams, 
1853)

Japan: Miyazaki,
Kyushu 

NHMUK 
20100148

HE583799 HE583878 HE583949 HE584026

Morula striata
(Pease, 1868)

Japan: Sakihara Is., 
Amami Is

NHMUK 
20090346

HE583800 HE583879 HE583950 HE584027

Morula striata
(Pease, 1868)

Japan: Yaeyama Is, 
Okinawa

Y. Kano 
collection

HE583801 HE583880 HE583951 HE584028

Morula striata
(Pease, 1868)

Moorea UF 291661 HE583802 HE583881 HE583952 ---

Morula uva
Houart, 2004

Guam: Mangalao NHMUK 
20080775

HE583803 HE583882 HE583953 HE584029

Morula uva
(Röding, 1798)

Guam: Mangalao NHMUK 
20080831

HE583804 HE583883 HE583954 HE584030

Morula uva
(Röding, 1798)

Guam: Merizo Bay NHMUK 
20080762

HE583805 --- HE583955 HE584031

Morula uva
(Röding, 1798)

Guam: Merizo Bay NHMUK 
20080780

HE583806 --- HE583956 HE584032

Morula uva
(Röding, 1798)

Guam: Umatac Bay NHMUK 
20080821

HE583807 --- --- ---

Morula uva
(Röding, 1798)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060449

HE583808 --- HE583957 ---

Morula zebrina
Houart, 2004

Japan: Yakushima I., 
Kyushu

NHMUK 
20090331

HE583809 HE583884 HE583958 HE584033

     Clade C
‘Morula’ echinata 
(Reeve, 1846)

Vanuatu: 
Aoré I.

MNHN 
IM-2007-18211

HE583810 --- --- ---

‘Morula’ parva 
(Reeve, 1846)

Philippines: Panglao I. MNHN 
IM-2007-18212

HE583811 HE583885 HE583959 HE584034

Phrygiomurex 
sculptilis 
(Reeve, 1844)

Vanuatu: Palikulo 
Peninsula

MNHN 
IM-2007-18196

HE583812 HE583886 HE583960 HE584035

          Subclade W
‘Orania’ 
bimucronata 
(Reeve, 1846)

Malaysia: Pulau Dayang
Bunting

NHMUK 
20080746

HE583813 HE583887 HE583961 HE584036

‘Orania’ gaskelli 
(Melvill, 1891)

Vanuatu: Segond 
Channel

MNHN
IM-2007-18173

HE583814 HE583888 HE583962 HE584037

‘Orania’ serotina
(A. Adams, 1853)

Philippines MNHN 
IM-2009-6382

HE583815 HE583889 HE583963 HE584038

Lataxiena fimbriata 
(Hinds, 1844)

Australia: Moreton Bay, 
Queensland

NHMUK 
20090354

HE583816 HE583890 HE583964 HE584039

Usilla avenacea
(Lesson, 1842)

Hawaii, USA: Oahu NHMUK 
20100385

HE583817 HE583891 HE583965 HE584040

Usilla avenacea 
(Lesson, 1842)

Japan: Konigami, 
Okinawa

NHMUK 
20100318

HE583818 HE583892 HE583966 HE584041

          

Chapter 2. A molecular framework for the Ergalataxinae 33
____________________________________________________________________________________________________________________________________________________________________



Subclade X
‘Ergalatax’ contracta
(Reeve, 1846)

Japan: Kamogawa 
City, Chiba Pref.

NHMUK 
20080019

FR854045 FR853963 HE583967 FR853882

‘Ergalatax’ contracta
(Reeve, 1846)

Malaysia: Langkawi 
Is.

NHMUK 
20080747

FN677391 FN677462 FN677444 FN677408

‘Ergalatax’ junionae 
Houart, 2008

Kuwait: Ras Ajoza NHMUK 
20100394

FR854046 FR853964 HE583968 FR853883

‘Ergalatax’ junionae 
Houart, 2008

United Arab Emirates: 
Abu Dhabi

NHMUK 
20080906

FN677390 FN677463 FN677446 FN677409

Cronia amygdala 
(Kiener, 1835)

Australia: Darwin 
Harbour, NT

NHMUK 
20100355

FR853984 FR853903 HE583969 FR853822

Cronia aurantiaca 
(Hombron & 
Jacquinot, 1852)

Australia: Queensland AM C458326 FR853983 FR853902 HE583970 FR853821

Drupella 
margariticola 
‘Oceanic’

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060466

FN677396 EU391552 FN677451 EU391587

Drupella 
margariticola 
‘Continental’

Hong Kong: Bloff 
Island

NHMUK 
20080741.1

FR853985 FR853904 HE583971 FR853823

Drupella cornus 
(Röding, 1798)

New Caledonia: Yaté NHMUK 
20070144

FR854005 FR853923 HE583972 FR853842

Drupella eburnea 
(Küster, 1862)

Japan: Miyazaki,
Kyushu

NHMUK 
20100146.2

FR853991 FR853909 --- FR853828

Drupella fragum 
(Blainville, 1832)

Japan: Fukashima, 
Oita Pref.

NHMUK 
20090098

FR854009 FR853927 HE583973 FR853846

Drupella rugosa
(Born, 1778)

Hong Kong: Bloff I. NHMUK 
20080824.1

FR854011 FR853929 HE583974 FR853848

Maculotriton serriale
(Deshayes, 1834)

Japan: Okinawa Pref. NHMUK 
20080022

FR854056 FR853974 HE583975 FR853893

Maculotriton serriale
(Deshayes, 1834)

Mozambique: Cabo 
Delgado Prov.

BAU 00952 HE583819 --- --- ---

Maculotriton serriale
(Deshayes, 1834)

Philippines: Panglao I. MNHN 
IM-2007-18197

FR854057 FR853975 HE583976 FR853894

          Subclade Y
‘Orania rosea’ 
Houart, 1995

Mozambique: 
Mozambique Channel

MNHN 
IM-2009-5434

HE583820 HE583893 HE583977 HE584042

‘Spinidrupa’ infans 
(Smith, 1884)

Madagascar: Bay of 
Nazendry

MNHN 
IM-2009-8833

HE583821 HE583894 HE583978 HE584043

Bedevina birileffi 
(Lischke, 1871)

Japan: Kagoshima, 
Kyushi 

NHMUK 
20090344

HE583822 HE583895 HE583979 HE584044

Oppomorus 
funiculata 
(Reeve, 1846)

Japan: Amami Is NHMUK 
20090340

HE583823 HE583896 HE583980 HE584045

Oppomorus 
funiculata 
(Reeve, 1846)

Japan: Fukashima, Oita
Pref.

NHMUK 
20090355

HE583824 HE583897 HE583981 HE584046

Oppomorus 
funiculata 
(Reeve, 1846)

Japan: Miyake Is., Izu 
Is

NHMUK 
20100140

HE583825 HE583898 HE583982 HE584047

Oppomorus 
nodulifera 
(Menke, 1829)

Australia: Lord Howe 
I.

AM C433918.1 HE583826 --- --- ---
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Oppomorus 
nodulifera 
(Menke, 1829)

Australia: Lord Howe 
I.

AM C433918.2 HE583827 --- --- ---

Oppomorus 
nodulifera 
(Menke, 1829)

Australia: Sydney, 
NSW

AM C451257 HE583828 HE583899 HE583983 HE584048

Oppomorus 
purpureocincta 
(Preston, 1909)

Guam: Pago Bay, 
Mangalao

NHMUK 
20080781

HE583829 HE583900 HE583984 ---

Oppomorus 
purpureocincta 
(Preston, 1909)

Japan: Kunigami, 
Okinawa

UF 351763 HE583830 HE583901 HE583985 HE584049

Oppomorus 
purpureocincta 
 (Preston, 1909)

Malaysia: Langkawi Is. NHMUK 
20080748

HE583831 HE583902 HE583986 HE584050

Spinidrupa 
euracantha
(A. Adams, 1853)

Mozambique: Cabo 
Delgado Prov.

BAU 00951 HE583832 --- --- ---

Spinidrupa 
euracantha
(A. Adams, 1853)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060429

HE583833 EU391542 HE583987 EU391586

          Subclade Z
‘Cytharomorula’  
grayi 
(Dall, 1889)

New Caledonia: Banc 
Kaimon Maru

MNHN 
IM-2007-18205

HE583834 HE583903 HE583988 ---

‘Cytharomorula’ 
grayi 
(Dall, 1889)

New Caledonia: Banc 
Crypthelia

MNHN 
IM-2007-18225

HE583835 HE583904 HE583989 HE584051

‘Cytharomorula’ 
paucimaculata 
(Sowerby, 1903)

Philippines: Panglao I. MNHN
IM-2007-18202

HE583836 --- --- ---

‘Cytharomorula’ 
paucimaculata 
(Sowerby, 1903)

Philippines: Panglao I. MNHN 
IM-2007-18204

HE583837 --- --- ---

‘Cytharomorula’ 
springsteeni 
Houart, 1995

Philippines MNHN 
IM-2007-18184

HE583838 HE583905 HE583990 HE584052

‘Orania’ fischeriana 
(Tapparone-Canefri, 
1882)

Madagascar: Bay of 
Nazendry

MNHN 
IM-2009-8832

HE583839 HE583906 HE583991 HE584053

‘Orania’ mixta 
Houart, 1995

Philippines: Bohol I. MNHN
 IM-2007-18201

HE583840 HE583907 HE583992 HE584054

‘Orania’ mixta 
Houart, 1995

Philippines: Panglao 
Is.

MNHN 
IM-2007-18209

HE583841 HE583908 HE583993 ---

‘Orania’ mixta 
Houart, 1995

Philippines: West 
Pamilacan I.

MNHN 
IM-2007-18708

HE583842 HE583909 HE583994 ---

‘Orania’ mixta 
Houart, 1995

Solomon Is: 
Kolombangara I.

MNHN 
IM-2007-18207

HE583843 --- HE583995 ---

‘Orania’ 
ornamentata 
Houart, 1995

Mozambique: 
Mozambique Channel

MNHN 
IM-2009-5587

HE583844 HE583910 HE583996 HE584055

‘Orania’ pacifica 
(Nakayama, 1988)

Australia: Off Cape 
Leveque, Western 
Australia

WAM S32747 HE583845 HE583911 HE583997 ---

‘Orania’ pacifica 
(Nakayama, 1988)

Philippines: Bohol 
Sea

MNHN 
IM-2007-18193

HE583846 HE583912 HE583998 HE584056
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‘Orania’ rosea 
Houart, 1996

Philippines: Panglao I. NHMUK 
20070583

HE583847 HE583913 HE583999 ---

‘Pascula’ 
darrosensis
(E.A. Smith, 1884)

Philippines: Balicasag
I.

MNHN 
IM-2009-4950

HE583848 HE583914 --- HE584057

‘Pascula’ muricata 
(Reeve, 1846)

Mozambique: Cabo 
Delgado Prov.

BAU 00950 HE583849 HE583915 HE584000 HE584058

‘Pascula’ muricata 
(Reeve, 1846)

Mozambique: Cabo 
Delgado Prov.

NHMUK 
20060435

HE583850 EU391549 HE584001 ---

‘Pascula’ 
ochrostoma  
(Blainville, 1832)

Japan: Miyake Is., Izu 
Is

NHMUK 
20100160

HE583851 HE583916 HE584002 ---

‘Pascula’ 
ochrostoma 
(Blainville, 1832)

Guam: Merizo Bay NHMUK 
20080757

HE583852 HE583917 HE584003 ---

‘Pascula’ 
ochrostoma 
(Blainville, 1832)

Philippines: Panglao I. MNHN 
IM-2007-18176

HE583853 HE583918 HE584004 HE584059

‘Pascula’ 
ochrostoma 
(Blainville, 1832)

Tahiti UF 291770 HE583854 HE583919 HE584005 ---

‘Pascula’ submissa 
(E.A. Smith, 1903)

Mozambique: 
Mozambique Channel

MNHN 
IM-2009-5440

HE583855 HE583920 HE584006 HE584060

‘Pascula’ submissa  
(E.A. Smith, 1903)

Mozambique: 
Mozambique Channel

MNHN 
IM-2009-5609

HE583856 HE583921 HE584007 ---

‘Thais’ castanea 
(Küster, 1886)

Sunrise-on-Sea: South
Africa

NHMUK
20100166

HE583857 HE583922 HE584008 HE584061

Cytharomorula 
vexillum 
Kuroda, 1953

New Caledonia: Banc 
Capel

MNHN 
IM-2007-18174

HE583858 HE583923 HE584009 HE584062

Cytharomorula 
vexillum 
Kuroda, 1953

New Caledonia: Banc 
Nova sud

MNHN 
IM-2007-18203

HE583859 --- HE584010 ---
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Table 2.2 Status of ergalataxine genera included in this study. 

Genus Type species
First included in
Ergalataxinae by

Type species
analysed in
this study?

Validity of genus, based on
results

Azumamorula 
Emerson, 1938 
(new name for 
Morulina Dall, 
1923)

Ricinula mutica 
Lamarck, 1816

Houart 2004 yes Invalid: synonymized with 
Tenguella. The type species 
of Azumamorula forms a 
clade with the type species 
of Tenguella, and Tenguella 
has taxonomic priority.

Bedevina
Habe, 1946

Trophon birileffi 
Lishke, 1871

Kuroda & Habe
1971

yes Valid. The type species of 
Bedevina forms a clade with
the type species of 
Spinidrupa. More analysis is
necessary to determine if 
Spinidrupa is a synonym of 
Bedevina.

Cronia
H. & A. 
Adams, 1853

Purpura 
amygdala 
Kiener, 1835

Tröndlé & Houart
1992

yes Valid, but composition of 
genus is uncertain.  

Cytharomorula 
Kuroda, 1953

Cytharomorula 
vexillum Kuroda, 
1953

Kuroda & Habe
1971

yes Uncertain: species of 
Cytharomorula did not form
a monophyletic clade in any 
analysis.

Drupella 
Thiele, 1925

Purpura elata 
Blainville, 1832 
[= Drupa cornus 
Röding, 1798]

Claremont et al.
2011a

yes Valid. 

Ergalatax 
Iredale, 1931

Ergalatax 
recurrens Iredale,
1931

Kuroda & Habe
1971

no Uncertain: type species not 
included. Further analysis 
necessary to determine if 
genus is reciprocally 
monophyletic. If not, this 
genus should be 
synonymized with Cronia, 
which has taxonomic 
priority.

Habromorula 
Houart, 1995

Purpura biconica
Blainville, 1832 

Houart 2004 yes Invalid: synonymized with 
Morula. The type species of 
Habromorula forms a clade 
with the type species of 
Morula, and Morula has 
taxonomic priority.
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Lataxiena 
Jousseaume, 
1883

Lataxiena 
lataxiena 
Jousseaume, 1883
[= Trophon 
fimbriata Hinds, 
1844]

Houart 1995b yes Valid, but due to limited 
sampling and uncertainty 
surrounding Orania, the 
composition of the genus is 
unclear.

Maculotriton 
Dall, 1904

Triton bracteata 
Hinds, 1844 
[= Buccinum 
serriale 
Deshayes, 1834] 

Tröndlé & Houart
1992

yes Valid, but if Ergalatax is 
shown to be para- or 
polyphyletic, both genera 
should probably be 
synonymized with Cronia as
this genus has taxonomic 
priority.

Morula 
Schumacher, 
1817

Morula papillosa 
Schumacher, 
1917 
[= Drupa uva 
Röding, 1798] 

Houart 2004 yes Valid, but composition here 
shown to be more restricted 
than indicated by previous 
analyses based on 
morphology (e.g. Houart 
2002, 2004)

Muricodrupa 
Iredale, 1918

Purpura 
fenestrata
Blainville, 1832

Tröndlé & Houart
1992

yes Valid, although definition 
restricted (‘M.’ fiscella 
excluded).

Oppomorus 
Iredale, 1937

Morula 
nodulifera 
Menke, 1829

Houart 2004 yes Valid. Treated as a subgenus
by Houart (2004), but 
should be elevated to full 
genus.

Orania 
Pallary, 1900

Pseudomurex 
spadae Libassi, 
1859
[= Murex fusulus 
Brocchi, 1814] 

Houart 1995b no Uncertain, because analysis 
lacks the type species of 
Orania, and species 
presently ascribed to Orania
form clades with various 
other genera including 
Lataxiena, Spinidrupa, 
Cytharomorula and Pascula.

Pascula 
Dall, 1908

Trophon citricus 
Dall, 1908 

Tröndlé & Houart
1992

no Uncertain: analysis lacks the
type species of Pascula. 
However, results suggest 
that Pascula, as currently 
defined, may be 
paraphyletic. 

Phrygiomurex 
Dall, 1904

Triton sculptilis 
Reeve, 1844

Tröndlé & Houart
1992

yes Valid. 
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Spinidrupa
Habe & 
Kosuge, 1966

Murex 
euracantha A. 
Adams, 1851

Houart 1995a yes Uncertain: species of 
Spinidrupa analysed in this 
study do not form a clade; 
the type species of 
Spinidrupa forms a clade 
with the type species of 
Bedevina, which has 
taxonomic priority. 

Tenguella 
Arakawa, 1965

Purpura 
granulata Duclos,
1832 

This study yes Valid. This genus was 
synonymized with Morula 
by Fujioka (1985), but is 
here shown to be distinct.

Trachypollia 
Woodring, 
1928

Trachypollia 
sclera Woodring, 
1928

Vokes 1996a no Probably valid, although 
sampling in this study was 
limited and lacked the type 
species. 

Usilla 
H. Adams, 
1861

Vexilla nigro-
fusca Pease, 1860
[= Vexilla 
fusconigra Pease,
1860 
 = Purpura 
avenacea Lesson,
1842]

Vokes 1996b yes Valid. Tröndlé and Houart 
(1992) recognize Usilla as a 
subgenus of Cronia, but 
Vokes (1996b) and Houart 
and Tröndlé (2008) promote
to genus. In this analysis, the
type species of Usilla forms 
a clade with the type species
of Lataxiena and some 
species currently placed in 
Orania. Given 
morphological disparity in 
this clade, it is probably best
to retain Lataxiena and 
Usilla as genera.  
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Table 2.3 Comments on genera sometimes included in the Ergalataxinae, but not analysed in this 

study.

Genus Type Species
First Included in
Ergalataxinae by Comment

Cinclidotyphis 
DuShane, 1969

Cinclidotyphis myrae 
DuShane, 1969

Vokes 1996b Transferred to Typhinae by Radwin et 
al (1976); now regarded as a genus of 
Tryptotyphinae (R. Houart, 2010, 
personal communication) 

Cumella 
Jousseaume, 
1898

Cumella cumella 
Jousseaume, 1898

Vokes 1996b Unavailable name: junior homonym of 
Cumella Sars, 1865 (Crustacea). 
Accepted name Lataxiena Jousseaume, 
1883 (R. Houart, 2010, personal 
communication)

Daphnellopsis 
Schepman, 
1913

Daphnellopsis 
lamellosa Schepman, 
1913

Houart 1995b Tentatively transferred to a different 
superfamily, the Conoidea (R. Houart, 
2010, personal communication); should
be tested with molecular data.

Galfridus 
Iredale, 1924

Triton (Cumia) 
speciosum Angus, 
1871

Vokes 1996b Regarded as a subgenus of Phyllocoma 
by Ponder (1972) and Houart (2010, 
personal communication), but this 
should be confirmed with molecular 
analysis.

Lindapterys 
Petuch, 1987

Lindapterys vokesae 
Petuch, 1987

Houart 1995b Placement in the Ergalataxinae 
uncertain (R. Houart, 2010, personal 
communication); should be tested with 
molecular data.

Phyllocoma 
Tapparone 
Canefri, 1881

Triton convolutus 
Broderip, 1833

Tröndlé & Houart
1992

Now regarded as a genus of Muricinae 
(R. Houart, 2010, personal 
communication); this hypothesis 
supported by preliminary molecular 
analysis (data not shown). 

Uttleya 
Marwick, 1934

Uttleya arcana 
Marwick, 1934

Vokes 1996b Placement in the Ergalataxinae 
uncertain (R. Houart, 2010, personal 
communication); should be tested with 
molecular data.

Xanthochorus
P. Fischer, 1884

Purpura cassidiformis
Blainville, 1832

Vokes 1996b Confirmed in Ocenebrinae with 
molecular analysis (Barco et al. 2010)
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I used 66 previously published ergalataxine sequences (Claremont et al. 2008; 

Barco et al. 2010; Claremont et al. 2011a; Chapter 5; Appendices A, B). Outgroup 

species were selected from Rapaninae, as this may be the sister subfamily to the 

Ergalataxinae (Claremont et al. 2008; Appendix A; but see Barco et al. 2010; 

Appendix B). All rapanine outgroup sequences have been previously published 

(Claremont et al. 2008; Barco et al. 2010). Identifications were made by Roland 

Houart, David Reid and the author. Location of voucher material is noted in Table 

2.1. Generic assignments are based on the conclusions of this study, except where 

generic composition is unclear. In these cases, I have followed the generic 

assignments of Houart (e.g. Houart 1986, 1987, 1991, 1995a, 1995b, 1996a, 1996b, 

1997, 1998, 2000, 2002, 2004, 2008b) except for ‘Thais’ castanea (where I follow 

Steyn & Lussi 1998) and Drupella (where I follow Claremont et al. 2011a). 

Polyphyletic genera that need further revision are indicated in single quotes. 

 DNA sequencing and alignment
For all samples, three mitochondrial genes (cytochrome c oxidase subunit I (COI), 

16S rRNA and 12S rRNA) and one nuclear gene (28S rRNA) known to be 

informative for phylogenetic analysis in the Muricidae (Claremont et al. 2008; Barco 

et al. 2010; Appendices A, B) were sequenced, following the protocols of Claremont 

et al. (2011b). DNA was extracted with the Qiagen QIAamp DNA mini kit. 

Polymerase chain reactions (PCR) amplified approximately 1500 bp of 28S, 700 bp of

COI, and 650 bp of 12S. Primers and PCR conditions for all genes were as in Barco et

al. (2010) except for some forward fragments of 16S that were obtained using a new 

internal primer, 16S-Int56F (5’- AAC RGC CGC GGT ACT CTG-3’); and some COI

sequences which were obtained using primers COIF and COI-MUR (Claremont et al. 

2011b; Chapter 4). PCR products were sequenced using a BigDye Terminator v1.1 

Cycle Sequencing Kit (Applied Biosystems) and run on an Applied Biosystems 3730 

DNA Analyzer automated capillary sequencer. Sequences were assembled and edited 

with Sequencher (v4.8; GeneCodes Corporation, Ann Arbor, Michigan). Clear 

heterozygous peaks in both the forward and reverse sequence of 28S were coded as 

polymorphisms. 

Ribosomal (28S, 16S and 12S) sequences were aligned using the Q-INS-i method 

of MAFFT (Multiple Alignment using Fast Fourier Transform; v 6.847b; Katoh & 
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Toh 2008). As I did not expect long gaps in my alignments, the offset value was set to

0.1. The resulting alignments were adjusted by eye in MacClade (v4.06 OSX; 

Maddison & Maddison 2003). Gblocks (v0.91beta; Castresana 2000) was then used to

remove poorly aligned sites (minimum number of sequences for a conserved position:

70%; minimum number of sequences for a flanking position: 90%; maximum number

of contiguous non-conserved positions: 3; minimum length of a block: 5; all gap 

positions allowed). COI sequences were aligned by eye in MacClade (v4.06 OSX; 

Maddison & Maddison 2003). For each gene partition, 24 different models of 

nucleotide substitution were tested with MrModelTest (v2.2; Nylander 2004). 

I constructed two alignments of concatenated genes: ‘all genes’ and ‘28S plus 12S’.

Before combining gene partitions, I compared posterior probabilities (PP) of all 

clades among individual Bayesian gene trees. Conflict among strongly supported 

clades (PP > 95%) can be seen as evidence of genetic incongruence and divergent 

phylogenetic histories, while conflict among weakly supported clades (PP < 50%) 

may be due to stochastic error (Wiens 1998; Reeder 2003; Williams & Ozawa 2006). 

Lack of resolution was not seen as conflict.

 Phylogenetic analysis
All alignments were analysed using Bayesian inference and the Markov Chain 

Monte Carlo Method (MCMC; MrBayes v3.1, Huelsenbeck & Ronquist 2001). Model

parameters for each gene were set according to the model selected by MrModelTest, 

and were free to vary among gene partitions. The MCMC analysis ran twice for each 

alignment: five million generations for each individual gene, and nine million 

generations for both combined alignments. In all cases, I used a sample frequency of 

1,000 and a burn-in of 15,001. Tree convergence was tested by examining the average

deviations of split frequencies and the potential scale reduction factor (PSRF), as well

as the traces in Tracer (v1.5; Drummond & Rambaut 2007). Branches in the 

consensus tree supported by less than 50% posterior probability (PP) were collapsed.

I estimated timing of diversification within the Ergalataxinae with Species Tree 

Ancestral Reconstruction in BEAST (*BEAST; BEAST v1.6.1; Heled & Drummond 

2010). This extension to BEAST (Drummond & Rambaut 2007) explicitly separates 

the construction of gene trees from the construction of the species trees, and allows 

for incongruity among genes. With *BEAST it is also possible to date a species tree 
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using fossils to calibrate nodes. 

In order to determine a date range for tree calibration, I examined a specimen of 

Taurasia sacyi Cossmann and Peyrot, 1923 from the Stampien de Gaas (Espibos) of 

France (28.4 – 33.9 Ma; R. Houart, personal collection). Based on the similarity of 

this fossil to Recent species in the genera Pascula, Ergalatax and Cytharomorula, I 

set the minimum age of the crown of these clades to 28.4 Ma, and the maximum age 

as 37 Ma, as the maximum age of the subfamily is Late Eocene, 34 – 37 Ma (Vermeij 

& Carlson 2000; Barco et al. 2010). I then assumed that the entire clade (including 

outgroup species) could not be older than the earliest Cenozoic (following Claremont 

et al. 2011b; Chapter 4), nor younger than the oldest fossil in the clade (T. sacyi, 28.4 

Ma).

I tested the timing of diversification only in the all gene alignment. This alignment 

was trimmed such that each species was represented only once, including cases where

more than one species name was found in a single genetic cluster (defined as less than

1% COI sequence divergence). Site models were set based on MrModelTest. I used a 

relaxed, uncorrelated lognormal molecular clock, estimating all rates. Tree models 

were set to mitochondrial for COI, 16S and 12S, and autosomal for 28S, with starting 

trees randomly generated for all genes. I used the Yule process for the species tree 

prior and a constant population size coalescent model. BEAST xml files were hand-

edited, following McCormack et al. (2011), to insert a user-defined starting species 

tree and to apply the fossil dates to the species tree rather than the gene trees. Five 

identical analyses (100,000,000 generations each) were sampled every 10,000 

generations to generate 10,001 trees each. These treefiles were combined using 

LogCombiner (v1.5.4; part of the BEAST package: http://code.google.com/p/beast-

mcmc/downloads/list), with a 10% burn-in for all analyses. Length of burn-in was 

determined by examination of traces in Tracer (v1.5; Drummond & Rambaut 2007). 

2.4 Results

 Sequence analysis and phylogenetic analyses
I was unable to amplify all genes for all specimens. Thus, the 12S alignment 

consisted of 115 sequences, the 16S alignment of 106 sequences, the 28S alignment 

of 95 sequences, and the COI alignment of 78 sequences (see Table 2.1 for sequence 

accession numbers). The 28S plus 12S alignment consisted of 94 sequences, while the
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alignment of all genes was 59 sequences. After removal of primer regions, 28S 

sequences were 1497 bp and 12S sequences were 573 bp. COI sequences obtained 

with COIF/COI-MUR were 703 bp; those sequences obtained using universal primers

(Folmer et al. 1994) were 658 bp. Sequences of 16S obtained with CGLeuR (Hayashi 

2005) and 16S-Int56F (this paper) were 705 bp, while those obtained with CGLeuR 

(Hayashi 2005) and 16SA (Palumbi et al. 1991) were 825 bp. Elimination of 

ambiguous regions reduced the 28S alignment 5% to 1432 bp, the 12S alignment, 

10% to 518 bp and the 16S alignment, 14% to 620 bp. There were 91 

phylogenetically informative base pairs in 28S, 232 bp in 12S, 173 bp in 16S and 272 

bp in COI; remaining bases were either constant or phylogenetically uninformative. 

The model chosen by MrModelTest was GTR+I+G for 28S, 16S and 12S, and 

HKY+I+G for COI. Inspection of individual gene trees did not reveal any well-

supported clades (PP > 95%) in conflict. All PSRF values for MrBayes analyses were 

1.00, while average deviations of split frequencies converged on zero, indicating that 

all trees had reached stationarity. All effective sample size (ESS) values for all 

MrBayes analyses and the *BEAST analysis were greater than 200. 

In general, the single gene analyses were less well resolved than combined gene 

analyses (Figures 2.1-2.3), with 28S being in particularly poorly resolved at the 

suprageneric level (Figure 2.S1). I found that the two combined gene analyses were 

most useful for determining relationships among genera and at the suprageneric level 

(Figures 2.1, 2.2), while the 12S analysis was most useful in determining relationships

among species (Figure 2.3). For this reason I will not discuss the individual gene trees

other than 12S in detail; none of these have any well-supported branches in conflict 

with the trees discussed (Figure 2.S1).

 Suprageneric relationships
All analyses confirmed a monophyletic Ergalataxinae (Figures 2.1-2.3; PP = 

100%). I also observed three well-supported suprageneric clades in all analyses 

(Figures 2.1-2.3; Clades A - C; PP > 93%), with a single lineage (Trachypollia) in a 

poorly supported sister relationship with the rest of the Ergalataxinae (Figures 2.1-2.3;

PP < 68%). Relationships among the major clades were not well supported (Figures 

2.1-2.3). 

Within clade A I recovered species that have been previously assigned to the genera
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Morula sensu stricto (s.s.), Morula (Azumamorula), Muricodrupa and Tenguella 

(Figures 2.1-2.3; PP > 92%). Within clade B I also recovered species that have been 

previously assigned to Morula s.s. and Muricodrupa, as well as species previously 

assigned to Morula (Habromorula) and Cytharomorula (Figures 2.1-2.3; PP = 100%).

Within clade C fell species that have been previously assigned to Orania, Cronia s.s., 

Cronia (Usilla), Lataxiena, Drupella, Ergalatax, Maculotriton, Bedevina, Spinidrupa,

Morula s.s., Morula (Oppomorus), Pascula, Cytharomorula and Phrygiomurex 

(Figures 2.1-2.3; PP > 95%). 

 Genus-level relationships
The species Tenguella granulata, Morula (Azumamorula) mutica, Morula musiva, 

M. ceylonica, and M. marginalba formed a well-supported subclade within major 

clade A (Figures 2.1-2.3A, subclade U; PP = 100%). Muricodrupa fenestrata and 

Morula anaxares formed a clade in the combined analyses (Figures 2.1-2.2; PP > 

92%). A sister relationship between Morula nodulosa and all other species in major 

clade A was well supported (Figures 2.1-2.3A; PP > 98%). 

Within major clade B, Morula uva and M. (Habromorula) biconica formed a well-

supported subclade with M. (Habromorula) coronata, M (H.) japonica, M. (H.) 

spinosa, M. (H.) striata, M. nodicostata, M. zebrina and M. aspera (Figures 2.1-2.3; 

PP > 98%). Morula rumphiusi and Muricodrupa fiscella formed a well-supported 

clade in all analyses (Figures 2.1-2.3A, subclade V; PP = 100%). There was less than 

1% divergence among COI sequences of both samples of Morula uva, M. zebrina and

M. aspera. Cytharomorula pinguis fell within major clade B, but its position was not 

well resolved (Figures 2.1-2.3A). 

The positions of Phrygiomurex sculptilis and Morula echinata within major clade C

were not resolved (Figures 2.1-2.3B). Four well-supported subclades were observed 

within major clade C (Figures 2.1-2.3B, subclades W-Z; PP > 97%). Cronia (Usilla) 

avenacea, Lataxiena fimbriata, Orania bimucronata, O. gaskelli and O. serotina 

formed subclade W (Figures 2.1-2.3B; PP = 100%). Within subclade X, Drupella 

cornus, D. eburnea, D. fragum, D. margariticola ‘Continental’ and D. margariticola 

‘Oceanic’ formed a well supported clade in the combined analyses (Figures 2.1-2.2; 

PP = 100%). A sister relationship between this clade and one consisting of Ergalatax 

contracta, E. junionae, Cronia amygdala, C. aurantiaca and Maculotriton serriale 
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was well supported in the combined analysis (Figure 2.1; PP = 100%). There was less

than 1% divergence between the COI sequences of Cronia amygdala and C. 

aurantiaca. Within subclade Y, a clade of Morula (Oppomorus) nodulifera, Morula 

purpureocincta and M. funiculata was well supported in the all gene analysis (Figure 

2.1; PP = 100%). A clade consisting of Spinidrupa euracantha, S. infans, Bedevina 

birileffi and Orania rosea was well supported by both combined analyses (Figures 

2.1-2.2; PP > 98%), but two specimens identified as S. euracantha did not form a 

clade (Figure 2.3B). Within clade Z, a clade consisting of Cytharomorula vexillum, C.

grayi, C. springsteeni, Orania ornamentata, O. mixta, O. pacifica, O. fischeriana, O. 

rosea and ‘Thais’ castanea was well supported in the combined analyses (Figures 2.1,

2.2; PP = 100%), although the two specimens identified as C. grayi did not form a 

monophyletic clade (Figures 2.2-2.3B). Pascula ochrostoma and P. muricata formed 

a clade (Figures 2.1-2.2; PP = 100%), as did P. darrosensis and P. submissa (Figures 

2.2-2.3B; PP = 100%), but a specimen of P. ochrostoma from Japan did not group 

with other specimens of P. ochrostoma (Figures 2.2-2.3B). Morula parva was sister 

to this subclade in both combined analyses (Figures 2.1-2.2). The position of 

Cytharomorula paucimaculata in subclade Z was unresolved (Figure 2.3B).
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Figure 2.1 MrBayes Bayesian phylogeny of the Ergalataxinae and rapanine outgroups based on 

concatenated analysis of 28S rRNA, 12S rRNA, 16S rRNA and cytochrome c oxidase subunit I (COI). 

Support values are posterior probabilities. Type species are indicated in bold. Locality is shown in 

parentheses after the species name; where there is more than one sample of a species from a given 

location, the last four digits of the voucher number are given (see Table 2.1 for corresponding voucher 

information). Major clades are shown with the letters A-C; subclades are shown with U-Z. 
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Figure 2.2 MrBayes Bayesian phylogeny of the Ergalataxinae based on concatenated analysis of 28S 

and12S rRNA. Rapanine outgroups not shown. Support values are posterior probabilities. Type species

are indicated in bold. Locality is shown in parentheses after the species name; where there is more than

one sample of a species from a given location, the last four digits of the voucher number are given (see 

Table 2.1 for corresponding voucher information). Major clades are assigned the letters A-C; 

subclades, U-Z. 
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 Figure 2.3 MrBayes Bayesian phylogeny of the Ergalataxinae based on single gene analysis of 12S 

rRNA. Rapanine outgroups not shown. Support values are posterior probabilities. Type species are 

indicated in bold. Locality is shown in parentheses after the species name; where there is more than one

sample of a species from a given location, the last four digits of the voucher number are given (see 

Table 2.1 for corresponding voucher information). A. Major clades A and B; subclades U & V. B 

[overleaf]. Major clade C; subclades W-Z.
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Figure 2.4 *BEAST Bayesian phylogeny of the Ergalataxinae and rapanine outgroups, based on 

combined analysis of 28S rRNA, 12S rRNA, 16S rRNA and cytochrome c oxidase subunit I (COI). 

Support values are BEAST posterior probabilities. Grey bars indicate 95% highest posterior density 

intervals on nodes with more than 50% support. Type species are indicated in bold. Major clades are 

shown with the letters A-C; subclades are shown with U-Z.
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 Timing of diversification 
The median age estimated for the diversification of the Ergalataxinae by the 

*BEAST analysis of the combined gene alignment is the early Eocene (51.9 Ma; 

Figure 2.4). The three major clades were well supported by this analysis (Figure 2.4; 

PP = 100% for all clades) and diversified at roughly the same time, in the late Eocene 

to early Oligocene (35.8 – 29.3 Ma; Figure 2.4). Most ergalataxine clades appear to 

have arisen in the mid Miocene (approximately 15 Ma; Figure 2.4). The Ergalataxinae

are estimated to have split from the Rapaninae approximately 101.5 Ma (Figure 2.4).

2.5 Discussion
My results indicate polyphyly in nearly all ergalataxine genera as presently defined.

For example, species presently assigned to Morula are found in every major clade, 

while species of Orania are found in every subclade within major clade C. This 

spectacular polyphyly demonstrates the difficulties of morphological analysis in this 

subfamily. Here, I attempt to resolve this problematic phylogeny into a new system of

classification, respecting traditional morphological genera where possible. However, I

emphasize that my study represents only a framework within which further molecular 

and morphological analyses may proceed; I name no new genera and merely make 

suggestions for further work. 

 Phylogenetic relationships and classification of the ergalataxine genera
The genus Trachypollia is here represented by only one of the three currently 

recognized species (Figures 2.1-2.3; Vokes 1996a; Houart 1997). Further species 

should be investigated with molecular techniques, not only to test the monophyly of 

the genus, but to resolve its position within the Ergalataxinae.

Within major clade A, I recognize three genera: Tenguella, Muricodrupa, and a 

novel genus. Subclade U (Figures 2.1-2.3A) contains the type species of both 

Tenguella and Morula (Azumamorula), but the former has taxonomic priority (Table 

2.2). Therefore, I propose that the genus Tenguella, which was synonymized with 

Morula (Fujioka 1985), be resurrected, and that Morula (Azumamorula) should be 

synonymized with this genus. I assign to this genus all species in subclade U (Figures 

2.1-2.3A). The similarities between Tenguella granulata and T. mutica have 

previously been recognized (Fujioka 1985), but the remaining species in subclade U 

have not previously been recognized as a morphologically distinctive group. The 

Chapter 2. A molecular framework for the Ergalataxinae 52
____________________________________________________________________________________________________________________________________________________________________



other species in clade A are morphologically dissimilar to each other and to species of

Tenguella; thus I recommend that Muricodrupa be retained, and new genera be 

introduced for ‘Morula’ anaxares and ‘M.’ nodulosa. 

I propose a restriction of the genus Morula to the species in subclade V (Figures 

2.1-2.3A). The type species of both Morula s.s. and Morula (Habromorula) are found

within this subclade, but species previously assigned to M. (Habromorula) [M. (H.) 

biconica, M. (H.) coronata, M. (H.) japonica, M. (H.) spinosa, M. (H.) striata] do not 

form a monophyletic clade in any analysis (Figures 2.1-2.3A). However, because 

monophyly of M. (Habromorula) is not strongly contradicted, further sampling could 

confirm Habromorula as a monophyletic subgenus. Because they are strongly 

morphologically dissimilar to species of Morula s.s., other species in clade B 

(‘Morula’ rumphiusi,‘Muricodrupa’ fiscella and ‘Cytharomorula’ pinguis) should be 

assigned to new genera. It is surprising that ‘C.’ pinguis falls within major clade B; 

this species should be morphologically re-examined in order to search for previously 

unrecognized synapomorphies with others in this clade. Although my sampling is 

insufficient to make recommendations concerning the synonymy of specific names, 

the genetic similarity of Morula uva, M. aspera and M. zebrina suggests that these 

names may merely represent morphological or geographical forms. 

Species in subclade W (Figures 2.1-2.3B) are also morphologically heterogeneous. 

To be conservative, I suggest the retention of Usilla and Lataxiena as genera pending 

more complete sampling. 

A difficult problem is presented by the strongly polyphyletic genus Orania 

(subclades W-Z; Figures 2.1-2.3B). I am lacking the type species of Orania in my 

analyses, so it is impossible to determine to which of the five separate clades of 

‘Orania’ species the name should be applied. However, it is clear that a revision of 

the species currently assigned to this genus is necessary.

The genus-level classification of Drupella (subclade X) has been investigated in 

detail elsewhere (Claremont et al. 2011a; Chapter 5): the genus consists of D. cornus, 

D. fragum, D. eburnea, D. rugosa and two undescribed cryptic species of D. 

margariticola sensu lato (D. margariticola ‘Oceanic’ and D. margariticola 

‘Continental’; Figures 2.1,2.2; PP > 94%). Other species in subclade X form a well-

supported clade in the all gene analysis (Figure 2.1; PP = 100%). This subclade 
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contains the type species of Ergalatax, Cronia and Maculotriton; of these Cronia has 

priority (Table 2.2). Although Ergalatax is not monophyletic in any analysis (Figures 

2.1-2.3), my sampling of this genus is limited. Therefore, I conservatively suggest a 

retention of all three genera until relationships among them can be more thoroughly 

investigated with increased species-level sampling. Although my sampling is 

insufficient to determine the validity of Cronia aurantiaca, its genetic similarity to C. 

amygdala suggests that further investigation may show that these geographical forms 

are conspecific. 

Subclade Y (Figures 2.1-2.3B) contains morphologically diverse species previously 

assigned to five different genera. I propose that Oppomorus be accorded full generic 

rank (hitherto a subgenus of Morula, e.g. Houart 2004), to contain ‘M.’ funiculata and

‘M.’ purpureocincta as well as the type species, Oppomorus nodulifera, since these 

three form a well-supported clade in the all-gene analysis. The remainder of the taxa 

in subclade Y pose more of a problem. Firstly, the species Spinidrupa euracantha (the

type species of Spinidrupa) is polyphyletic in the 12S analysis (Figure 2.3B). 

Secondly, ‘Orania rosea’ appears in both subclades Y and Z (Figures 2.1-2.3B). 

Further examination of these specimens is necessary to identify possible cryptic 

species or misidentification. Thus, pending further investigation and the inclusion of 

additional species of Spinidrupa in a molecular phylogeny, I conservatively 

recommend the retention of Spinidrupa and Bedevina as genera.

The topology and taxonomy of subclade Z is confusing (Figures 2.1-2.3B), and 

suffers from incomplete sampling: neither the type species of Pascula nor of Orania 

is present in my analysis. Nonetheless, based on current sampling, Pascula, Orania 

and Cytharomorula, as currently defined, are polyphyletic. It may be that the entire 

clade should be assigned to one genus, but because the oldest name is Orania, 

followed by Pascula, then Cytharomorula (Table 2.2), I are unable to determine 

which name to propose. For this reason, I have conservatively retained all species in 

the (polyphyletic) genera to which they are currently assigned. A revision of all 

species in this subclade should be done, to include a molecular analysis of the type 

species of Pascula and Orania. 
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 Timing of diversification in Ergalataxinae
My analyses suggest that the Ergalataxinae diversified in the early Eocene (51.9 

Ma; Figure 2.4), well before the earliest ergalataxine fossils so far discovered 

(Oligocene, this paper; early Miocene, Landau et al. 2007). This age is also earlier 

than the diversification dates estimated for other muricid subfamilies (e.g. 

Coralliophilinae, middle Eocene: Lozouet & Renard 1998; Vermeij & Carlson 2000; 

Rapaninae, Eocene: Vermeij & Carlson 2000). In addition, the estimated age of the 

split between Rapaninae and Ergalataxinae is suspiciously old (101.5 Ma; Figure 2.4),

given that palaeontological evidence suggests a Cretaceous origin for the Muricidae 

(Vermeij 1996). 

Although it is difficult to estimate the age of ergalataxine genera due to the 

unresolved taxonomic issues discussed above, many seem to have diversified in the 

mid to late Miocene. This coincides well with estimates based on morphology 

(Vermeij & Carlson 2000), but is more recent than ages estimated for the 

diversification of other intertidal and reef-associated gastropod clades (late Oligocene 

to early Miocene; e.g. Williams & Duda 2008). In contrast, my estimate of the median

age of the genus Drupella is older than has recently been estimated based on 

molecular genetic analysis of population data (10 Ma vs 5 Ma; Claremont et al. 

2011a; Chapter 5), although the ranges of both estimates fall within the late Miocene. 

It is possible that the estimates of Claremont et al. (2011a) may be more accurate due 

to more complete taxon sampling in conjunction with population-level analyses. In 

addition, it may be that my estimate of the date of divergence between the Rapaninae 

and Ergalataxinae is too old, and this has increased the age of other nodes in the tree.

2.6 Conclusions
Although this framework represents the most complete phylogeny of the 

Ergalataxinae yet constructed, much work remains to be done in this taxonomically 

complicated subfamily. The definition and validity of several traditional genera, 

including Orania, Pascula, Cronia and Lataxiena, remain to be confirmed, and the 

synonymy of several morphological species suggested by my results remains to be 

tested. In addition, the dating of the age of diversification of the subfamily, as well as 

its separation from the Rapaninae/Coralliophilinae remains uncertain as my results are

neither entirely congruent with predictions based on fossil data, nor with previous 
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molecular genetic analyses based on population-level sampling. Nonetheless, this 

framework is a first step towards a comprehensive molecular phylogeny of the 

Ergalataxinae within which to begin to address questions of ergalataxine evolution 

and ecology. 
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Figure 2.S1 [overleaf] MrBayes Bayesian phylogenies of the Ergalataxinae based on single gene 

analyses: (A) 28S rRNA, (B) 16S rRNA and (C) COI. Rapanine outgroups not shown. Support values 

are posterior probabilities; for clarity, support values less than 90% are not shown. Type species are 

indicated in bold. Locality is shown in parentheses after the species name; where there is more than one

sample of a species from a given location, the last four digits of the voucher number are given (see 

Table 2.1 for corresponding voucher information). 
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Chapter 3. Global phylogeny and new classification of the Rapaninae
(Gastropoda: Muricidae), dominant molluscan predators in the 
tropical rocky intertidal 

3.1 Abstract
The validity of the muricid subfamily Rapaninae has recently been confirmed with 

molecular techniques, but its composition and the relationships among its constituent 

genera remain unclear. I use four genes (28S rRNA, 12S rRNA, 16S rRNA and 

cytochrome c oxidase subunit I, COI) to construct a Bayesian phylogeny of 77 

rapanine species in 31 previously described genera, representing approximately 70% 

of the currently accepted species. This is the most complete phylogeny of this 

taxonomically confusing subfamily yet produced. I propose a revised phylogenetic 

classification of the Rapaninae, assigning 112 recognized species to 27 genera. Most 

of the morphologically-defined rapanine genera are valid, including Purpura, Drupa, 

Thais and Nassa, but many of them are restricted or redefined. Thais in particular is 

narrowly restricted and may be monotypic. Many groups generally recognized as 

subgenera, including Mancinella, Vasula, Thalessa and Thaisella, are here accorded 

full generic rank. I describe no new genera nor species, and I do not formally 

synonymize any species. However, I show molecular evidence for a new genus, two 

cryptic species, and several instances of probable species synonymy. I estimate the 

age of diversification of the Rapaninae as the middle Eocene (47.7 Ma) and date the 

diversification of many genera to the Miocene. 

3.2 Introduction
Of all members of the large and taxonomically complex neogastropod family 

Muricidae, among the most conspicuous and well known are those of the subfamily 

Rapaninae. As active predators, primarily in the intertidal and shallow subtidal, 

rapanines play an important ecological role in the structuring of littoral communities 

(Tan 1995; Vermeij & Carlson 2000). Some species are also economically important, 

either as invasive shellfish pests (Rapana venosa), as producers of a traditional purple

dye (Plicopurpura pansa), or as potential sources of anti-cancer drugs (Dicathais 

orbita; see e.g. Chávez & Michel-Morfin 2005; Chandler et al. 2008; Benkendorff et 

al. 2009). The subfamily is of worldwide, predominantly tropical distribution, and 
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many species are common and easily obtainable; consequently rapanine species are 

often used in evolutionary and ecological studies (see e.g. Liu et al. 1997; Tan 2003a; 

Lau & Leung 2004; Vermeij 2010). However, phylogenetic studies have so far been 

limited. 

The first phylogenetic hypothesis for the Rapaninae was generated by Kool 

(1993a), who used characters of the soft-part anatomy and radula to show that this 

subfamily was synonymous with, and had taxonomic priority over, the ‘waste-basket’ 

subfamily Thaidinae (sometimes accorded family status, as Thaididae). Included in 

the Rapaninae of Kool (1993a) was the genus Cronia, which had previously been 

suggested to belong to another muricid subfamily, the Ergalataxinae (Tröndlé & 

Houart 1992; Vokes in Fujioka 1985). Morphological analyses since Kool (1993a) 

have been divided between those that treated the Rapaninae and Ergalataxinae as 

distinct subfamilies (e.g. Houart 1995a, 1995b, 1996b; Vokes 1996b; Houart & 

Tröndlé 1997) and those that noted the lack of morphological support for the 

separation of the two subfamilies (Tan 1995, 2000; Vermeij & Carlson 2000). In total,

52 genera or subgenera have been assigned to the Rapaninae sensu Kool (including 

(sub)genera synonymized by one or more authors; Kool 1993a; Vokes 1996b; 

Vermeij & Carlson 2000; Tan 2003b).

Recent molecular phylogenies have confirmed the monophyly and hence taxonomic

validity of both the Rapaninae and Ergalataxinae (Claremont et al. 2008; Barco et al. 

2010; Appendices A, B). However, these studies included a total of only 14 strictly 

rapanine genera, and species-level sampling within genera was extremely limited: 

only two rapanine genera (Drupa, Thais) were represented by more than one species 

in either study (Claremont et al. 2008; Barco et al. 2010). Although ten genera have 

been removed from the Rapaninae sensu Kool as a result of these and other studies 

(Table 3.S1; Claremont et al. 2008; Barco et al. 2010; Claremont et al. 2011a; see 

also Houart 2004), a comprehensive molecular analysis of this important subfamily 

remains to be done. 

Here, I use one nuclear and three mitochondrial genes to construct a molecular 

phylogenetic tree of 77 rapanine species, representing 29 of 31 available genera, the 

most comprehensive phylogeny of the Rapaninae yet constructed. I use fossil 

calibrations to date the phylogeny. I aim to test monophyly of nominal genera 

Chapter 3. Global phylogeny and new classification of the Rapaninae 61
____________________________________________________________________________________________________________________________________________________________________



currently defined by morphological characters and to provide a new phylogenetic 

classification as a framework for future taxonomic, ecological and phylogeographic 

research. I also briefly discuss the biogeographic and evolutionary history of the 

subfamily. 

3.3 Materials and methods

 Taxon sampling and outgroup selection
To estimate the number of rapanine species extant worldwide, I synthesized 

information from a variety of sources (Cernohorsky 1967; Keen 1971; Cernohorsky 

1972; Abbott 1974; Cernohorsky 1978; Kay 1979; Drivas & Jay 1988; Rios 1994; 

Wilson 1994; Bosch et al. 1995; Tan 1995; Houart 1997; Steyn & Lussi 1998; Jarrett 

2000; Okutani 2000; Tan 2000; Vermeij & Carlson 2000; Dharma 2005; Monsecour 

& Wuyts 2007; Houart & Héros 2008; Houart & Tröndlé 2008; Poppe 2008); R. 

Houart, 2010, personal communication) to create a database of 110 species that I 

initially considered valid. I sequenced at least one specimen for 77 of these species 

(69%); a total of 126 rapanine specimens (Table 3.1). Identifications were by Koh 

Siang Tan, David Reid and the author, based on the taxonomic works cited above. 

Location of voucher material is noted in Table 3.1. 

Among these valid species were the type species of 31 available genera; some of 

these genera (and species) have been synonymized by previous authors. I sequenced 

27 of these type species (Tables 3.2 and 3.3; see Table 3.S2 for a review of invalid 

and unavailable genera). Here, I generate a new classification of the Rapaninae based 

on genetically defined monophyletic clusters that include these type species, 

respecting previous morphological classifications wherever possible. Generic 

assignments used throughout the text, as well as in all figures and tables, are based on 

this new classification. For two analysed species, generic assignment is unclear; these 

are referred to as ‘Thais’ bufo and ‘Thais’ bimaculata.
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Table 3.1 Specimens used in this study. Not all genes are available for each specimen; unavailable 

sequences are indicated with dashes. Type species of valid genera are in bold (see Table 3.2). Voucher 

locations: Natural History Museum, London (NHMUK); Australian Museum, Sydney (AM); Western 

Australian Museum, Perth (WAM); Florida Museum of Natural History, Gainesville (UF); University 

of Costa Rica (UCR, INB); Universidad Nacional Autónoma de México (CNMO); La Sapienza 

University of Roma (BAU); Muséum Nationale d'Histoire Naturelle, Paris (MNHN); Los Angeles 

County Museum, California (LACM); KwaZulu-Natal Museum, Pietermaritzburg, South Africa (NM). 

Sequence accession numbers beginning with EU were published by Claremont et al. (2008); accession 

numbers beginning with FN were published by Barco et al. (2010); accession numbers beginning with 

FR were published by Claremont et al. (2011b). Generic assignments follow the new classification of 

Rapaninae proposed here.

Species Locality Voucher 12S 28S 16S COI

Ergalataxinae - Outgroups
‘Pascula’ ochrostoma 
(Blainville, 1832) Guam: Merizo Bay NHMUK

20080757 FN677393 FN677460 FN677448 FN677406

Tenguella granulata 
(Duclos, 1832)

New Caledonia: 
Noumea

NHMUK
20070621 FN677383 FN677469 FN677433 FN677414

‘Muricodrupa’ fiscella
(Gmelin, 1791)

New Caledonia: 
Noumea

NHMUK
20070623 FN677382 FN677470 FN677432 FN677415

Tenguella musiva 
(Kiener, 1836)

Malaysia: 
Langkawi

NHMUK
20080744 FN677380 FN677472 FN677430 FN677417

Tenguella mutica 
(Lamarck, 1816) Guam: Mangalao NHMUK

20080772 FN677379 FN677473 FN677429 FN677418

Muricodrupa 
fenestrata 
(Blainville, 1832)

New Caledonia: 
Noumea

NHMUK
20070620 FN677378 FN677474 FN677428 FN677419

Rapaninae (Jousseaume, 1888)
Acanthais brevidentata 
(Wood, 1828)

Costa Rica: 
Puntarenas

UCR
7791 FR696178 FR696048 HE584227 FR695720

Acanthais brevidentata 
(Wood, 1828) Panama BAU

00292 HE584063 ----- HE584228 -----

Acanthais callaoensis
(Gray, 1828) Peru: Piura NHMUK

20080055 HE584064 HE584153 HE584229 HE584320

Acanthais triangularis 
(Blainville, 1832)

Costa Rica: 
Puntarenas UCR 7790 HE584065 HE584154 HE584230 HE584321

Acanthais triangularis 
(Blainville, 1832) Mexico: Jalisco CNMO 3101 HE584066 HE584155 HE584231 HE584322

Acanthais triangularis 
(Blainville, 1832)

Panama: Taboga 
I.

NHMUK
20070653 FR696284 EU391548 HE584232 EU391580

Acanthais triangularis 
(Blainville, 1832) Peru: Piura NHMUK

20080056 HE584067 ----- ----- HE584323

Agnewia tritoniformis
(Blainville, 1832)

Australia: Lord 
Howe I.

AM
C442736 HE584068 EU391551 HE584233 EU391573

Concholepas 
concholepas 
(Bruguière, 1789)

Chile: Isla Rojas NHMUK
19990303 FN677398 EU391554 FN677453 EU391581

Cymia tectum 
(Wood, 1828) Panama BAU 00255 HE584069 HE584156 HE584234 HE584324
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Dicathais orbita 
(Gmelin, 1791)

Australia: 
Sydney, New 
South Wales

AM
C335420 ----- EU391559 ----- HE584325

Dicathais orbita 
(Gmelin, 1791)

Australia: 
Tasmania

AM
C458269 FN677395 FN677459 FN677450 EU391573

Drupa aperta 
(Blainville, 1832)

U.S.A: Big 
Island, Hawaii

NHMUK
20100379 HE584070 HE584157 HE584235 HE584326

Drupa clathrata 
(Lamarck, 1816)

French 
Polynesia: Tahiti

NHMUK
20080011 HE584071 HE584158 HE584236 HE584327

Drupa elegans 
(Broderip & Sowerby, 
1829)

French 
Polynesia: 
Tikehau Atoll

UF 291894 HE584072 ----- HE584237 -----

Drupa morum 
(Röding, 1798)

Mozambique: 
Cabo Delgado 
Prov.

NHMUK
20060441 FN677394 EU391559 FN677449 FN677405

Drupa ricinus 
(Linnaeus, 1758) Guam: Pago Bay NHMUK

20080828.1 HE584073 HE584159 ----- HE584328

Drupa ricinus 
(Linnaeus, 1758) Guam: Pago Bay NHMUK

20080829.1 HE584074 HE584160 ----- HE584329

Drupa ricinus 
(Linnaeus, 1758)

Japan: Miyake I.,
Izu Is

NHMUK
20100165.1 HE584075 HE584161 HE584238 HE584330

Drupa rubusidaeus 
Röding, 1798

Guam: Merizo 
Bay

NHMUK
20080761 HE584076 HE584162 HE584239 HE584331

Drupa speciosa 
(Dunker, 1867)

Tuamotu 
Archipelago: 
Rangiroa Atoll

UF 291737 HE584077 HE584163 HE584240 HE584332

Drupina grossularia 
(Röding, 1798)

New Caledonia: 
North Province

NHMUK
20070146 FN677392 FN677461 FN677447 FN677407

Gen. Nov. gradata 
(Jonas, 1846) Malaysia: Johor NHMUK

20080777 HE584078 HE584164 HE584241 HE584333

Gen. Nov. javanica 
(Philippi, 1848)

Hong Kong: Lau
Fau Shan

NHMUK
20080793 HE584079 HE584165 HE584242 HE584334

Gen. Nov. lacera 
(Born, 1778) Malaysia: Johor NHMUK

20080805 FR696283 FR696152 HE584243 FR695723

Gen. Nov. lacera 
(Born, 1778)

Malaysia: 
Penang

NHMUK
20090093 HE584080 HE584166 ----- HE584335

Gen. Nov. malayensis 
(Tan & Sigurdsson, 
1996)

Malaysia: Johor NHMUK
20080835 XXXXX XXXXX XXXXX XXXXX

Gen. Nov. rufotincta 
(Tan & Sigurdsson, 
1996)

Malaysia: 
Melaka

NHMUK
20080823 HE584081 HE584167 HE584244 HE584336

Gen. Nov. sacella 
(Gmelin, 1791)

Malaysia: 
Langkawi Is

NHMUK
20080745 HE584082 HE584168 ----- -----

Gen. Nov. sacella 
(Gmelin, 1791) Oman UF 292783 HE584083 HE584169 HE584245 HE584337

Gen. Nov. scalaris 
(Schubert & Wagner, 
1829)

United Arab 
Emirates: Khor 
Fakkan

NHMUK
20080912 HE584084 HE584170 HE584246 HE584338

Gen. Nov. wutingi 
(Tan, 1997)

Australia: 
Northern 
Territory

NHMUK
20100351 HE584085 HE584171 HE584247 HE584339

Mancinella alouina 
(Röding, 1798)

Indonesia: 
Lembeh Straits UF 415366 HE584086 HE584172 HE584248 -----

Mancinella alouina 
(Röding, 1798)

Philippines: 
Balicasag I.

MNHN IM-
2007-18163  XXXXX ----- HE584249 HE584340
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Mancinella alouina 
(Röding, 1798)

United Arab 
Emirates: 
Fujairah

NHMUK
20080909 HE584087 HE584173 HE584250 HE584341

Mancinella capensis 
(Petit, 1852)

South Africa: 
KwaZulu-Natal

NHMUK
20090356 HE584088 HE584174 HE584251 HE584342

Mancinella echinata 
(Blainville, 1832)

Japan: 
Fukashima

NHMUK
20090096 HE584089 HE584175 HE584252 HE584343

Mancinella grossa 
Houart, 2001

Solomon Is: 
Choiseul I.

MNHN IM-
2007-18175 HE584090 ----- ----- -----

Mancinella siro 
(Kuroda, 1931)

Japan: 
Kagoshima

NHMUK
20090348 HE584091 HE584176 HE584253 HE584344

Menathais bimaculata 
(Jonas, 1845) Oman UF 367930 HE584092 HE584177 HE584254 HE584345

Menathais intermedia 
(Kiener, 1835)

Mozambique: 
Cabo Delgado 
Prov.

NHMUK
20060440 FN677384 EU391543 FN677434 EU391574

Menathais tuberosa A 
(Röding, 1798) Madagascar UF 351445 HE584093 HE584178 HE584255 HE584346

Menathais tuberosa A 
(Röding, 1798)

Mozambique: 
Cabo Delgado 
Prov.

NHMUK
20060439 FN677372 EU391564 FN677424 EU391575

Menathais tuberosa B 
(Röding, 1798)

New Caledonia: 
Port Boisé

NHMUK
20070163 HE584094 HE584179 HE584256 HE584347

Menathais tuberosa B 
(Röding, 1798)

Philippines: 
Panglao I.

MNHN IM-
2007-18166 HE584095 HE584180 HE584257 HE584348

Nassa serta 
(Bruguière, 1789)

New Caledonia: 
Noumea

NHMUK
20070117 HE584096 HE584181 HE584258 HE584349

Nassa serta 
(Bruguière, 1789)

Philippines: 
Tulang I.

NHMUK
20070648 ----- EU391555 ----- -----

Neorapana muricata 
(Broderip, 1832 Panama UF 351445 HE584097 HE584182 HE584259 HE584350

Neorapana muricata 
(Broderip, 1832 Peru: Piura NHMUK

20080033 HE584098 ----- HE584260 -----

Neorapana muricata 
(Broderip, 1832)

Costa Rica: 
Puntarenas

INB 000
3848344 HE584099 HE584183 HE584261 HE584351

Neothais harpa 
(Conrad, 1837)

U.S.A: Big 
Island, Hawaii

NHMUK
20100383 HE584100 HE584184 HE584262 HE584352

Neothais marginatra 
(Blainville, 1832)

Japan: 
Yakushima I., 
Kyushu

NHMUK
20100137 HE584101 ----- ----- -----

Neothais marginatra 
(Blainville, 1832)

Mozambique: 
Cabo Delgado 
Prov.

NHMUK
20060428 HE584102 EU391556 HE584263 HE584353

Pinaxia coronata 
(Adams, 1853)

Japan: 
Kagoshima, 
Kyushu Is

NHMUK
20090353 HE584103 HE584185 HE584264 HE584354

Pinaxia versicolor 
(Gray, 1839)

Mozambique: 
Pemba BAU 00954 HE584104 ----- ----- -----

Pinaxia versicolor 
(Gray, 1839)

South Africa: 
KwaZulu-Natal NM W7305 HE584105 HE584186 HE584265 HE584355

Plicopurpura 
columellaris 
(Lamarck, 1816)

Mexico: Jalisco CNMO
3097.1 HE584106 HE584187 HE584266 HE584356

Plicopurpura 
columellaris 
(Lamarck, 1816)

Mexico: Jalisco CNMO
3097.2 HE584107 HE584188 HE584267 HE584357
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Plicopurpura pansa 
(Gould, 1853) Mexico: Jalisco CNMO 3099 HE584108 HE584189 HE584268 HE584358

Plicopurpura patula 
(Linnaeus, 1758)

Panama: Bocas 
del Toro UF 359639 ----- ----- HE584269 -----

Plicopurpura patula 
(Linnaeus, 1758) Bahamas: Bimini NMNH

400414 HE584109 HE584190 HE584270 HE584359

Plicopurpura patula 
(Linnaeus, 1758)

Costa Rica: 
Manzanillo UCR 7781 HE584110 HE584191 HE584271 HE584360

Plicopurpura patula 
(Linnaeus, 1758)

Trinidad & 
Tobago: Tobago UF 382816 ----- ----- HE584272 HE584361

Plicopurpura patula 
(Linnaeus, 1758) U.S.A: Florida NHMUK

20070659 HE584111 HE584192 HE584273 HE584362

Purpura panama 
(Röding, 1798)

Japan: Hachijo 
I., Izu Is

NHMUK
20080037 HE584112 HE584193 HE584274 -----

Purpura panama 
(Röding, 1798)

Japan: 
Yakushima I., 
Kyushu

NHMUK
20090330 HE584113 HE584194 HE584275 HE584363

Purpura panama 
(Röding, 1798) Oman UF 367937 ----- ----- HE584276 HE584364

Purpura persica 
(Linnaeus, 1758)

Japan: Setouchi, 
Amami Is

NHMUK
20090326 HE584114 HE584195 HE584277 HE584365

Rapana bezoar 
(Linnaeus, 1767) Japan: Tosa Bay NHMUK

20080038 FN677376 FN677476 FN677438 FN677421

Rapana rapiformis 
(Born, 1778)

Australia: 
Queensland

AM
C456844 ----- EU391561 ----- -----

Rapana rapiformis 
(Born, 1778)

New Caledonia: 
Grand Passage

MNHN IM-
2009-4891 HE584115 HE584196 HE584278 HE584366

Rapana venosa 
(Valenciennes, 1832)

Japan: 
Kumamoto, 
Kyushu

NHMUK
20100317 HE584116 HE584197 HE584279 HE584367

Reishia bitubercularis 
(Lamarck, 1822)

Malaysia: 
Penang

NHMUK
20080813 FR696281 FR696150 HE584280 FR695721

Reishia bronni 
(Dunker, 1861)

Japan: Miyake I.,
Izu Is

NHMUK
20100145 HE584117 HE584198 HE584281 HE584368

Reishia bronni 
(Dunker, 1861)

Japan: Miyazaki,
Kyushu Is

NHMUK
20090332 HE584118 HE584199 HE584282 HE584369

Reishia clavigera 
(Küster, 1858) Malaysia: Johor NHMUK

20080797 HE584119 HE584200 HE584283 HE584370

Reishia jubilaea 
(Tan & Sigurdsson, 
1990)

Singapore NHMUK
20090094 HE584120 HE584201 HE584284 HE584371

Reishia luteostoma 
(Holten, 1802) Hong Kong NHMUK

20080825 HE584121 HE584202 HE584285 HE584372

Reishia luteostoma 
(Holten, 1802) Japan: Miura NHMUK

20080049 FR696282 FR696151 HE584286 FR695722

Semiricinula muricina 
(Blainville, 1832)

Australia: 
Northern 
Territory

NHMUK
20100359 HE584122 HE584203 HE584287 HE584373

Semiricinula muricoides
(Blainville, 1832)

Malaysia: 
Penang

NHMUK
20080812 HE584123 HE584204 HE584288 HE584374

Semiricinula nodosa
(Hombron & Jacquinot, 
1841) 

Japan: Miyazaki,
Kyushu

NHMUK
20090343 HE584124 HE584205 HE584289 HE584375

Semiricinula 
squamigera 
(Deshayes, 1832)

Tuamotu 
Archipelago: 
Rangiroa Atoll

UF 291921 HE584125 HE584206 HE584290 HE584376
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Semiricinula 
squamigera 
(Deshayes, 1832)

U.S.A: Big 
Island, Hawaii

NHMUK
20090122 HE584126 HE584207 HE584291 HE584377

Semiricinula squamosa
(Pease, 1868) Malaysia: Johor NHMUK

20080800 HE584127 HE584208 HE584292 HE584378

Semiricinula squamosa
(Pease, 1868)

Philippines: 
Manila Bay

MNHN IM-
2009-4860 HE584128 HE584209 HE584293 HE584379

Semiricinula squamosa
(Pease, 1868) Taiwan UF 415365 HE584129 HE584210 HE584294 HE584380

Semiricinula tissoti 
(Petit, 1852)

South Africa: 
KwaZulu-Natal

NHMUK
20100162.2 HE584130 ----- ----- HE584381

Semiricinula tissoti 
(Petit, 1852)

South Africa: 
KwaZulu-Natal

NHMUK
20100162.3 HE584131 HE584211 HE584295 HE584382

Semiricinula 
turbinoides 
(Blainville, 1832)

Malaysia: Johor NHMUK
20080740 HE584132 HE584212 HE584296 HE584383

Semiricinula 
turbinoides 
(Blainville, 1832)

Malaysia: Johor NHMUK
20080801 HE584133 HE584213 HE584297 HE584384

Stramonita brasiliensis
Claremont & Reid, 
2011

Brazil: Sao Paulo NHMUK
20090105.1 FR696257 FR696127 HE584298 FR695846

Stramonita canaliculata
(Gray, 1839) U.S.A: Florida UF 434981 FR696215 FR696085 HE584299 FR695755

Stramonita 
delessertiana (Orbigny, 
1841)

Peru: Piura NHMUK
20080046 FR696255 FR696125 HE584300 FR695725

Stramonita floridana 
(Conrad, 1837) U.S.A: Florida NHMUK

20080045 FR696262 FR696131 HE584301 FR695795

Stramonita 
haemastoma 
(Linnaeus, 1767)

Portugal: Sao 
Miguel, Azores

NHMUK
20090092.1 FR696256 FR696126 HE584302 FR695791

Stramonita rustica 
(Lamarck, 1822)

Costa Rica: 
Cahuita UCR 7784.1 FR696265 FR696134 HE584303 FR695797

‘Thais’ armigera 
(Link, 1807)

Guam: Merizo 
Bay

NHMUK
20080756 HE584134 HE584214 HE584304 HE584385

‘Thais’ bufo 
(Lamarck, 1822)

United Arab 
Emirates: 
Fujairah

NHMUK
20080930 HE584135 HE584215 HE584305 HE584386

Thais nodosa 
(Linnaeus, 1758)

Ghana: Matrakni
Point

NHMUK
20070652 FN677373 EU391556 FN677425 EU391579

Thaisella chocolata 
(Duclos, 1832) Peru: Lomas NHMUK

20070462 FR696254 FR696124 HE584306 FR695724

Thaisella kiosquiformis 
(Duclos, 1832)

Panama: Playa 
Bique

NHMUK
20070658.1 HE584136 ----- ----- -----

Thaisella kiosquiformis 
(Duclos, 1832)

Panama: Playa 
Bique

NHMUK
20070658.2 HE584137 ----- ----- -----

Thaisella kiosquiformis 
(Duclos, 1832) Peru: Tumbes NHMUK

20080053 HE584138 HE584216 HE584307 HE584387

Thalessa aculeata 
(Deshayes, 1844)

New Caledonia: 
North Province

NHMUK
20070631 FN677374 FN677477 FN677426 FN677422

Thalessa distinguenda 
(Dunker & Zelebor, 
1866)

Malaysia: 
Langkawi

NHMUK
20080792 HE584139 HE584217 HE584308 HE584388
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Thalessa distinguenda 
(Dunker & Zelebor, 
1866)

Vanuatu: Maloka
I.

MNHN IM-
2007-18185 HE584140 ----- HE584309 -----

Thalessa savignyi 
(Deshayes, 1844)

United Arab 
Emirates: Abu 
Dhabi

NHMUK
20080893 HE584141 HE584218 HE584310 HE584389

Thalessa savignyi 
(Deshayes, 1844)

United Arab 
Emirates: Khor 
Fakkan

NHMUK
20080898 HE584142 HE584219 HE584311 HE584390

Thalessa sp. 
aff. savignyi
(Deshayes, 1844)

Mozambique: 
Cabo Delgado 
Prov.

NHMUK
20060263 HE584143 EU391550 HE584312 EU391576

Tribulus planospira 
(Lamarck, 1822)

Ecuador: 
Galapagos Is

LACM
84-37.4 HE584144 ----- HE584313 -----

Vasula deltoidea 
(Lamarck, 1822)

Costa Rica: 
Manzanillo UCR 7782 HE584145 HE584220 HE584314 HE584391

Vasula deltoidea 
(Lamarck, 1822)

Jamaica: 
Discovery Bay

NHMUK
20070665 HE584146 HE584221 ----- -----

Vasula melones 
(Duclos, 1832)

Costa Rica: 
Guanacaste

NHMUK
20070654 HE584147 EU391557 ----- -----

Vasula melones 
(Duclos, 1832)

Costa Rica: 
Puntarenas UCR 7789 HE584148 HE584222 HE584315 HE584392

Vasula speciosa 
(Valenciennes, 1832) Mexico: Jalisco CNMO 3105 HE584149 HE584223 HE584316 HE584393

Vasula speciosa 
(Valenciennes, 1832) Mexico: Jalisco CNMO 3100 HE584150 HE584224 HE584317 HE584394

Vexilla taeniata 
(Powis, 1835)

Tuamotu 
Archipelago: 
Rangiroa Atoll

UF 292039 HE584151 HE584225 HE584318 HE584395

Vexilla vexillum 
(Gmelin, 1791)

Japan: Setouchi, 
Amami Is

Y. Kano
collection HE584152 HE584226 HE584319 HE584396
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 Table 3.2 Revised classification of the Rapaninae: recognized genera and valid species. Except where 

noted, the table includes only Recent species. See Kool (1993a) and Tan (1995) for a more complete 

discussion of type species designations and synonymies. See Tables 3.3, 3.S1 and 3.S2 for invalid and 

synonymized genera; Tables 3.S1 and 3.S2 list excluded and invalid/identical genera respectively. 

Valid names of type species are in bold; species sequenced in this study are marked with an asterisk.

Genus Type Species Species included
Acanthais
Vermeij & Kool,
1994

Buccinum brevidentata
Wood, 1828
(by original designation)

Buccinum brevidentatum Wood, 1828*

Purpura callaoensis Gray, 1828*

Purpura triangularis Blainville, 1832*

Agnewia
Tenison-Woods,
1878

Adamsia typica 
Dunker, 1856
(by original designation) 

Purpura tritoniformis Blainville, 1832*

Adamsia adelaidae Adams & Angas, 1863

Concholepas 
Lamarck, 1801

Concholepas peruviana
Lamarck, 1801
(by monotypy)

Buccinum concholepas Bruguière, 1789*

Cymia
Mörch, 1860

Cuma sulcata
Swainson, 1840
(by monotypy)

Buccinum tectum Wood, 1828*

Dicathais 
Iredale. 1936

Buccinum orbita
Gmelin, 1791
(by original designation)

Buccinum orbita Gmelin, 1791*

Drupa
Röding, 1798

Drupa morum
Röding, 1798
(by subsequent designation 
of Rovereto, 1899)

Drupa morum Röding, 1798*

Purpura aperta Blainville, 1832*

Ricinula clathrata Lamarck, 1816*

Drupa denticulata Houart & Vilvens, 1997
Ricinula elegans Broderip & Sowerby, 1829*

Ricinula miticula Lamarck, 1822
Murex ricinus Linnaeus, 1758*

Drupa rubusidaeus Röding, 1798*

Ricinula speciosa Dunker, 1867*

Drupina
Dall, 1923

Ricinula digitata
Lamarck, 1816
(by original designation)

Drupa grossularia Röding, 1798*

Purpura lobata Blainville, 1832

Mancinella
Link, 1807

Mancinella aculeata
Link, 1807
(by absolute tautonymy 
through its cited synonym 
Murex mancinella 
Linnaeus, 1758
ICZN, Opinion 911, 1970)
 

Volema alouina Röding, 1798*

  [= M. aculeata fide Kool 1993a]
Purpura capensis Petit, 1852*

Purpura echinata Blainville, 1832*

Purpura echinulata Lamarck, 1822
Thais (Mancinella) grossa Houart, 2001*

Thais (Mancinella) herberti Houart, 1998
Thais (Mancinella) lata Kuroda, 1931
Purpura marmorata Pease, 1865
Thais siro Kuroda, 1931*
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Menathais
Iredale, 1937

Purpura pica 
Blainville, 1832 
(by original designation)

Galeodes tuberosa Röding, 1798*

Purpura bimaculata Jonas, 1845*

Purpura intermedia Kiener, 1836*

Menathais sp. aff. tuberosa Röding, 1798*

Nassa
Röding, 1798

Nassa picta 
Röding, 1798
(by subsequent designation 
of Kool, 1993)

Buccinum sertum Bruguière, 1789*

  [= N. picta fide Kool 1993a]
Buccinum francolinus Bruguière, 1789
Buccinum situlum Reeve, 1846
Nassa tuamotuensis Houart, 1996

Neorapana
Cooke, 1918

Purpura muricata
Broderip, 1832
(by original designation)

Purpura muricata Broderip, 1832*

Monoceros grandis Sowerby, 1835
Monoceros tuberculata Sowerby, 1835

Neothais
Iredale, 1912

Purpura smithi 
Brazier, 1889
(by original designation)

Purpura smithi Brazier, 1889
Purpura harpa Conrad, 1837*

Purpura marginatra Blainville, 1832*

Thais nesiotes Dall, 1908

Phycothais
Tan, 2003

Purpura reticulata
Quoy & Gaimard, 1832
(by original designation) 

Purpura reticulata Quoy & Gaimard, 1832
Purpura botanica Hedley, 1918

Pinaxia
H. & A. Adams, 
1853

Pinaxia coronata
A. Adams, 1853
(by monotypy)

Pinaxia coronata A. Adams, 1853*

Pyrula versicolor Gray, 1839*

Plicopurpura
Cossmann, 1903

Purpura columellaris
Lamarck, 1816
(by original designation)

Purpura columellaris Lamarck, 1816*

Purpura eudeli Sowerby, 1903
Purpura pansa Gould, 1853*

Buccinum patulum Linnaeus, 1758*

Purpura
Bruguière, 1789

Buccinum persicum
Linnaeus, 1758
(by subsequent designation; 
ICZN, opinion 886, 1969)

Buccinum persicum Linnaeus, 1758*

Thais panama Röding, 1798*

Rapana
Schumacher, 
1817

Buccinum bezoar
Linnaeus, 1767
(by subsequent designation 
of Gray, 1847)

Buccinum bezoar Linnaeus, 1767*

Rapana pellucida Bozzetti, 2008
Murex rapiformis Born, 1778*

Purpura venosa Valenciennes, 1846*

Reishia
Kuroda & Habe,
1971

Purpura bronni
Dunker, 1860
(by original designation)

Purpura bronni Dunker, 1860*

Purpura bitubercularis Lamarck, 1822*

Purpura clavigera Küster, 1860*

Thais jubilaea Tan & Sigurdsson, 1990*

Thais keluo Tan & Liu, 2001
Buccinum luteostoma Holten, 1803*
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Semiricinula
von Martens, 
1903

Purpura muricina
Blainville, 1832
(by subsequent designation of
Iredale, 1921)

Purpura turbinoides Blainville, 1832*

  [= P. muricina Blainville, 1832* fide Tan 1995]
Thais (Semiricinula) hadrolinae Houart, 1996
Ricinula (Sistrum) konkanensis Melvill, 1893
Purpura muricoides Blainville, 1832*

Purpura nodosa Hombron & Jacquinot, 1841*

Purpura squamigera Deshayes, 1832*

Sistrum squamosa Pease, 1868*

Purpura tissoti Petit, 1853*

Stramonita
Schumacher, 
1817

Buccinum haemastoma
Linnaeus, 1767
(by subsequent designation 
of Gray, 1847)

Buccinum haemastoma Linnaeus, 1767*

Purpura biserialis Blainville, 1832*

Fusus canaliculatus Gray, 1839*

Purpura delessertiana Orbigny, 1841*

Purpura floridana Conrad, 1837*

Purpura rustica Lamarck, 1822*

Taurasia
Bellardi, 1882

Purpura subfusiformis 
Orbigny, 1852
(by original designation)

Purpura subfusiformis Orbigny, 1852 [fossil]
Purpura striata Quoy & Gaimard, 1832

Thais
Röding, 1798

Murex fuscus 
Gmelin, 1791
(by subsequent designation; 
ICZN, 1969: opinion 886)

Nerita nodosa Linnaeus, 1767*

  [= M. fuscus fide Kool 1993a]

Thaisella
Clench, 1947

Purpura trinitatensis
Guppy, 1869
(by original designation)

Purpura trinitatensis Guppy, 1869
Purpura coronata Lamarck, 1816
Purpura callifera Lamarck, 1822
Purpura chocolata Duclos, 1832*

Cymia dubia Schepman, 1922
Purpura forbesii Dunker, 1853
Purpura kiosquiformis Duclos, 1832*

Thais langi Clench & Turner, 1948
Thais mariae Morretes, 1954

Thalessa
H. & A. Adams, 
1853

Murex hippocastanum
Linnaeus, 1758
(by subsequent designation 
of F.C. Baker, 1895; 
suppressed ICZN, 1970: 
opinion 911)

Purpura aculeata Deshayes, 1844* 
  [= M. hippocastanum fide Kool 1993a; Tan 1995]
Purpura distinguenda Dunker & Zelebor, 1866*

Purpura savignyi Deshayes, 1844*

Thalessa sp. aff. savignyi Deshayes, 1844*

Tribulus
Sowerby, 1839

Purpura planospira
Lamarck, 1822
(by monotypy)

Purpura planospira Lamarck, 1822*

Vasula
Mörch, 1860

Purpura melones 
Duclos, 1832
(by monotypy)

Purpura melones Duclos, 1832*

Purpura deltoidea Lamarck, 1822*

Purpura speciosa Valenciennes, 1832*

Vexilla
Swainson, 1840

Vexilla picta
Swainson, 1840
(by monotypy)

Strombus vexillum Gmelin, 1791*

  [= V. picta fide Kool 1993a]
Purpura taeniata Powys & Sowerby, 1835*
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Gen. Nov. Purpura (Stramonita) blanfordi Melvill, 1893
Purpura (Cuma) gradata Jonas, 1846*

Purpura javanica Philippi, 1848*

Murex lacera Born, 1778*

Thais malayensis Tan & Sigurdsson, 1996*

Thais pinangensis Tan & Sigurdsson, 1996*

Thais rufotincta Tan & Sigurdsson, 1996*

Murex sacellum Gmelin, 1791*

Purpura scalaris Schubert & Wagner, 1829*

Thais wutingi Tan, 1997*

Uncertain Thais ambustulata Hedley, 1912
Mancinella armigera Link, 1807*

Purpura bufo Lamarck, 1822*
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Table 3.3 Subjective synonyms of genera and subgenera of the Rapaninae.

Genus or 
Subgenus Type species Why synonymized
Conothais
Kuroda, 1930

Conothais citrina 
Kuroda, 1930
(by monotypy)
[= Pinaxia versicolor 
Gray, 1839 fide Fujioka
1985; Kool 1993a]

Pinaxia versicolor forms a clade with P. 
coronata, type species of Pinaxia H. & A. 
Adams, 1853, which has priority.

Patellipurpura
Dall, 1909

Buccinum patulum 
Linnaeus, 1758
(by monotypy)

The type species forms a clade with Plicopurpura
columellaris, type species of Plicopurpura 
Cossmann, 1903, which has priority. Note that 
earlier names for both genera (Microtoma and 
Purpurella) are preoccupied and thus invalid. 

Ricinella
Schumacher, 
1817

Drupa rubusidaeus 
Röding, 1798
(by subsequent 
designation of Iredale, 
1937)

The type species forms a clade with Drupa 
morum, type species of Drupa Röding, 1798. 
Drupa, which has priority.

Sistrum
Montfort, 1810

Sistrum album 
Montfort, 1810 
(by original 
designation)
[= Murex ricinus 
Linnaeus, 1758 fide 
Kool 1993a]

The type species forms a clade with Drupa 
morum, type species of Drupa Röding, 1798, 
which has priority.
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Molecular analysis has shown that the three muricid subfamilies Rapaninae, 

Ergalataxinae and Coralliophilinae form a clade, but the relationships among the 

subfamilies are unresolved, perhaps because the coralliophiline clade has a long 

branch (Barco et al. 2010). Because the choice of a divergent outgroup can cause 

difficulties in the alignment process and loss of signal (reviewed in Rota-Stabelli & 

Telford 2008; see also Bergsten 2005), I chose to use species from the Ergalataxinae 

as outgroups.

I generated 444 sequences for this study, 81 of which have previously been 

published (Claremont et al. 2008; Barco et al. 2010; Claremont et al. 2011b).

 DNA sequencing and alignment
For all samples, three mitochondrial genes (cytochrome c oxidase subunit I (COI), 

16S rRNA and 12S rRNA) and one nuclear gene (28S rRNA) known to be 

informative for phylogenetic analysis in the Muricidae (Claremont et al. 2008; Barco 

et al. 2010) were sequenced, following the protocols of Claremont et al. (2011a). 

DNA was extracted with the Qiagen QIAamp DNA mini kit. Polymerase chain 

reactions (PCR; 200µM of each dNTP, 0.1µM of both forward and reverse PCR 

primer, 2.5 U Qiagen DNA Taq polymerase) amplified approximately 1500 bp of 

28S, 700 bp of COI, and 650 bp of 12S. Primers and PCR conditions for all genes 

were as used by Barco et al. (2010), except for some forward fragments of 16S that 

were obtained using 16S-Int56F (see Chapter 2) and some COI sequences that were 

obtained using primers COIF and COI-MUR (Claremont et al. 2011a). PCR products 

were sequenced using a BigDye Terminator v1.1 Cycle Sequencing Kit (Applied 

Biosystems) and run on an Applied Biosystems 3730 DNA Analyzer automated 

capillary sequencer. Sequences were assembled and edited with Sequencher (v4.8; 

GeneCodes Corporation, Ann Arbor, Michigan). Clear heterozygous peaks in both the

forward and reverse sequence of 28S were coded as polymorphisms. I measured COI 

sequence divergence between individuals with LALIGN (v2.1u09, Huang & Miller 

1991).

Sequences from ribosomal genes (28S rRNA, 16S rRNA and 12S rRNA) were 

aligned using the Q-INS-i method of MAFFT (Multiple Alignment using Fast Fourier

Transform; v6.847b; Katoh & Toh 2008). As I did not expect long gaps in my 

alignments, the offset value was set to 0.1. The resulting alignments were adjusted by 
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eye in MacClade (v4.06 OSX; Maddison & Maddison 2003). Gblocks (v0.91beta; 

Castresana 2000) was then used to remove poorly aligned sites (minimum number of 

sequences for a conserved position: 70%; minimum number of sequences for a 

flanking position: 90%; maximum number of contiguous non-conserved positions: 3; 

minimum length of a block: 5; all gap positions allowed). COI sequences were 

aligned by eye in MacClade (v4.06 OSX; Maddison & Maddison 2003). For each 

gene partition, 24 different models of nucleotide substitution were tested with 

MrModelTest (v2.2; Nylander 2004). 

I constructed an ‘all-gene’ concatenated alignment of all four genes, consisting only

of specimens for which all genes were available. Before combining gene partitions, I 

compared posterior probabilities (PP) of all clades among individual-gene Bayesian 

trees. Conflict among strongly supported clades (PP > 95%) can be seen as evidence 

of genetic incongruence that suggests divergent phylogenetic histories of loci, while 

conflict among weakly supported clades (PP < 95%) may be due to stochastic error 

(Wiens 1998; Erixon et al. 2003; Reeder 2003; Williams & Reid 2004; Williams & 

Ozawa 2006). Lack of resolution was not seen as conflict. 

 Phylogenetic analysis
All alignments were analysed using Bayesian inference and the Markov Chain 

Monte Carlo Method (MCMC; MrBayes v3.1, Huelsenbeck & Ronquist 2001). Model

parameters for each gene were set according to the model selected by MrModelTest, 

and were free to vary among gene partitions. The MCMC analysis ran twice for each 

alignment: five million generations for each individual gene and ten million 

generations for the combined alignment. In all cases, analyses were sampled every 

10,000 generations. Tree convergence was tested by examining the average deviations

of split frequencies and the potential scale reduction factor (PSRF), as well as the 

traces in Tracer (v1.5; Drummond & Rambaut 2007). Burn-in was 1,001 trees. 

Branches in the consensus tree with less than 50% posterior probability (PP) support 

were collapsed. 

I estimated timing of diversification using the all-gene alignment with BEAST 

(v1.6.1; Drummond & Rambaut 2007). BEAST allows the construction of a dated, 

ultrametric species tree using fossils to calibrate nodes. I used the Yule process for the

species-tree prior. Because the Yule model considers branching rates between species 
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(Yule 1924), individuals were removed from the alignment such that each genetic 

cluster was represented only once, ignoring taxonomic names. Genetic clusters were 

defined as monophyletic groups where COI divergence was less than 6%, following 

previous work on other rapanine species (Claremont et al. 2011b; similar results have 

been shown in other gastropods Reid 2007, 2009b). Site models were set based on 

MrModelTest. All rates were estimated, using a relaxed, uncorrelated lognormal 

molecular clock. Three identical analyses (20,000,000 generations each) were 

sampled every 20,000 generations to generate 10,001 trees each. These treefiles were 

combined using LogCombiner (v1.6.1; part of the BEAST package: http:/

/code.google.com/p/beast-mcmc/downloads/list), with a 10% burn-in for all analyses. 

Length of burn-in was determined by examination of traces in Tracer (v1.5; 

Drummond & Rambaut 2007). 

The family Muricidae dates from the Late Cretaceous (Vermeij 1996), and the 

earliest fossil rapanine is Cymia berryi from the Mancora Formation (late Eocene) of 

Peru (Vermeij & Carlson 2000). I thus assigned a a maximum age of 99.6 Ma 

(beginning of the Late Cretaceous) and a minimum age of 33.9 Ma (end of the 

Eocene) to the entire rapanine clade. Within the Rapaninae, I followed Claremont et 

al. (2011b), who used a fossil of Stramonita semiplicata from the Burdigalian (Early 

Miocene) Cantaure Formation of Venezuela to set the minimum age of the clade 

consisting of S. haemastoma, S. rustica, S. floridana, S. brasiliensis and S. biserialis 

to 16 Ma; I again set the maximum age of this clade to 99.6 Ma. Another rapanine 

fossil has been found in the same formation: the earliest fossil of Plicopurpura 

(Landau & Vermeij 2010). Thus, I used the same dates for the clade consisting of P. 

pansa and P. patula. Finally, I assumed the entire clade (including outgroup species) 

could not be older than the maximum age of the family Muricidae (99.6 Ma; Vermeij 

1996), nor younger than the minimum age of earliest known fossil, C. berryi (33.9 

Ma; Vermeij & Carlson 2000).

3.4 Results

 Sequence analysis and phylogenetic analyses
The four gene fragments were successfully amplified for almost all specimens. The 

12S alignment consisted of 119 sequences, the 16S alignment of 109 sequences, the 

28S alignment of 109 sequences, and the COI alignment of 107 sequences (see Table 
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3.1 for sequence accession numbers). The all-gene concatenated alignment included 

only those specimens for which all four genes were available and consisted of 98 

sequences. After removal of primer regions, 28S sequences were 1514 bp and 12S 

sequences were 583 bp. COI sequences obtained with COIF/COI-MUR were 703 bp; 

those sequences obtained using universal primers (Folmer et al. 1994) were 658 bp. 

Sequences of 16S obtained with CGLeuR (Hayashi 2005) and 16S-Int56F (Chapter 2)

were 712 bp, while those obtained with CGLeuR (Hayashi 2005) and 16SA (Palumbi 

et al. 1991) were 786 bp. Elimination of ambiguous regions reduced the 28S 

alignment by 4% to 1458 bp, the 12S alignment by 15% to 499 bp and the 16S 

alignment by 21% to 621 bp. There were 112 phylogenetically-informative base pairs 

in 28S, 211 in 12S, 193 in 16S and 277 in COI; remaining bases were either constant 

or phylogenetically uninformative. 

The model chosen by MrModelTest was GTR+I+G for 28S, COI and 12S, and 

HKY+I+G for 16S. Inspection of individual gene trees did not reveal any well-

supported clades (PP > 95%) in conflict. All PSRF values for MrBayes analyses were 

1.00, while average deviations of split frequencies converged on zero, indicating that 

all trees had reached stationarity. All effective sample size (ESS) values for all 

MrBayes analyses and the BEAST analysis were greater than 200. 

 Genus-level classification 
Results confirmed a monophyletic Rapaninae (Figures 3.1-3.4: PP = 100%). 

The type species of 27 rapanine (sub)genera were analysed: Acanthais, Agnewia, 

Concholepas, Conothais, Cymia, Dicathais, Drupa, Drupina, Mancinella, Menathais,

Nassa, Neorapana, Patellipurpura, Pinaxia, Plicopurpura, Purpura, Rapana, 

Reishia, Ricinella, Semiricinula, Sistrum, Stramonita, Thais, Thalessa, Tribulus, 

Vasula and Vexilla (Figures 3.1-3.5; Tables 3.1-3.3). 

Molecular analysis recovered 25 genus-level entities consistent with the previously 

recognized morphological (sub)genera Acanthais, Agnewia, Concholepas, Cymia, 

Dicathais, Drupa, Drupina, Mancinella, Menathais, Nassa, Neorapana, Neothais, 

Pinaxia, Plicopurpura, Purpura, Rapana, Reishia, Semiricinula, Stramonita, Thais, 

Thaisella, Thalessa, Tribulus, Vasula and Vexilla (Figures 3.1-3.6; Tables 3.1, 3.2; 

Tribulus only present in 12S and 16S analyses). The genera Conothais, 

Patellipurpura, Sistrum and Ricinella were shown to be synonymous (Table 3.3). An 
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additional, previously unrecognized, genus-level group was recovered, here referred 

to as Gen. Nov. (Figures 3.1-3.6; Tables 3.1, 3.2). The placement of two species, ‘T.’ 

bufo and ‘T.’ armigera, was unresolved (Figures 3.1-3.6; Tables 3.1). 

 Nominal and cryptic species
In several instances, nominal species I initially considered valid showed low levels 

of COI sequence divergence. Divergence in COI between Plicopurpura columellaris 

and P. pansa (0.3-0.6%) was comparable to the divergence observed between 

specimens of P. columellaris (0.6%). Sequence divergence among Reishia luteostoma

(Japan), R. luteostoma (Hong Kong) and R. jubilaea was less than 0.9%; divergence 

between these and R. bronni was less than 2.5%. Divergence in COI between Pinaxia 

coronata and P. versicolor was 1.7%; divergence between Semiricunula muricina and

S. turbinoides was 1.4-1.5%. Sequence divergence in COI between Gen. Nov. 

javanica and Gen. Nov. malayensis was 2.3%. 

High COI sequence divergence between Menathais tuberosa A (Mozambique) and 

M. tuberosa B (New Caledonia) highlighted two likely cryptic species (COI 

divergence 6.1%). Based on current sampling (and comparison with museum 

collections), these cryptic species show slight morphological differences and may be 

allopatric sisters: one endemic to the Indian Ocean, the other to the Western Pacific 

(Figures 3.1-3.6). Another likely undescribed species was morphologically similar to 

Thalessa distinguenda and T. savignyi (Tan 1995; M.C. & D.G. Reid, personal 

observation), but genetically distinct from both (COI sequence divergence: 

8.5-14.5%). 

 Relationships among genera
Cymia tectum was sister to a clade containing all other rapanines (Figures 3.1, 3.4, 

3.6: PP = 100%; Figures 3.2: PP = 99%; Figures 3.3, 3.5: PP > 50%), while Drupina 

grossularia was sister to all remaining species (Figure 3.1: PP = 97%; Figures 3.6: PP

= 90%). 

Vasula, Menathais, Nassa, Thalessa formed a clade (Figures 3.1, 3.3, 3.6: PP = 

100%; Figure 3.5: PP = 97%; Figures 3.2, 3.4: PP > 50%), as did Plicopurpura and 

Drupa (Figures 3.1, 3.3: PP = 100%; Figure 3.4: PP > 50%). Another supra-generic 

group contained Thais, Neorapana and Mancinella (Figure 3.1, 3.6: PP = 100%; 

Figure 3.5: PP > 50%); Thais was sister Tribulus in all analyses in which they both 
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appeared (Figures 3.3, 3.4: PP = 100%). Dicathais and Agnewia always formed a 

monophyletic clade (Figures 3.1, 3.2, 3.4-3.6: PP = 100%; Figure 3.3: PP > 50%). A 

clade containing Stramonita, Concholepas, Acanthais and Thaisella (Figures 3.1, 3.3, 

3.5: PP > 50%; Figure 3.6: PP = 98%) was sister to the Dicathais/Agnewia clade in 

the combined analyses (Figure 3.1: PP = 83%; Figure 3.6: PP = 99%). Semiricinula 

appeared in the same clade as Neothais (Figure 3.1, 3.6: PP = 99%; Figure 3.2: PP = 

93%). In the combined analyses, Rapana and Reishia appeared in the same clade 

(Figures 3.1, 3.6: PP = 100%).

 Timing of diversification and biogeographic relationships
The median age estimated for the diversification of the Rapaninae by the BEAST 

analysis of the combined-gene alignment is Middle Eocene (47.7 Ma; Figure 3.6), 

while the origin of the subfamily (separation from the Ergalataxinae) is estimated to 

be Early Eocene (52.6 Ma; Figure 3.6). Most rapanine genera (as here constituted) are

estimated to have arisen and diversified in the Miocene, between 21.8 Ma and 6.9 Ma.

However, Drupa is exceptionally old in comparison: it is estimated to have diversified

from the Late Oligocene onwards (26.5 Ma; Figure 3.6).

The distribution of rapanine species with respect to the major tropical 

biogeographic realms is indicated in Figure 3.6. The majority of rapanine lineages are 

Indo-West Pacific, but there are six distinct Eastern Pacific plus Atlantic clades. One 

clade is confined to Southern Australia and New Zealand (Figure 3.6).
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Figure 3.1 MrBayes Bayesian phylogeny of the Rapaninae and ergalataxine outgroups based on 

concatenated analysis of 28S rRNA, 12S rRNA, 16S rRNA and cytochrome c oxidase subunit I (COI). 

Support values are posterior probabilities. The length of the ergalataxine outgroup branch has been 

artificially shortened. Type species of valid genera are indicated in bold. Locality is shown in 

parentheses after the species name; where there is more than one sample of a species from a given 

location, the last four digits of the voucher number are given (see Table 3.1 for corresponding voucher 

information). 
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Figure 3.2 MrBayes Bayesian phylogeny of the Rapaninae based single gene analysis of 28S. Support 

values are posterior probabilities; for clarity, support values less than 90% and ergalataxine outgroups 

are not shown. Type species of valid genera are indicated in bold. Locality is shown in parentheses 

after the species name; where there is more than one sample of a species from a given location, the last 

four digits of the voucher number are given (see Table 3.1 for corresponding voucher information). 
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Figure 3.3 MrBayes Bayesian phylogeny of the Rapaninae based single gene analysis of 12S. Support 

values are posterior probabilities; for clarity, support values less than 90% and ergalataxine outgroups 

are not shown. Type species of valid genera are indicated in bold. Locality is shown in parentheses 

after the species name; where there is more than one sample of a species from a given location, the last 

four digits of the voucher number are given (see Table 3.1 for corresponding voucher information). 
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Figure 3.4 MrBayes Bayesian phylogeny of the Rapaninae based single gene analysis of 16S. Support 

values are posterior probabilities; for clarity, support values less than 90% and ergalataxine outgroups 

are not shown. Type species of valid genera are indicated in bold. Locality is shown in parentheses 

after the species name; where there is more than one sample of a species from a given location, the last 

four digits of the voucher number are given (see Table 3.1 for corresponding voucher information). 

Chapter 3. Global phylogeny and new classification of the Rapaninae 83
____________________________________________________________________________________________________________________________________________________________________



Figure 3.5 MrBayes Bayesian phylogeny of the Rapaninae based single gene analysis of cytrochrome 

c oxidase subunit I (COI). Support values are posterior probabilities; for clarity, support values less 

than 90% are not shown. Type species of valid genera are indicated in bold. Locality is shown in 

parentheses after the species name; where there is more than one sample of a species from a given 

location, the last four digits of the voucher number are given (see Table 3.1 for corresponding voucher 

information). 
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Figure 3.6 BEAST Bayesian phylogeny of the Rapaninae and ergalataxine outgroups, based on 

combined analysis of 28S rRNA, 12S rRNA, 16S rRNA and cytrochrome c oxidase subunit I (COI). 

Support values are BEAST posterior probabilities; for clarity, support values less than 90% are not 

shown. Grey bars indicate 95% highest posterior density intervals on nodes with more than 50% 

support. Type species of valid genera are indicated in bold. To visualize large-scale patterns of 

endemicity, generalized range is indicated with coloured boxes.
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3.5 Discussion
No comprehensive phylogeny of the Rapaninae exists; previous attempts have been 

limited with respect to species- and genus-level sampling (Kool 1993a; Vermeij & 

Carlson 2000; Claremont et al. 2008; Barco et al. 2010). In addition, previous 

phylogenetic hypotheses of relationships among genera are not particularly useful, 

either because generic-level sampling was too limited (Claremont et al. 2008; Barco 

et al. 2010), or because these hypotheses did not recover the Rapaninae as a 

monophyletic subfamily (Kool 1993a; Vermeij & Carlson 2000). Although several 

genera or groups of genera have been comprehensively reviewed (e.g. Thais s.l.: Tan 

1995; Drupa: Emerson & Cernohorsky 1973; Monsecour & Wuyts 2007; southern 

Australian genera: Tan 2003b; Nassa: Houart 1996c; Rapana: Houart 2008a), the 

composition of most genera has remained under debate (see e.g. Tan 2000). Several 

genera (such as Mancinella, Menathais, Thalessa, Vasula) are used both as full genera

and as subgenera, often of Thais (see below). 

Genera and subgenera have traditionally been defined based on morphological 

disparity among groups. Although genera are arbitrary constructs within a 

phylogenetic classification, they are required to be monophyletic groups which must 

be fixed by reference to a designated type species (International Commission on 

Zoological Nomenclature 1999). Based on molecular phylogenetic results, and taking 

into account traditional morphological groupings where possible, I present a new 

classification of the Rapaninae. 

 A new classification of the Rapaninae
The new classification is summarized in Table 3.2; genera that are subjective 

synonyms are listed in Table 3.3. Genera excluded from the Rapaninae are listed in 

Table 3.1; invalid genera or objective synonyms (based on Kool 1993a) are given in 

Table 3.2. 

Acanthais Vermeij & Kool, 1994

This genus was originally introduced for a single species, A. brevidentata. Although

some similarity between A. brevidentata and other ‘thaid’ species (including ‘Thais’ 

triangularis) was noted, Vermeij and Kool (1994) considered several features of the 

shell of A. brevidentata distinct. Here, A. brevidentata formed a well-supported clade 

with two other Eastern Pacific species A. triangularis and A. callaoensis (Figure 3.1, 
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3.6: PP = 100%); I thus expand Acanthais to include these two species. A close 

relationship between Acanthais and Stramonita has been proposed based on 

morphological similarities in the shell (Vermeij 2001a); these two genera form a clade

with other Eastern Pacific and Atlantic genera (Figure 3.6), but are not sisters.

Agnewia Tenison-Woods, 1879

This genus has recently been revised by Tan (2003b). The name Agnewia a 

replacement for the preoccupied Adamsia Dunker, 1856. It contains two extant 

species: Agnewia tritoniformis (type species) and A. adelaidae; only the former was 

available for this study. 

Concholepas Lamarck, 1801

The well-known and economically important genus Concholepas, from Chile and 

Peru, contains only one Recent species, C. concholepas; the morphology, 

biogeography and palaeontology of this genus have been extensively studied (Kensley

1985; Kool 1993b; DeVries 1995, 2000; Cárdenas et al. 2007, 2008, 2009).

 Cymia Mörch, 1860

Cymia contains the oldest fossil species known in the Rapaninae, C. berryi from the

late Eocene of Peru (Vermeij & Carlson 2000). This is in agreement with the basal 

phylogenetic position of C. tectum as sister to all other rapanines (Figures 3.1, 3.6). 

Diverse fossils are known (e.g. Vokes 1989; Vermeij 2001b), but C. tectum is the sole

extant species (Vermeij & Carlson 2000). The anatomy and radular morphology of C. 

tectum were studied and figured by Kool (1993a). Note that the specific name of this 

species is a noun (Wood 1828), and the correct form of the name is therefore C. 

tectum, not C. tecta. 

Dicathais Iredale, 1936

This monotypic genus has recently been reviewed by Tan (Tan 2003b). It is 

restricted to southern Australia and New Zealand (Kool 1993a; Tan 2003b); although 

three geographically and morphologically distinct forms exist (‘aegrota’, 

‘textilosa’,’orbita’) these are considered to be conspecific (Kool 1993a; Tan 2003b). 

A fossil species has been described from Florida (Portell & Vokes 1992).
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Drupa Röding, 1798

The morphology of the type species, Drupa morum, was described by Kool 

(1993a), while diet and the ecology of many Drupa species has been studied 

extensively (e.g. Taylor 1975b, 1976, 1984). The most recent revision of the genus 

(Monsecour & Wuyts 2007) recognized 12 species and subspecies in three subgenera:

Drupina, Ricinella and Drupa s.s. However, molecular analysis shows that the type 

species of Drupina, D. grossularia, does not form a clade with other species of Drupa

(Figures 3.1, 3.6: PP = 100%); Drupina is here elevated to full genus. The subgenus 

Ricinella (type species D. rubusidaeus with D. speciosa, D. clathrata clathrata, D. 

clathrata miticula; Monsecour & Wuyts 2007) is polyphyletic (Figures 3.1, 3.6), 

although D. rubusidaeus and D. speciosa form a clade. Based on the topology of the 

combined analyses (Figures 3.1, 3.6), if Ricinella were accorded subgeneric status, a 

new subgenus would be needed for the clade of D. clathrata and D. aperta, while the 

long synonymized genus Sistrum (type species D. ricinus) would be resurrected as a 

subgenus for D. ricinus (Table 3.3). Although both Iredale (1937) and Vermeij 

(2001a) have supported possible placement of the endemic Hawaiian ‘Purpura’ 

aperta in Drupa, this is the first formal reclassification of this species (Figures 3.1, 

3.6; Table 3.2).

Drupina Dall, 1923

Although Drupina has been used as a genus (Taylor 1978; Vokes 1996b; Vermeij &

Carlson 2000; Herbert et al. 2007), the most recent taxonomic revision of Drupa 

included Drupina as a subgenus (Monsecour & Wuyts 2007). The ecology and 

distribution Drupina has been well studied (e.g. Emerson & Cernohorsky 1973; 

Taylor 1975b, 1989; Thomas & Kohn 1990). Molecular analysis shows that Drupina 

grossularia, the type species of Drupina, does not form a monophyletic clade with D. 

morum, the type species of Drupa Figures 3.1, 3.6). Drupina is sister to the remainder

of the Rapaninae (except Cymia; Figure 3.1: PP = 97%; Figure 3.6: PP = 90%). 

Mancinella Link, 1807

This name has been treated both as a subgenus of Thais (Keen 1971; Abbott 1974; 

Houart 1996b, 2008a) and as a full genus (Kool 1993a; Tan 2000; Vermeij & Carlson 

2000). The morphology of the type species, M. alouina, was discussed by Kool 

(1993a). Mancinella is here recognized as a full genus, although the clade of species 
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to which I assign the name is not well supported in any tree (Figures 3.1-3.5: PP 

< 81%). Most of the species here analysed have previously been placed in Mancinella

(either as a full genus or a subgenus of Thais) based on morphological characters: M. 

echinata (Tan 2000), M. grossa (Houart 2001) and M. siro (Okutani 2000). Although 

M. capensis has never previously been placed in Mancinella, a similarity in the 

radulae among this species, M. echinata and Thais gemmulata [= M. alouina] has 

been noted (Cooke 1919; for discussion of synonymy of M. alouina see Kool 1993a; 

Vermeij & Carlson 2000); M. capensis is here reassigned to Mancinella. However, in 

the 28S tree, M. siro forms a monophyletic clade with Neorapana muricata (Figure 

3.2; PP = 96%); in the 12S tree, this clade includes M. grossa (Figure 3.3; PP = 95%).

In the combined analyses, the type species of Neorapana, Tribulus and Thais form a 

clade with M. alouina. Alternative interpretations are that Neorapana should be 

recognized as a synonym of Mancinella, or that all three genera should be 

synonymized with Thais. However, my analysis is lacking several species assigned to 

Mancinella (M. echinulata, M. herberti, M. lata, M. marmorata; Okutani 2000; Tan 

2000; Houart 2001; Dharma 2005; R. Houart, 2010, personal communication) and 

Neorapana (N. grandis, N. tuberculata; Vermeij, 2001), the addition of which could 

resolve the current polyphyly of Mancinella in the 28S and 12S trees. For the present, 

I conservatively retain the four traditional genera Thais, Tribulus, Neorapana and 

Mancinella. 

Menathais Iredale, 1937

Menathais is a little-used generic name considered by some authors to be 

synonymous with Thais (Kool 1993a; Tan 2000) or Thalessa (Houart 1996b), but 

recently treated as a distinct genus (Vermeij & Carlson 2000; Vermeij 2001a; 

Claremont et al. 2008). The type species is Purpura pica Blainville, 1832 [= 

Galeodes tuberosa Röding, 1798 fide Kool 1993a], but molecular analysis indicates 

that Menathais ‘tuberosa’ is probably a complex of two sister species. Although 

examination of museum specimens reveals slight morphological differences between 

specimens from the Indian Ocean and from the Western Pacific, it is unclear whether 

the groups are fully allopatric. It is possible that one group corresponds to P. pica and 

the other to G. tuberosa, but this question can not be resolved with current sampling. 

‘Thais’ intermedia and ‘Thais’ bimaculata form a clade with the Menathais 
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‘tuberosa’ species complex (Figures 3.1, 3.6: PP = 100%); they are here reassigned to

Menathais for the first time.

Nassa Röding, 1798

The type species of Nassa is Nassa pica Röding, 1798 [= Buccinum sertum 

Bruguière, 1789]. Morphology of this species was discussed by Kool (1993a) and the 

taxonomy of this genus was reviewed by Houart (1996c). 

Neorapana Cooke, 1918

Neorapana is restricted to the Eastern Pacific in the Recent, but has Atlantic fossil 

members (Vermeij 2001a). It has sometimes been recognized as a subgenus of Thais 

(1993a), but is more frequently regarded as a full genus (Vokes 1996a; Vermeij 

2001a; Houart 2008a). I retain Neorapana as a genus, but there is some support for its

recognition as a synonym of Thais or Mancinella (see discussion under individual 

genera).

Neothais Iredale, 1912

The genus Neothais has been reviewed by Tan (2003b), who postulated that the 

genus consisted of only three Recent species (the type species N. smithi, N. nestoides 

and N. harpa). All three species have restricted, non-overlapping distributions: N. 

smithi to northern New Zealand and outlying islands; N. nestoides to Easter Island; N.

harpa to Hawaii (Kay 1979; Tan 2003b). Purpura marginatra has never previously 

been placed in Neothais and, unlike other members of the genus, has a wide 

distribution throughout the Indo-Pacific (Tan 1995). I reassign the species to Neothais

based on its well-supported sister relationship with N. harpa (Figures 3.1, 3.6: PP = 

100%) as well as their similarly cancellate shell sculpture (M.C. & D.G. Reid, 

personal observation). However, the operculum of N. harpa is dissimilar to other 

Neothais species, and it has thus been suggested that N. harpa might not belong to the

genus (Tan 2003b). Without molecular data for N. smithi, the composition of Neothais

can not be established unequivocally. If it is shown that N. smithi does not form a 

clade with N. harpa and N. marginatra, either a new genus should be described for N.

harpa and N. marginatra, or they should be transferred to Semiricinula. Such a 

transfer is not contradicted by molecular analyses: N. harpa and N. marginatra form a

well supported clade with Semiricinula s.s. (Figures 3.1, 3.6: PP = 99%). In addition, 
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N. marginatra has previously been placed in Semiricinula (as a subgenus of Thais; 

Houart 1996b) based on morphological characters. However, because N. harpa has 

never previously been placed in Semiricinula based on morphological characters, I 

provisionally retain N. harpa in Neothais together with the reassigned N. marginatra. 

Phycothais Tan, 2003

This genus was described by Tan (2003b) for two Australian endemics: P. 

reticulata and P. botanica. Material from these species was not available for analysis. 

Pinaxia H. & A. Adams, 1853

Pinaxia is typically regarded as a full genus (Kool 1993a; Vermeij & Carlson 2000;

Vermeij 2001a) composed of P. coronata (type species) and P. versicolor (Vokes 

1996b; Tan 2000). Pinaxia versicolor is a senior synonym of Conothais citrina 

Kuroda, 1930, the type species of the genus Conothais. However, P. versicolor and P.

coronata form a well supported clade (Figures 3.1, 3.6: PP = 100%). This is 

consistient with previous morphological synonymization of Conothais with Pinaxia 

(Fujioka 1985; Kool 1993a). Based on low levels of COI sequence divergence (1.7%),

Pinaxia coronata may be another synonym of P. versicolor, as previously proposed 

by Kool(1993a). 

Plicopurpura Cossmann, 1903

Although Plicopurpura has been used as a subgenus of Purpura (Keen 1971), Kool 

(1988; Kool 1993a) showed that its morphology was divergent from Purpura and 

regarded it as a full genus. The genus is traditionally composed of three species, P. 

columellaris (type species), P. pansa and P. patula (Keen 1971; Abbott 1974; Kool 

1993a). Pliocpurpura patula is the type species of Patellipurpura Dall, 1909, but this 

species forms a well supported clade with P. pansa and P. columellaris. This supports

the morphological synonymization of Patellipurpura with Plicopurpura by Kool 

(1993b)). Based on the low levels of COI sequence divergence (0.6%), Plicopurpura 

pansa may be a synonym of P. columellaris, as has previously been suggested based 

on morphology (Wellington & Kuris 1983; Kool 1993a; Domínguez-Ojeda 2009). A 

fourth species of Plicopurpura, P. eudeli, has been reported from Mauritius and Bali 

(Drivas & Jay 1988; Dharma 2005). If this is correctly classified, Plicopurpura is the 

only genus in the Rapaninae that spans two major biogeographic provinces. 
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Purpura Bruguière, 1789

The anatomy and complicated nomenclatural history of the type species (Purpura 

persica) were reviewed by Kool (1993b). 

Rapana Schumacher, 1817

The genus Rapana was reviewed by Houart (2008a), and an additional species, R. 

pellucida, has subsequently been described (Bozzetti 2008). The morphology of R. 

rapiformis was discussed by Kool (1993b). Rapana venosa is an invasive shellfish 

pest (e.g. Mann & Harding 2000; Chandler et al. 2008). 

Reishia Kuroda & Habe, 1971

Although Reishia is sometimes considered synonymous with Thais (e.g. Kool 

1993b; Choe & Park 1997; Tan 2000), it has also been accorded full generic status 

(e.g. Vermeij & Williams 2007). The topologies of the molecular trees suggest that it 

is best recognized as a full genus (Figures 3.1, 3.6). It has been suggested that the 

Japanese form of R. luteostoma may be a different species from Hong Kong R. 

luteostoma, and R. jubilaea has been described as distinct from both (Tan & 

Sigurdsson 1990; Tan 1995 as Thais jubilaea). The low COI divergence among one 

specimen of each (less than 0.9%) suggests that the three are conspecific. COI 

sequence divergence is also low between R. bronni and the R. luteostoma cluster (less

than 2.5%); further study is required to determine if these are conspecific.

Semiricinula von Martens, 1903

Although not treated by Kool (1993) in his phylogenetic analysis of the Rapaninae, 

Semiricinula is typically considered a valid rapanine genus (Vokes 1996b; Héros et 

al. 2007; Tröndlé & Boutet 2009) or subgenus (of Thais; Houart 1996b). Topologies 

of the phylogenetic trees support Semiricinula as a full genus (Figures 3.1, 3.6). The 

type species of Semiricinula is S. muricina by subsequent designation of Iredale 

(1937). Tan synonymized S. muricina with S. turbinoides (as species of Thais; Tan 

1995); this synonymy is supported by the low level of COI divergence between the 

two nominal species (1.4-1.5%). 

Stramonita Schumacher, 1817

Authors have studied many aspects of the biology of this Eastern Pacific and 

Atlantic genus, including its taxonomy and phylogeography (Claremont et al. 2011b),
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dispersal (Scheltema 1971, 1977, 1978, 1979), morphology (S. haemastoma; (Kool 

1993a)), and palaeontology (DeVries 2005, 2007). Although Stramonita has been 

considered both a subgenus of Thais (Keen 1971; Abbott 1974) and a full genus 

(Keen 1971; Kool 1993a; DeVries 2007; Harding & Harasewych 2007; Claremont et 

al. 2011b), my results support the acceptance of Stramonita as a full genus. As has 

been shown previously (Claremont et al. 2011b), the species ‘Stramonita’ chocolata, 

often placed in Stramonita (e.g. (Romero et al. 2004; DeVries 2005, 2007)), does not 

form a clade with the type species of Stramonita, S. haemastoma, and is here 

transferred to Thaisella (see discussion under Thaisella). 

Taurasia Bellardi, 1882

This genus, consisting mainly of fossil species, was reviewed most recently by 

Beets (1984). The type species, T. subfusiformis, is a fossil, and material from the one

extant species, T. striata, was not available for molecular analysis. 

Thais Röding, 1798

Species of the genus Thais in the Eastern Pacific and Atlantic were reviewed by 

Vermeij (2001b), and the morphology of its type species, T. nodosa, was discussed by

Kool (1993a). Many authors have assigned to Thais a morphologically diverse group 

of species (for a discussion of the concept of in ‘Thais’, see Tan 1995). The genus is 

here restricted to a single species, although it forms a clade with the type species of 

Tribulus, Mancinella and Neorapana (see discussion of these genera).

Thaisella Clench, 1947

Thaisella has been considered synonymous with Thais (Kool 1993a; Tan 2000), 

used as a subgenus of Thais (Keen 1971; Abbott 1974; Houart 1996b) and accorded 

full generic rank (Vermeij & Carlson 2000; Vermeij 2001b). I follow the last and 

accept Thaisella as a full genus. However, the molecular analysis is lacking the type 

species of Thaisella (T. trinitatensis). I accept T. kiosquiformis as a member of the 

genus (following Keen 1971; Abbott 1974; Vermeij 2001b; R. Houart, 2010, personal

communication). Because ‘Stramonita’ chocolata forms a clade with T. kiosquiformis 

(Figures 3.1, 3.6: PP = 100%), I tentatively reassign it to Thaisella. 
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Thalessa H. & A. Adams, 1853

Thalessa has been considered a synonym of Thais (Kool 1993a; Tan 2000), a 

subgenus of Thais (Houart 1996b) and accorded full generic rank (Vermeij & Carlson

2000; Vermeij 2001b). There is some confusion regarding the type species of 

Thalessa. The type species was confirmed to be Murex hippocastanum Linnaeus, 

1758 by the ICZN, but in the same opinion they suppressed this name (International 

Commission on Zoological Nomenclature 1970). Following Tan (1995), I use the 

name T. aculeata as a replacement for M. hippocastanum. Forming a clade with 

Thalessa is a species here referred to as Thalessa sp. aff. savignyi. This new species 

was recognized as distinct and discussed, but not named by Tan (1995; as Thais 

undet.).

Tribulus Sowerby, 1839

Tribulus has been considered both a full genus (Vermeij & Carlson 2000; Vermeij 

2001b) and a subgenus of Thais (Keen 1971; Kool 1993a). The morphology and 

complicated nomenclatural history of the type and only species, T. planospira, have 

been discussed by Kool (1993a) and Vermeij (2001b). Sequence data was only 

available for 12S and 16S; in both analyses T. planospira formed a monophyletic 

clade with Thais nodosa, the type species of Thais. There is some uncertainty about 

the relationships of Tribulus, Thais, Mancinella and Neorapana (see discussion under 

individual genera): if Mancinella and Neorapana are combined with Thais, then 

Tribulus must also be added to preserve monophyly. However, I accord all four 

generic rank, respecting tradition.

Vasula Mörch, 1860

Vasula has been used by some as a subgenus of Thais (Keen 1971; Kool 1993a), 

but is more often accorded full generic rank (Vermeij 1989; Vermeij & Carlson 2000;

Vermeij 2001b; DeVries 2007). Vasula is generally regarded as monotypic (e.g. 

Vokes 1996b), but molecular analysis shows that the type species, V. melones, forms 

a clade with the here reassigned V. deltoidea and V. speciosa (Figures 3.1, 3.6: PP = 

100%). Vermeij (2001b) remarked on the similarity of shell morphology between 

‘Thais’ deltoidea and ‘T.’ speciosa, but these were not compared directly with V. 

melones. 
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Vexilla Swainson, 1840

Vexilla is usually regarded as a valid genus (Kool 1993a; Tan 2000; Vermeij & 

Carlson 2000). 

Gen. Nov.

The species ‘Thais’ gradata, ‘T.’ javanica, ‘T.’ wutingi, ‘T.’ malayensis, ‘T.’ 

scalaris, ‘T.’ sacella, ‘T.’ lacera and ‘T.’ rufotincta (generic assignment of Tan 1995, 

1997, 2000) form a clade Figures 3.1, 3.6; PP = 100%), but this morphologically 

coherent group does not include the type species of any previously described genus. 

The morphology and taxonomy of all species in this clade have been reviewed by Tan

and colleagues (Tan & Sigurdsson 1990; Tan 1995; Tan & Sigurdsson 1996; Tan 

1997, 2000). Morphological similarities among ‘T.’ lacera, ‘T.’ javanica, ‘T.’ 

malayensis, ‘T.’ gradata and ‘T.’ wutingi have previously been noted (Tan & 

Sigurdsson 1996; Tan 1997). A new genus appears to be required for this clade. 

However, species in this clade do bear morphological similarity to some species of 

Thaisella (R. Houart, 2010, personal communication), and it is possible that T. 

trinitatensis (type species of Thaisella, absent from my analysis) could form a clade 

with these species. However, because Thaisella as here constituted is restricted to the 

Eastern Pacific/Atlantic, and the new genus is Indo-Pacific, it is considered more 

likely that the two clades are distinct. Sequence divergence between ’T.’ javanica and 

‘T.’ malayensis is relatively low (2.3%) compared to that found among species in 

other gastropod groups (e.g. Reid 2007, 2009a; Claremont et al. 2011a, 2011b), but 

these species have been revised and separated based on morphological differences 

(Tan & Sigurdsson 1996).

Unplaced species

The placement of two species, ‘Thais’ bufo and ‘T.’ armigera, is unresolved in the 

molecular analysis. The taxonomy and morphology of ‘T.’ bufo was reviewed by Tan 

(1995) who noted that its generic position has been unclear; it has been placed in 

Purpura, Mancinella and Thais (Tan 1995). In the molecular analyses, ‘T.’ bufo 

formed a clade variously with species of Rapana, Pinaxia, Vexillum and Gen. Nov., 

but none of these relationships are well supported (Figures 3.1-3.6). 

The taxonomy and morphology of ‘Thais’ armigera is less well known, although 

the radula was figured by Fujioka (1985). It has been included in both Reishia (Houart
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1996b) and Stramonita (Fujioka 1985). Molecular analysis suggests that the species 

may form a clade with Plicopurpura, but this relationship is not well supported 

(Figure 3.1: PP = 77%; Figure 3.6: PP = 90%). 

A final unplaced species, the Australian endemic ‘Thais’ ambustulata, was not 

present in this analysis. Although a superficial similarity to species of Phycothais was

noted by Tan (2003b), its generic position remains unclear. 

 Timing of diversification in Rapaninae
Analyses suggest that the Rapaninae diversified in the Middle Eocene (38.4-58.1 

Ma; Figure 3.6), which is in good agreement with the earliest known rapanine fossil 

(Cymia berryi, from the late Eocene; Vermeij & Carlson 2000). The age of the split 

between Rapaninae and Ergalataxinae is estimated to be Early Eocene, which is 

consistent with palaeontological evidence that suggests a Cretaceous origin for the 

Muricidae (Vermeij 1996). However, this date is much younger than the estimate of 

67.2-131.8 Ma recovered by a similar analysis of the Ergalataxinae (Chapter 1). 

Analysis of a complete Rapaninae plus Ergalataxinae dataset may help to clarify this 

issue.

Most rapanine genera are estimated to have appeared and diversified in the 

Miocene, as also indicated by palaeontological evidence (Vermeij & Carlson 2000), 

but analysis suggests that Drupa is much older than available fossils (Pleistocene; 

Vermeij & Carlson 2000). In contrast, my estimate of the median age of the genus 

Stramonita is younger than has recently been estimated based on molecular genetic 

analysis of population data (28 Ma vs. 13 Ma; Claremont et al. 2011b), although the 

ranges of both estimates overlap in the Middle Miocene. Indeed, it has been shown 

(McCormack et al. 2011) that age estimates from identical datasets based on gene 

trees (as here) tend to be more recent than estimates based on species trees (as in 

Claremont et al. 2011b). However, a preliminary re-analysis of the rapanine 

phylogeny, using *BEAST and identical calibrations, gave similarly young estimates 

for the divergence time of Stramonita (13 Ma; tree not shown). Thus, this discrepancy

may also be affected by complete taxon sampling in conjunction with population-

level data, which may give more accurate dates for some clades.
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 Biogeographic patterns
Although this analysis was not designed for the study of species-level radiations 

and phylogeography, some biogeographic patterns emerge from clades at deeper 

levels within the phylogeny. Interpretation must however be qualified by the 

recognition that missing extant species may modify these patterns. For instance, 

Plicopurpura is restricted to the Eastern Pacific/Atlantic in this analysis (Figure 3.6) 

but morphology suggests that the genus includes P. eudeli, an Indo-Pacific species 

found on Réunion and Bali. 

An Eastern Pacific species (Cymia tectum) is sister to the rest of the Rapaninae; 

these lineages are estimated to have split during the Oligocene (Figure 3.6). This 

pattern, where a single Eastern Pacific/Atlantic lineage sister to a more species-rich 

clade, is seen in a number of gastropod genera, including Echinolittorina (Williams &

Reid 2004), Turbo (Williams 2007) and Nerita (Frey & Vermeij 2008). One possible 

explanation for such a pattern is a west-to-east expansion during the Oligocene: such 

clades are supposed to have originated in Tropical America in the Eocene and 

expanded into the Tethys to appear in the modern Indo-Pacific (Vermeij 2001a). This 

hypothesis is consistent with fossil record: the most ancient rapanine fossil is a 

species of Cymia (C. berryi from the Mancora Formation of Peru, late Eocene; 

Vermeij & Carlson 2000).

Eastern Pacific/Atlantic clades are estimated to have split from Indo-Pacific clades 

more than 18 Ma (Figure 3.6); this is consistent with the hypothesis of Tethyan 

vicariance. Sister relationships between Eastern Pacific/Atlantic and Indo-Pacific 

clades are predicted to result from the gradual closure of the Tethys seaway beginning

in the early Miocene (although intermittent connections may have persisted until the 

late Miocene; reviewed in Vermeij 2001a). Many such divergences in this analysis are

older than the early Miocene, but subsequent extinctions could have removed sister 

taxa, resulting in the apparent monophyly of an Indo-Pacific clade older than the final 

Tethys closure (see Meyer 2003; Williams 2007).

A clade restricted to the Eastern Pacific/Atlantic province is sister to a clade 

endemic to Australasia; these lineages are estimated to have split in the early Miocene

(20 Ma; Figure 3.6). The clade containing the genera Dicathais, Agnewia, Stramonita,

Thaisella, Acanthais and Concholepas resembles a Gondwanan distribution, 
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combining Australasian and South American (plus Atlantic) taxa. This pattern has 

been seen in within genera in other gastropod groups (e.g. Austrolittorina; Williams 

& Reid 2004) and has been attributed to vicariance caused by the breakup of 

Gondwana beginning about 157 Ma (Williams & Reid 2004). However, divergence 

between the Australasian and Eastern Pacific plus Atlantic genera seems to have 

taken place much later, in the early Miocene (18 Ma), and diversification of the 

Australasian genera is only estimated to have occurred in the Plio-Pleistocene (5 Ma; 

Figure 3.6). This is consistent with the possibility of east-to-west larval dispersal on 

prevailing currents (Crame 1999), leading to a colonization of Australasia by Eastern 

Pacific/Atlantic taxa. Such dispersal is possible for species with long larval life, as has

been shown in some genera in this clade (Stramonita: Claremont et al. 2011b; 

Concholepas: DiSalvo 1988; Cárdenas et al. 2008). 

Without complete or near-complete species-level sampling, biogeographic 

hypotheses such as these remain speculative. An increase in species coverage, as well 

as an increase in the number of fossil calibrations used, would help to resolve the 

uncertainty surrounding the accuracy of the clade ages found here, as well as help to 

interpret biogeographic patterns. From taxonomic and biogeographic perspectives, it 

is crucial to determine the status and relationships of the genera Thaisella, 

Phycothais, Neothais and Taurasia. 
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Table 3.S1 Genera and subgenera excluded from the Rapaninae. All type species of these (sub)genera 

have been shown to fall in the Ergalataxinae (Barco et al. 2010; Claremont et al. 2011a; Chapter 2).

Genus or Subgenus Included in the Rapaninae by Type species
Azumamorula 
Emerson, 1938 

Vokes 1996b Ricinula mutica Lamarck, 1816

Cronia
H. & A. Adams, 1853

Kool 1993a Purpura amygdala Kiener, 1835

Drupella 
Thiele, 1925

Vokes 1996b Drupa cornus Röding, 1798

Ergalatax 
Iredale, 1931

Vermeij & Carlson 2000 Ergalatax recurrens Iredale, 1931

Habromorula 
Houart, 1995

Vokes 1996b Purpura biconica Blainville, 1832 

Lataxiena 
Jousseaume, 1883

Vermeij & Carlson 2000 Trophon fimbriata Hinds, 1844

Maculotriton 
Dall, 1904

Vermeij & Carlson 2000 Buccinum serriale Deshayes, 1834

Morula 
Schumacher, 1817

Kool 1993a Drupa uva Röding, 1798

Muricodrupa 
Iredale, 1918

Vermeij & Carlson 2000 Morula nodulifera Menke, 1829

Oppomorus 
Iredale, 1937

Vokes 1996b Morula nodulifera Menke, 1829
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Table 3.S2 Genera and subgenera of the Rapaninae that are unavailable or objective junior synonyms, 

but excluding misspellings. All information reproduced from Kool (1993a).

Genus or 
Subgenus Type species Why invalid
Canrena
Link, 1807

Murex neritoides Linneaus, 1767
(by subsequent designaton of 
Iredale, 1937)

Murex neritoides a synonym of Drupa morum 
Röding, 1798 in partum, the type species of 
Drupa. Drupa has taxonomic priority.

Conchopatella
Herrmannsen, 
1847

Concholepas concholepas 
Bruguière, 1789 (by original 
designation)

Introduced in synonymy.

Cuma
Swainson, 1840

Cuma sulcata Swainson, 1840
(by monotypy)

Cuma sulcata is a junior synonym of Buccinum 
tectum Wood, 1828, the type species of Cymia.

Cumopsis
Roverto, 1899

Cuma sulcata Swainson, 1840
(by monotypy)

Unnecessary replacement name for Cuma 
Swainson, 1840.

Iopas
H. & A. 
Adams, 1853

Buccinum sertum Bruguière, 1789
(by subsequent designation of 
Baker, 1895)

Buccinum sertum is also the type species of 
Nassa Röding, 1798. Nassa has taxonomic 
priority.

Microtoma
Swainson, 1840

Buccinum patulum Linnaeus, 
1789 (by subsequent designation 
of Herrmannsen, 1847)

Preoccupied name. Patellipurpura is the 
replacement name. 

Pentadactylus
Mörch, 1852

Murex ricinus Linnaeus, 1758
(by subsequent designation of 
Baker, 1895)

Murex ricinus is also the type species of Sistrum 
Montfort, 1810; Sistrum has taxonomic priority. 

Planithais
Fischer, 1884

Purpura planospira Lamarck, 
1822 (by monotypy)

Purpura planospira is also the type species of 
Tribulus Sowerby, 1839. Tribulus has taxonomic 
priority.

Provexillum
Hedley, 1918

Strombus vexillum Gmelin, 1791
(by monotypy)

Strombus vexillum is a synonym of Vexilla 
vexillum Gmelin, 1791, the type species of 
Vexilla Swainson, 1840. Vexilla has taxonomic 
priority.
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Chapter 4. The geographic scale of speciation in a marine snail with 
high dispersal potential

Adapted from a published manuscript: Claremont M, Williams ST, Barraclough TG & Reid DG (2011)

The geographic scale of speciation in a marine snail with high dispersal potential. Journal of 

Biogeography 38, 1016-1032.

4.1 Abstract
We use the Stramonita haemastoma species complex (Muricidae) to investigate the 

geographic scale of speciation in a marine snail with a long pelagic larval duration 

(PLD) of 2-3 months and, consequently, high dispersal potential. We use one nuclear 

and two mitochondrial genes to construct a molecular phylogeny of the S. 

haemastoma species complex. We first test the monophyly of the genus and of the 

species complex, then use statistical methods to delimit species within the complex. 

We incorporate information from museum collections and the literature to map 

distributions and to look for diagnostic morphological traits. We use fossils to date 

our phylogeny. We find that the genus Stramonita is monophyletic and restricted to 

the tropical and warm-temperate Atlantic and eastern Pacific oceans. The genus is 

composed of S. delessertiana and six members of the S. haemastoma complex: S. 

haemastoma, S. rustica, S. floridana, S. canaliculata, S. biserialis and S. brasiliensis 

(new species described herein). These species are supported by reciprocal monophyly 

in mitochondrial gene trees, together with independent evidence from morphology, 

distribution and the nuclear gene. The species are almost entirely allopatric, with only 

three instances of sympatry. Two species have unusually wide distributions, 

consistent with their long PLD; one of these is amphi-Atlantic. Thus, despite the long 

PLD of Stramonita, speciation has occurred within the Atlantic, both in response to 

barriers operating at the largest geographical scale (the width of Atlantic, but not the 

Amazon barrier) and at a smaller scale within the western Atlantic. 

4.2 Introduction
Under an allopatric model of speciation, geographical isolation is required for 

genetic differentiation (reviewed by Coyne & Orr 2004). If isolation is achieved by 

distance alone, the geographical separation required for speciation should be 

proportional to dispersal ability, such that organisms with high dispersal speciate at a 
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larger scale than organisms with low dispersal (Jablonski 2008; Kisel & Barraclough 

2010). This relationship should be especially evident in the sea, where the adults of 

many organisms are sessile but have pelagic larvae, and physical barriers to the 

dispersal of larvae are not immediately obvious (Palumbi 1992). Consequently, the 

length of the pelagic period (pelagic larval duration or PLD) is expected to be one of 

the primary determinants of the scale of allopatric speciation in the sea (Bohonak 

1999; Paulay & Meyer 2002, 2006). 

Geographical patterns of endemism provide some empirical support for this 

hypothesis. Endemism among islands within an archipelago is evidence that 

speciation has occurred at a small geographical scale, and has been observed in 

organisms without a pelagic phase (Cunha et al. 2005, 2008). Speciation on a slightly 

larger spatial scale is inferred from a pattern of archipelagic endemism, as observed in

organisms in which larvae are short-lived, with a PLD of a few hours or days (Meyer 

et al. 2005; Paulay & Meyer 2006). Speciation on a still larger scale, indicated by 

patterns of regional or peripheral endemism within ocean basins, is characteristic of 

organisms with a PLD of a few weeks (Williams & Reid 2004; Paulay & Meyer 

2006). At the largest scale, genetic connectivity throughout ocean basins has been 

attributed to a long PLD, lasting for several months (Lessios et al. 1998, 1999; Bowen

et al. 2001; Duda & Lessios 2009; Malay & Paulay 2010). Within a few well-studied 

taxonomic groups, there is some evidence that lineages with shorter-lived larvae 

speciate over smaller spatial scales than those with longer-lived larvae (Kohn & 

Perron 1994; Paulay & Meyer 2002; Reid et al. 2010).

Nevertheless, the general relationship between PLD and geographic range is far 

from clear (Lester & Ruttenberg 2005). Similarly, there is no general correlation 

between PLD and the scale of gene flow across different groups of organisms 

(Hellberg 2009; Weersing & Toonen 2009). Irrespective of PLD, larvae are most 

successful close to natal populations, so that many marine populations show ‘closed’ 

recruitment patterns (Cowen et al. 2000, 2006; Mora & Sale 2002). In this case the 

high dispersal that is suggested by a long PLD is not realized. This has been attributed

to a combination of factors, including larval behaviour, predation and the availability 

of suitable settlement habitat (Cowen & Sponaugle 2009). Larval dispersal can also 

be limited by physical, oceanographic and ecological barriers, further weakening the 
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expected correlation between PLD and the scale of gene flow. Interruptions to gene 

flow within the range of a species may lead to allopatric speciation (Coyne & Orr 

2004). Many marine groups have in fact speciated on a smaller scale than would be 

predicted based on their PLD (Williams & Reid 2004; Lee & Ó Foighil 2005; Rocha 

et al. 2005; Ayre et al. 2009).

Molluscs are good model organisms for the study of marine speciation. At least in 

shelled gastropods, PLD can be inferred from the size of the larval shell (protoconch) 

retained on the adult shell. Molluscs display a range of PLD, from direct developers 

without a pelagic larval phase, to species with extremely long-lived (‘teleplanic’) 

larvae, which remain in the water column for several months (Scheltema 1971). For 

many molluscs, the morpho-taxonomy and distribution are understood. In addition, 

molluscs generally have good fossil records for calibration of phylogenetic trees, 

which is essential for understanding the influence of historical barriers on 

cladogenesis (Donoghue & Benton 2007).

In the eastern Pacific and Atlantic Oceans, the historical and modern barriers to 

larval dispersal are well documented. The two regions have been completely 

separated by the Isthmus of Panama for at least 2.8 Myr, although shoaling began as 

long as 15 Ma (Lessios 2008). For shallow-water taxa the Atlantic Ocean serves as a 

distance barrier to all but the longest-lived larvae; based on average current speeds a 

PLD of four months is necessary to cross from west to east, and two months in the 

reverse direction (Scheltema 1971). The Amazon and Orinoco rivers have created a 

2300-km stretch of low salinity and sedimentary coastline, which has been a barrier 

for rocky-shore and stenohaline taxa for at least 11 Myr (Rocha 2003; Bowen et al. 

2006). A preference for continental or oceanic habitat accounts for some more subtle 

ecological barriers (Williams & Reid 2004; Lee & Ó Foighil 2005; Rocha et al. 2005;

Reid 2009a). The Atlantic coast of the Florida Peninsula is oceanic and tropical, in 

contrast to the coastlines to the north and west, and therefore presents both a physical 

and an ecological barrier to dispersal; the resulting phylogeographic disjunctions have

been widely studied (Avise 2000; Lee & Ó Foighil 2005). There is also a provincial 

boundary between the Gulf of Mexico and the Caribbean Sea, which has a 20-Myr 

history and may reflect isolation by ecology, temperature and currents (Vermeij 2005;

Reid 2009a). 
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The efficacy of these barriers in circumscribing distribution and promoting 

speciation has been demonstrated mainly in molluscan clades with a short PLD of up 

to a few weeks (Hellberg 1998; Collin 2003; Williams & Reid 2004; Duda & Kohn 

2005; Lee & Ó Foighil 2005; Taylor & Hellberg 2005; Latiolais et al. 2006; Frey & 

Vermeij 2008; Malaquias & Reid 2009). As expected, these groups have diversified 

on a regional scale (within the western Atlantic, the eastern Atlantic and the eastern 

Pacific), and no species occur on both sides of the Atlantic Ocean. An amphi-Atlantic 

distribution has been confirmed with molecular evidence for only a single mollusc, 

the littorinid Littoraria angulifera, with a long PLD (estimated at two and a half 

months) and no sister species within the Atlantic basin (Reid et al. 2010). It remains 

unclear how allopatric speciation proceeds in groups with a long PLD and potentially 

high dispersal (Palumbi 1992). Do they differentiate only at the greatest scale between

ocean basins, or do they also respond to biogeographic barriers on a regional scale?

Intertidal marine snails of the Stramonita haemastoma complex are one such group 

with a long PLD. As we will show, the genus Stramonita (family Muricidae; formerly

a subgenus of Thais, but see Kool 1993a; Vermeij 1996) is restricted to warm-

temperate and tropical latitudes of the Atlantic and eastern Pacific Oceans. The 

protoconch is large, indicating a long PLD (Scheltema 1971; Richter & Thorson 

1975). The teleplanic larvae of S. haemastoma have been collected in the central 

Atlantic (Scheltema 1971) and development in the laboratory lasts for two to three 

months (Scheltema 1977). Consistent with this long PLD is the classical taxonomic 

interpretation of S. haemastoma as an exceptionally widespread species occurring 

throughout the Atlantic, Mediterranean and Caribbean, and even including the eastern

Pacific (Clench 1947; Abbott 1974). A second species, S. rustica, is also thought to be

widely distributed, from the Caribbean to Brazil, St Helena and Ascension Island 

(Clench 1947; Abbott 1974; see Appendix D for a detailed discussion of taxonomic 

issues). However, there is also evidence of finer geographical subdivision. In both S. 

haemastoma and S. rustica, subtle regional variation in shell morphology has led to 

recognition of subspecies: S. h. floridana in the Caribbean, S. h. canaliculata in the 

Gulf of Mexico, and S. r. bicarinata on the South Atlantic islands (Clench 1947). In 

the eastern Pacific S. biserialis is now usually accepted as a distinct species (Keen 

1971; DeVries 2005, 2007). In the most recent review Vermeij (2001b) used a new 
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character, the crenulations of the outer shell lip, provisionally to divide the complex 

into eight species (two in eastern Atlantic, four in western Atlantic, two in eastern 

Pacific), none of which was amphi-Atlantic. So far, genetic data have supported two 

of the proposed species in the western Atlantic (S. floridana and S. canaliculata; Liu 

et al. 1991; Harding & Harasewych 2007), but a comprehensive molecular analysis of

the genus remains to be done. 

Using the Stramonita haemastoma complex we aim first to delimit species using a 

combination of molecular and morphological methods, discover their geographical 

ranges and reconstruct their phylogenetic relationships. We will then infer the cause 

of speciation events from the distributions and age of divergence of sister species. If 

speciation has occurred only at the largest scale, we predict sister-species 

relationships to be found between ocean basins and evidence of amphi-Atlantic 

distributions. If, on the other hand, regional barriers are also effective, we expect 

evidence of diversification within ocean basins.

4.3 Materials and methods

 Specimen collection
Samples were collected by the authors or obtained from museums (see Table 4.S1). 

Sampling covered most of the known range of Stramonita, with significant gaps only 

in Uruguay, south-western Africa and the islands of the South Atlantic (Figure 4.1). 

The composition of the genus Stramonita and the S. haemastoma complex is not 

clear, so additional species from the same subfamily (Muricidae: Rapaninae) were 

used as outgroups to test the monophyly of the complex. As well as ‘Thais’ chocolata

and ‘Thais’ delessertiana, species commonly placed in Stramonita (Keen 1971; 

DeVries 2005, 2007), we included the eastern Pacific species Acanthais brevidentata, 

which has been tentatively allied with the genus (Vermeij 2001b). These species and 

others that have been erroneously assigned to Stramonita are discussed in Appendix 

D. Because it has also been suggested that Stramonita may include unspecified Indo-

West Pacific species (Vermeij 2001b), we also used as outgroups two Indo-West 

Pacific forms that most closely resemble Stramonita in shell features: ‘Thais’ 

bitubercularis and ‘Thais’ carinifera. Four other species from the Rapaninae were 

also included as outgroups (Claremont et al. 2008; Barco et al. 2010).
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 DNA sequencing and dataset construction
Portions of three genes, known to be phylogenetically informative in the Rapaninae 

(Claremont et al. 2008; Barco et al. 2010) were sequenced, using the protocols and 

polymerase chain reaction (PCR) conditions of Williams et al.(2010): the nuclear 

gene 28S rRNA (1500 bp), and the mitochondrial genes 12S rRNA (650 bp) and 

cytochrome c oxidase subunit I (COI) (700 bp). Primers were also as in Williams et 

al. (2010), except for some COI sequences which were obtained with novel primers: 

COIF (5’-CTA CAA ATC ATA AAG ATA TTG G-3’) and COI-MUR (5’-ACA 

ATA TGA GAA ATT ATW CCA AA-3’). Nine previously published sequences were

used (Claremont et al. 2008; Barco et al. 2010).

PCR products were sequenced using a BigDye Terminator v1.1 Cycle Sequencing 

Kit (Applied Biosystems, Carlsbad, CA, USA) and run on a 3730 DNA Analyzer 

automated capillary sequencer (Applied Biosystems, Carlsbad, CA, USA). Sequences 

were assembled and edited with Sequencher (v4.6; GeneCodes Corporation, Ann 

Arbor, MI, USA). Clear heterozygous peaks in both forward and reverse sequence of 

28S were coded as polymorphisms. 

Two datasets were constructed with these sequences. Our preliminary dataset 

included all ingroup and outgroup sequences, while our main dataset contained only 

sequences of the genus Stramonita (all sequences of the S. haemastoma complex as 

well as S. chocolata and S. delessertiana as outgroups). Alignment and block removal

for both datasets was done by gene partition.
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Figure 4.1 Distributions of Stramonita species, based on sequenced material (solid symbols; see Table 

4.S1), specimens in BMNH (Natural History Museum, London) collection (open symbols) and reliable 

literature records (open symbols with adjacent letters indicating source). Literature references: A, 

Clench & Turner (1948); B, Bernard (1984); C, Clench (1947); D, Harding & Harasewych (2007) 

(with names S. floridana and S. canaliculata reversed); E, Leal (1991); F, Keen (1971); G, Rios (1970);

H, Vokes & Vokes (1983); I, Penrith & Kensley (1970); J, Liu et al. (1991); K, Mair et al. (2002)); L, 

Díaz & Puyana (1994). 
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Ribosomal sequences were aligned using ClustalX (v1.8; Thompson et al. 1997; 

delay divergent sequences: 95%; gap-opening penalty: 20; gap-extension penalty: 5). 

Gblocks (v0.91beta; Castresana 2000) was used to remove poorly aligned sites 

(minimum sequences for a conserved position: 70%; minimum sequences for a 

flanking position: 90%; maximum contiguous non-conserved positions: 3; minimum 

length of a block: 5; all gap positions allowed). COI sequences were aligned by eye in

MacClade (v4.06 OSX; Maddison & Maddison 2003). For each gene partition, 24 

different models of nucleotide substitution were tested with MrModelTest (v2.2; 

Nylander 2004). Before combining gene partitions, we compared posterior 

probabilities (PP) of all clades among individual Bayesian gene trees. Conflict among 

strongly supported clades (PP > 95%) can be seen as evidence of genetic 

incongruence and divergent phylogenetic histories, while conflict among weakly 

supported clades (PP < 50%) may be due to stochastic error (Wiens 1998; Reeder 

2003; Williams & Ozawa 2006). Lack of resolution was not seen as conflict.

 Molecular species delimitation
To test the monophyly of the S. haemastoma species complex, the preliminary 

dataset was analysed using Bayesian inference and the Markov chain Monte Carlo 

Method (MCMC; MrBayes v3.1, Huelsenbeck & Ronquist 2001). Parameters for each

gene were set according to the model selected by MrModelTest. We ran two MCMC 

analyses for 3,500,000 generations each (sample frequency: 1,000; burn-in: 15,001). 

To test for tree convergence, we examined the average deviations of split frequencies 

and the potential scale reduction factor (PSRF). Unsupported branches in the 

consensus tree (PP < 50%) were collapsed. An identical Bayesian analysis was 

performed on the main dataset. 

We used BEAST (v1.5.4, Drummond & Rambaut 2007) to generate an ultrametric 

tree of the main dataset. Site models were set based on the models chosen by 

MrModelTest. As we were interested in relative clade ages, we used a relaxed clock 

model (uncorrelated log normal; Drummond et al. 2006) without estimating rates. The

starting tree was random and the coalescent tree prior was set to a constant population

size. BEAST priors were adjusted based on preliminary analyses of the main dataset. 

The final analysis ran for 20,000,000 generations (sample frequency: 20,000; burn-in:

1,001). 
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To find significant clusters within the BEAST tree, we applied the single-threshold 

GYMC function from the SPLITS package (Ezard et al. 2009) in R (R Development 

Core Team 2009). This function optimizes the likelihood of genetic clusters, where 

branching rates among species follow a Yule model, but branching rates within 

species follow a neutral coalescent model (Pons et al. 2006; Fontaneto et al. 2007). 

These clusters will be referred to as evolutionarily significant units (ESUs; sensu 

Moritz 1994); we discuss the validity of this choice below. We compared COI 

nucleotide diversity within and among ESUs (Nei 1987) with Jukes-Cantor correction

(Lynch & Crease 1990) using DnaSP (Librado & Rozas 2009), and estimated the 

among-group variation with a hierarchical analysis of molecular variance (AMOVA) 

using the ade4 package (Dray & Dufour 2007) in R (R Development Core Team 

2009). We examined the 28S gene for fixed changes among ESUs. 

 Morphological species delimitation and geographical distribution 
We examined shell morphology of all confirmed Stramonita species to find 

morphological characters by which to identify ESUs within the S. haemastoma 

species complex. This enabled us to incorporate fossils into our analyses, and to 

obtain distribution records from museum specimens and the literature. When possible,

we examined shells of specimens used in the molecular analysis. These were 

supplemented by others from the Natural History Museum, London (BMNH) that we 

identified from locality and appearance. For each molecular clade, we measured at 

least ten intact, adult shells. We recorded aperture length, aperture width, number of 

crenulations on the outer lip, number of spiral rows of nodules, and apertural colour. 

All statistical analyses were carried out in R (R Development Core Team 2009). We

performed a principal components analysis (PCA) on the two continuous variables, 

followed by a linear discriminant analysis (LDA) on the first principal component of 

the PCA and the three noncontinuous variables. 

To test the efficacy of crenulations as a diagnostic character (Vermeij 2001b), we 

performed a one-way ANOVA on crenulations against ESU. We tested the correlation

between aperture length and number of crenulations, and then performed an 

ANCOVA on crenulations and aperture length against ESU to test whether the 

number of crenulations was informative irrespective of shell size. 

Distribution maps were constructed based on all molecular samples, together with 
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specimens from the BMNH collection and literature records, if these could be 

unambiguously assigned to one of our molecular/morphological clades.

 Species relationships within Stramonita
Using the main dataset, we investigated relationships among species clusters in the 

S. haemastoma complex with Species Tree Ancestral Reconstruction in BEAST 

(*BEAST; Heled & Drummond 2010). This extension to BEAST (Drummond & 

Rambaut 2007) allows the construction of a species tree from population data and the 

dating of the tree using calibration points. 

The oldest unequivocal member of Stramonita is S. semiplicata from the 

Burdigalian (Early Miocene) Cantaure Formation of Venezuela (Vermeij 2001b; see 

Appendix E for a discussion of taxonomy of fossils). Based on its similarity to the 

living S. rustica, we used the top of the Burdigalian to set the minimum age of the 

monophyletic S. haemastoma complex at 16 Ma. We set the maximum age of the 

complex to 37 Ma, as the subfamily Rapaninae dates from the Late Eocene, 34–37 

Ma (Vermeij & Carlson 2000). We assumed that the entire clade (including the 

outgroup species S. chocolata and S. delessertiana) could not be older than the 

earliest Cenozoic (65 Ma), or younger than the fossil S. semiplicata (16 Ma). 

Divergence between Eastern Pacific and Western Atlantic species is likely to be 

connected with the rise of the Panamanian Isthmus or other biogeographic events in 

the region; final closure of the isthmus occurred no later than 2.8 Ma, but fossils 

suggest that some trans-isthmian sister-species pairs are much older, up to 21 Ma 

(reviewed in Lessios 2008). However, preliminary analyses did not resolve the sister 

relationship across the isthmus. Therefore, we assigned a minimum age of 2.8 Ma and

a maximum age of 21 Ma to the smallest well-resolved clade containing the eastern 

Pacific S. biserialis. 

 In *BEAST, we assigned a 'species' trait to each sequence based on the species 

delimitation analyses. Site models were set based on MrModelTest, with a relaxed, 

uncorrelated lognormal molecular clock, estimating all rates. We used a 

mitochondrial tree model for COI and 12S, and an autosomal model for 28S, with 

starting trees randomly generated in all cases. We used the Yule process for the 

species tree prior and a constant population size coalescent model. This analysis ran 

for 400,000,000 generations (sampling frequency: 20,000; burn-in: 10,001).
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4.4 Results

 Sequence results
There were 134 sequences in the preliminary dataset and 127 sequences in the main

dataset (GenBank accession numbers: EU391548, EU391554, EU391558, EU391580,

EU391581, FN677398, FN677476, FN677376, FN677421, FR695720-FR695850, 

FR696048-FR696309). After removal of primer sequences and poorly aligned sites, 

the 28S alignment, originally 1481 bp, was 1440 bp (97%) in the preliminary dataset 

and 1438 bp (97%) in the main dataset, while the 12S alignment, initially 549 bp, 

wasunchanged in the preliminary dataset and 547 bp (99%) in the main dataset. COI 

sequences obtained with our novel primers were 703 bp, but were trimmed to 658 bp 

to match those sequenced with universal primers (Folmer et al. 1994). In the 

preliminary dataset, 30 bp of 28S, 123 bp of 12S and 248 bp of COI were informative.

In the main dataset, 11 bp were informative in 28S, 76 bp in 12S, and 208 bp in COI. 

The model chosen by MrModelTest was HKY+I+G for both 12S and COI, in both 

datasets. The model for 28S was GTR+I+G in the preliminary dataset, and GTR+I in 

the main dataset. Inspection of individual gene trees did not reveal any well-supported

clades (PP > 95%) in conflict.

 Species delimitation
Potential scale reduction factor (PSRF) values for all MrBayes analyses were 1.00, 

while average deviations of split frequencies converged on zero, indicating that all 

trees had reached stationarity. All effective sample size (ESS) values for our final 

BEAST run were greater than 300.

 Bayesian analysis of the preliminary dataset defined Stramonita as a well-

supported monophyletic group (PP = 100%), including only S. delessertiana and the 

monophyletic S. haemastoma complex (PP = 100%; Figure 4.2). Within the S. 

haemastoma complex, several well-supported clusters were present (Figure 4.3).
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Figure 4.2 Bayesian molecular phylogeny of Stramonita species and rapanine outgroups based on 

combined analysis of 28S, 12S and COI. Support values are posterior probabilities.

Six significant clusters (here referred to as ESUs; see below) were recovered by the 

GYMC analysis (ML clusters = 6; P < 0.001), corresponding to five named 

morphospecies (S. haemastoma, S. rustica, S. canaliculata, S. floridana, S. biserialis) 

and an unnamed clade here described as a new species, S. brasiliensis (Figure 4.4; 

Appendix C). Each clade was well supported by both BEAST and MrBayes analyses 

(PP/BEAST posterior probability (BPP) = 100% for all ESUs; Figure 4.4). Corrected 

pairwise distances within ESUs were 1.9% for S. rustica, 1.8% for S. haemastoma, 

1.8% for S. biserialis, 1.3% for S. floridana, 0.2% for S. canaliculata, and 0.8% for S. 

brasiliensis. Sequence divergence among ESUs ranged from 6.8% to 12.0%. The 

AMOVA estimated among-group variance as 98.6%. 

Four genotypes of 28S occurred in the S. haemastoma complex (Table 4.S2): a 

'Universal' genotype (shared by at least one individual of each ESU); a 'Brazil' 

genotype (only in S. brasiliensis); a 'Caribbean' genotype (shared by S. canaliculata 

and S. rustica); and an 'Isthmian' genotype (shared by S. floridana and S. biserialis). 

Each of the genotypes Brazil, Caribbean and Isthmian differed from the Universal 

genotype by a single base substitution (Table 4.S2). 
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Figure 4.3 Bayesian molecular phylogeny of the Stramonita haemastoma complex based on combined 

analysis of 28S, 12S and COI. Branches supported by posterior probabilities (PP) greater than or equal 

to 95% are thickened, and numerical values of PP are given for major clades. All branches with PP less

than 50% have been collapsed. Shape icons correspond to collection localities in Figure 4.1; for 

detailed specimen information see Table 4.S1.

spain.1
spain.2
azores.1

tenerife.3
tenerife.2

tenerife3.2
spain.2
azores.3

tenerife.1
spain.3
spain.1
azores2.1

spain.4
spain.6

azores.2
azores3.1

spain.5
croatia2.1

azores.4
azores.5

spain.3
tenerife2.2
tenerife3.1

croatia3.1
senegal.1

senegal.9
senegal.10
senegal.6

senegal.5
croatia1.1

senegal.12
senegal.2
senegal.14
senegal.3

senegal.7
senegal.8

venezuela.17
venezuela.2

venezuela.15
venezuela.10

venezuela.16
venezuela.11
venezuela.12
venezuela.9

senegal.11
senegal.13

brazil.3
caymanIslands.1

eastCostaRica.13
eastCostaRica.4

eastCostaRica2.5
dominica2.2

eastCostaRica2.3
dominica2.1

eastCostaRica.2
dominica.1

eastCostaRica.3
eastCostaRica2.4
eastCostaRica2.1

eastCostaRica.6
eastCostaRica2.2

dominica2.6
dominica2.3

eastCostaRica.5
eastCostaRica.7
venezuela.8

brazil2.10
brazil2.11

brazil2.2
brazil2.3

brazil2.4
brazil2.5

brazil2.6
brazil2.8
brazil2.9

brazil2.12
venezuela.3

venezuela.5
venezuela.6
venezuela.1

dominica.2
venezuela.13

dominica.3
venezuela.7
venezuela.14

mexico2.1
mexico1.1

mexico3.5
westCostaRica2.2
mexico2.4

mexico1.2
mexico1.8
mexico3.4
westCostaRica.3

westCostaRica.7
mexico1.9
mexico1.3

westCostaRica2.1
mexico3.3

westCostaRica.9
mexico3.2
westCostaRica.1

westCostaRica.6
westCostaRica.4
westCostaRica.8

mexico1.4
mexico2.2
panama.2

mexico3.1
mexico2.5
westCostaRica.5

westCostaRica.2
eastFlorida3.1

texas.6
texas.1

eastFlorida.2
texas.4

eastFlorda.3
eastFlorida.4

texas.7
texas.8

eastFlorida4.1
westFlorida.1

texas.5
westFlorida.3

0.005 substitutions/site

100

100

100

100

100

100

100

75

100

Eastern Atlantic
&

Venezuela

Southern Caribbean
to

Brazil

Southern Caribbean
to

Brazil

Eastern Florida
&

Gulf of Mexico

Gulf of Mexico

Chapter 4. Geographic scale of speciation in a marine snail 114
____________________________________________________________________________________________________________________________________________________________________



Figure 4.4 BEAST molecular phylogeny of the Stramonita haemastoma complex based on combined 

analysis of 28S, 12S and COI. Support values above the branch (or first) are Bayesian posterior 

probabilities; support values below the branch (or second) are BEAST posterior probabilities. Shaded 

boxes indicate clades selected by GYMC analysis as species-level clades. Shape icons correspond to 

collection localities in Figure 4.1.
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Table 4.1 Summary of morphological characters for Stramonita delessertiana and the six 

evolutionarily significant units (ESUs) in the S. haemastoma complex used in the linear discriminant 

analysis (LDA).

ESU n

Mean
(SD)

aperture
length
(mm)

Mean
(SD)

aperture
width
(mm)

Median
(range)

number of
crenulations

Median
(range)

of rows of
spiral

nodules

Most
common
apertural

colour

Percent
correctly
identified
by LDA

S. delessertiana 10 18.7 (2.7) 10.7 (1.3) 23.5 (20-27) 2 (0-3) white 10
 S. biserialis 15 31.4 (9.8) 18.3 (6.0) 32 (25-42) 2 (0-3) dark orange 47

S. brasiliensis 24 23.9 (9.6) 12.8 (5.4) 25 (16-35) 1 (0-2) dark orange 58
S. canaliculata 11 40.3 (5.0) 22.1 (3.9) 30 (27-35) 0 (0-2) light orange 64

S. floridana 12 28.8 (9.2) 15.4 (5.4) 27 (21-32) 0 (0-3) light orange 8
S. haemastoma 27 31.8 (13.2) 17.6 (7.7) 29 (21-47) 4 (0-4) dark orange 70

S. rustica 14 19.2 (4.9) 11.2 (3.4) 23.5 (17-29) 2 (0-3) white 93

Morphological characters are summarized in Table 4.1. There was great variation in

overall shell shape and degree of nodular sculpture within ESUs (Figure 4.5). The 

first principal component of the PCA on aperture length and width explained 98% of 

the variance and was thus a reliable proxy for size. The LDA on this principal 

component together with number of crenulations, number of spiral rows and apertural 

colour produced a correct classification for 54% of all specimens (Table 4.1). Some 

ESUs were distinguished by unique qualitative characters (white aperture of S. rustica;

channelled suture of S. canaliculata; rust-coloured apertural margin of S. delessertiana; 

Figure 4.5). 

The ANOVA showed significant differences in the number of crenulations among 

ESUs (F(6,106) = 7.16, P<0.0001). Post-hoc testing showed that S. biserialis had more 

crenulations than S. brasiliensis (P = 0.0006), S. delessertiana (P = 0.001) and S. rustica 

(P = 0.0004). Stramonita haemastoma also had more crenulations than S. brasiliensis (P 

= 0.004), S. delessertiana (P = 0.006) and S. rustica (P = 0.003). However, there was a 

strong correlation between number of crenulations and aperture length (r = 0.75, d.f. =

111, P<0.00001), and the ANCOVA suggested that the number of crenulations for 

each species was not informative independent of aperturelength (F(99, 105) = 1.40, P 

= 0.22; Figure 4.6).
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Figure 4.5 Shell variation in Stramonita, showing sculptured (left) and smooth (right) forms of each 

species (all BMNH collection). A, B, S. haemastoma (A, B, Ibiza, Spain); C, D, S. biserialis (C, 

Mazatlan, Mexico, BMNH acc. no. 1563; D, Panama, BMNH 1859.12.26.50); E, F, S. brasiliensis new

species (E, Plymouth, Tobago, BMNH acc. no. 2341; F, holotype, Sao Paulo, Brazil, BMNH 

20100324); G, H, S. floridana (G, Key Biscayne, Florida, USA, BMNH acc. no. 2008-193; H, Volusia 

Co., Florida, USA); I, J, S. rustica (I, Bermuda, BMNH 1911.12.21.604; J, Isla Sao Sebastiao, SP, 

Brazil); K, L, S. canaliculata (K, Jefferson Co. Beach, Texas, USA, BMNH acc. no. 2258; L, Florida, 

USA, BMNH acc. no. 1829); M, N, S. delessertiana (M, N, Arica, Chile).
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Figure 4.6 Number of crenulations plotted against aperture length for all species in the genus 

Stramonita; regression lines have been superimposed. Shape icons next to regression lines correspond 

to evolutionarily significant units ESUs in Figure 4.4.

 Species distributions
Distribution records for S. delessertiana and the six ESUs are shown in Figure 4.1. 

Stramonita haemastoma is the only amphi-Atlantic species. There are only three 

instances of sympatry, each supported by molecular evidence: S. haemastoma, S. 

brasiliensis and S. rustica in Venezuela; S. floridana and S. canaliculata in the Gulf 

of Mexico; S. rustica and S. brasiliensis in Brazil (Figure 4.1). In each case a 

qualitative character (or, in the case of S. haemastoma and S. brasiliensis, shell shape 

and a significant difference in number of crenulations; Table 4.1) permits 

morphological discrimination, lending support to our assignment of museum shells to 

molecular ESUs when plotting distributions. 
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Figure 4.7 *BEAST molecular phylogeny of the genus Stramonita with an additional rapanine 

outgroup, based on combined analysis of 28S, 12S and COI. Abbreviations following species names 

indicate oceans in which the species is found: EP, eastern Pacific; WA, western Atlantic; EA, eastern 

Atlantic. Average estimates of divergence times (in Ma) are above nodes; BEAST posterior 

probabilities (BPP) are below. Grey bars indicate 95% highest posterior density intervals. 

 Relationships and ages of ESUs within the S. haemastoma complex
All ESS values for the *BEAST analysis of the main dataset were greater than 200. 

This analysis recovered a well-supported western Atlantic and eastern Pacific clade 

comprising S. biserialis, S. floridana and S. brasiliensis (BPP = 100%, Figure 4.7), 

and a well-supported Atlantic clade of S. haemastoma, S. rustica and S. canaliculata 

(BPP = 92%, Figure 4.7). Relationships within both clades were poorly supported 

(Figure 4.7). The median age estimated for the diversification of the S. haemastoma 

complex is 17 Ma, while the age of the genus Stramonita is estimated to be 28 Ma 

(Figure 4.7). 
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4.5 Discussion

 Species delimitation 
Previous anatomical and morphological cladistic analyses recognized Stramonita as

a genus (Kool 1993a; Vermeij & Carlson 2000), but did not define its composition. 

The Bayesian analysis of our preliminary dataset restricts Stramonita to S. 

delessertiana and the S. haemastoma complex (Figure 4.2), the latter containing two 

clades. This phylogenetic structure does not correspond with the two groups of 

Stramonita that have been proposed on the basis of the lirae and denticles of the shell 

aperture (Vermeij 2001b; Vermeij & Herbert 2004; see Appendix D). 

Within the S. haemastoma complex, the BEAST/GYMC analysis recognizes six 

reciprocally monophyletic clusters (Figure 4.4). These clusters are strongly supported 

by the pattern of variation in COI, with nucleotide diversity higher among (minimum 

6.8%) than within clusters (maximum 1.9%). However, because ancient 

mitochondrial divergences can persist even within biological species (e.g. Tomaz et 

al. 1996), these clusters should be recognized as ESUs only if there is independent 

support from nuclear genetic or morphological data (Moritz 1994). Although ESUs 

that correspond to named morphospecies are often recognized as such (e.g. Malay & 

Paulay 2010), an ESU may not be equivalent to a biological species (Nichols 2001). 

However, if two or more sister ESUs remain distinct in sympatry it can be assumed 

that they do not interbreed, and are therefore biological species (Coyne & Orr 2004). 

Five of the six GYMC clusters correspond to previously described species: S. 

haemastoma, S. rustica, S. floridana, S. canaliculata and S. biserialis. Although the 

phylogenetic resolution of the nuclear gene is too low to provide support for the 

clusters, S. brasiliensis has a private nuclear genotype. Two of the putative ESUs 

have distinctive morphological features (white aperture of S. rustica and channelled 

suture of S. canaliculata), and the apertural crenulations provide limited 

discrimination. There are three instances of sympatry together with genetic and 

morphological distinction (Figures 4.1, 4.3). For these reasons, we recognize the 

clusters as both ESUs and species. 

 Geographical range
The geographical range of marine taxa is influenced by a range of factors including 

larval and adult dispersal, ocean currents, environmental tolerance and substrate, so it 
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is unsurprising that the correlation between range and PLD is weak or absent (Kohn 

& Perron 1994; Lester & Ruttenberg 2005; Paulay & Meyer 2006). Nevertheless, 

other factors permitting, a long PLD leads to the expectation of a large range, ability 

to cross wide barriers of unsuitable habitat, and colonization of isolated islands. 

Although the classical concept of S. haemastoma as a single widespread 

morphospecies distributed throughout the Atlantic and eastern Pacific Oceans is 

consistent with its long PLD (Scheltema 1971, 1971, 1977), our results instead show 

five species in the Atlantic and another in the eastern Pacific (Figure 4.1). Stramonita 

haemastoma s.s. has the widest range, including the continental coastline of the 

Mediterranean and West Africa and the oceanic islands of the Azores, Canaries and 

Cape Verde. Few molluscan species have a comparable range in the Atlantic (von 

Cosel 1982; Williams & Reid 2004). Amphi-Atlantic distributions have been claimed 

for more than 100 gastropods (García-Talavera 1983) but genetic testing (Williams & 

Reid 2004; Malaquias & Reid 2009) has confirmed only one example (Reid et al. 

2010). Our finding of eight individuals of S. haemastoma in Venezuela shows that the

range does extend across the Atlantic, although whether this distribution is natural is 

unclear. It has been calculated that the 2-3 month PLD of S. haemastoma should 

permit crossing of the Atlantic at its narrowest point from east to west by drift in the 

South Equatorial Current, although not in the reverse direction in currents further 

north (Scheltema 1971). Rafting of adults is a possibility, for the snails have been 

found at sea on floating logs (Clench 1947) and on the backs of turtles (Frazier et al. 

1986), and have been said to arrive in the Americas on shipping from Africa (Krebs 

1864). In the western Atlantic, S. rustica also has a wide range, occurring in Bermuda,

the Caribbean Sea and Brazil, and has colonized the isolated islands of the South 

Atlantic (where the local form has been distinguished as S. bicarinata; Clench 1947; 

Vermeij 2001b; but see Leal 1991; Appendix E).

Marine distribution patterns have been classified on a continuum from ‘oceanic’ to 

‘continental’, referring to requirement (or tolerance) for a suite of environmental 

conditions associated with primary productivity, freshwater influence and turbidity, 

all of which are present on continental margins and around high islands. This is 

reflected in distributions at both a local and geographical scale (Reid 2009a) and has 

implications for the effectiveness of barriers (and consequent speciation, see below). 
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Stramonita rustica has an oceanic distribution, being absent from high-productivity 

areas such as the Gulf of Mexico and the 2300-km Amazon Barrier. Its distribution 

does, however, span the Amazon Barrier, whereas this is an impassable barrier for 

oceanic species with shorter PLD (Williams & Reid 2004; Reid 2009a). In contrast, S.

brasiliensis shows a more continental distribution, ranging along the South American 

mainland from Columbia to Uruguay and extending to the Lesser Antilles (which are 

under the seasonal influence of the Orinoco plume; Reid 2009a). As in other 

gastropods with continental distributions (Malaquias & Reid 2009; Reid et al. 2010), 

it occurs throughout the Amazon Barrier.

Another possible case of contrasting ecological distributions is suggested by the two

species in North America. Taxonomists have believed S. canaliculata to be restricted 

to the Gulf of Mexico and S. floridana to occur on the Atlantic coast of Florida, Cuba 

and the Yucatan Peninsula (Clench 1947; Abbott 1974; Liu et al. 1991; Harding & 

Harasewych 2007). It is now clear that there is considerable geographical overlap 

between them and some evidence for ecological differentiation (Figure 4.1; Liu et al. 

1991; Harding & Harasewych 2007, but see Appendix D for taxonomic discussion). 

In Yucatan, morphological identification suggests that both occur on the continental 

northern and western sides of the peninsula, whereas S. floridana occurs alone on the 

oceanic eastern side (Vokes & Vokes 1983; see Reid 2009a, for similar distributions 

in littorinids). These observations, together with the reports of S. canaliculata from 

inlets and bays (not the open coast) on the Atlantic seaboard (Harding & Harasewych 

2007) lead us to predict that S. floridana tolerates a wider range of oceanographic 

conditions (including oceanic sites) than the strictly continental S. canaliculata. 

 Causes of speciation
Speciation in response to biogeographic barriers such as the Panamanian Isthmus, 

Amazonian Barrier, Florida Peninsula, mouth of the Gulf of Mexico and the width of 

the Atlantic Ocean itself, has been demonstrated in a range of shallow-water molluscs

with PLD of a few weeks or less (e.g. Hellberg 1998; Collin 2003; Williams & Reid 

2004; Duda & Kohn 2005; Lee & Ó Foighil 2005; Taylor & Hellberg 2005; Latiolais 

et al. 2006; Frey & Vermeij 2008; Malaquias & Reid 2009). From the phylogenetic 

relationships and distributions of living Stramonita species, and estimates of 

divergence times, we attempt to discover whether a group with long PLD has 
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responded to the same barriers.

Stramonita delessertiana from temperate Peru is sister to the remaining members of

the genus, which has mainly diversified in the tropical western Atlantic (Figures 4.1, 

4.7). The estimated age of the ‘basal’ S. delessertiana (19–39 Ma) suggests that this 

divergence was unrelated to the formation of the Panamanian Isthmus. The six species

of the S. haemastoma complex are divided into two clades with an estimated 

divergence of 13–22 Ma (Figure 4.7). Geographical distribution and age of these two 

clades give no clue to the cause of their divergence, so migration and/or extinction 

must have obscured any pattern that once existed. However, within each clade there is

virtually no sympatry (the only exception being the occurrence of both S. haemastoma

and S. rustica in Venezuela). This justifies our initial assumption of an allopatric 

mode of speciation, as has been repeatedly shown among marine invertebrates with 

larval dispersal (e.g. Paulay & Meyer 2002; Williams & Reid 2004; Meyer et al. 

2005; Frey 2010). 

Uplift of the Isthmus of Panama took place over a prolonged interval of about 20 

Myr, before final closure of the marine connection at around 2.8 Ma (Lessios 2008). 

The divergences of rocky-shore molluscs associated with uplift of the isthmus mostly 

occurred 5–10 Ma (Marko 2002), although some estimates are older (Williams & 

Reid 2004). Stramonita brasiliensis, S. floridana and S. biserialis form an unresolved 

trichotomy, estimated at 5–10 Ma. While isolation of S. biserialis in the eastern 

Pacific was the likely result of closure of the isthmus, it is not possible to determine if

divergence of the two western Atlantic species took place before or afterwards. 

After the absolute barrier of the Panamanian Isthmus, the width of the Atlantic 

Ocean presents the most formidable barrier in the region and there are numerous 

examples of sister relationships of taxa on either side. Stramonita canaliculata, S. 

rustica and S. haemastoma form another unresolved trichotomy, estimated at 8–17 

Ma. One possible interpretation is that S. haemastoma diverged following trans-

Atlantic dispersal (or vicariance of an amphi-Atlantic ancestor). A parsimony 

argument indicates that dispersal was from west to east, and the presence of the oldest

fossil, S. semiplicata, in the lower Miocene of Venezuela (Vermeij 2001b), is 

consistent with this. A corollary is that the present amphi-Atlantic distribution of S. 

haemastoma is of recent origin (either through dispersal by the South Equatorial 
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Current, or introduction). The history of trans-Atlantic dispersal is complex (Vermeij 

2001a; Harzhauser et al. 2002; Malaquias & Reid 2009), but dispersal from west to 

east may have become more frequent from the middle Pliocene onwards, following 

closure of the isthmus and strengthening of the Gulf Stream (Vermeij & Rosenberg 

1993; Briggs 2003). Stramonita haemastoma has been present in Europe at least since

the Early Pliocene (5 Ma; Landau et al. 2007; see Appendix E). If it is discovered that

S. haemastoma has a larger or old distribution in the western Atlantic, its origin may 

have been unrelated to trans-Atlantic dispersal.

The Amazon barrier has been in place since the Late Miocene (11 Ma). It has had a 

major influence on distribution and speciation of fish (Rocha 2003) and represents a 

barrier for many molluscs (Reid 2009a). Nevertheless, both S. rustica and S. 

brasiliensis span this barrier, and there is no evidence that it has influenced 

divergence in Stramonita. 

The Gulf of Mexico (Carolinian or Caloosahatchian province) and Caribbean Sea 

(Gatunian province) have been biogeographically distinct throughout the Neogene. 

Although during the Miocene both were tropical, they are now distinguished by 

temperature regime, as well as by primary productivity, and their isolation is enforced

by the Yucatan and Florida peninsulas and the current of the Gulf Stream. Migrations 

between these provinces have in the past led to speciation (Petuch 1988; Vermeij 

2005). Within each of the two clades of the S. haemastoma complex there is a 

northern species in the Gulf of Mexico and Florida, and a southern species in the 

Caribbean and Brazil (northern: S. floridana and S. canaliculata; southern: S. 

brasiliensis and S. rustica), suggesting that this ancient barrier may have driven 

divergence, although phylogenetic support is lacking.

There is increasing evidence that ecology may play a role in the speciation process, 

resulting in sister species that differ in ecological characters. Examples include 

genetic divergence between adjacent oceanic and continental habitats in fish species 

(Rocha 2003; Rocha et al. 2005, 2008). While ecological differences of this kind limit

distributions in some molluscs, their role in speciation is uncertain (Williams & Reid 

2004; Meyer et al. 2005; Reid et al. 2006; Frey 2010). Among Stramonita species, the

ecological difference between continental S. canaliculata and oceanic S. rustica 

appears to maintain their allopatry even in close proximity in Florida and Yucatan, 
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but it is not clear if they are sister taxa. Ecological divergence may also follow (rather 

than precede) speciation, perhaps as a result of adaptation or competition, so 

phylogenetic patterns are difficult to interpret. There are ecological differences 

between sympatric Stramonita species, even when these belong to different clades 

(contrast S. floridana and S. canaliculata; S. brasiliensis and S. rustica), implying 

possible competitive effects. Ecological separation on a smaller scale was implied by 

Vermeij (2001b), who tentatively identified two cryptic species within S. biserialis, 

occupying distinct tidal levels on the shore, but our sampling did not reveal any 

evidence for this.

 Concluding remarks: pelagic larval duration and the scale of speciation
Despite its long pelagic larval duration (PLD) of 2-3 months and potential for trans-

Atlantic dispersal (Scheltema 1971), Stramonita has diversified within the Atlantic 

basin. Unsurprisingly, the impassable barrier of the Isthmus of Panama isolates the 

eastern Pacific species. Within the Atlantic, we suggest that speciation may have 

occurred across the width of the ocean basin, implying that (at least in the past) trans-

Atlantic dispersal has been interrupted. Whether such dispersal is now taking place in 

the amphi-Atlantic species S. haemastoma remains to be discovered. In contrast to 

taxa with shorter PLD, the Amazon barrier has had no apparent influence on 

speciation. Nevertheless, just as in taxa with shorter PLD, diversification has taken 

place within the western Atlantic, where distribution patterns reflect both the 

boundaries between ancient biogeographic provinces (Gulf and Caribbean) and 

ecological specialization (continental and oceanic).
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Table 4.S1 Specimens used in this study, including locality, specimen code and registration details of 

voucher specimens. Sequence accession numbers are FR695720-FR695850, FR696048-FR696309); 

nine sequences have been published previously (EU391548, EU391554, EU391558, EU391580, 

EU391581, FN677398, FN677476, FN677376, FN677421). Institutional abbreviations in registration 

numbers: BMNH, Natural History Museum, London; UCR, University of Costa Rica; CNMO, 

National University of Mexico; MNHN, Muséum Nationale d’Histoire Naturelle, Paris; UF, Florida 

Museum of Natural History, Gainesville; USNM, National Museum of Natural History, Smithsonian 

Institution, Washington DC; BAU, Univerisitie Roma.

Species Collection locality Registration number Specimen code
'Thais' bitubercularis 
(Lamarck, 1822)

Telok Bahang, Penang Nat'l 
Park. N Coast Penang, Malaysia

BMNH 20080813

'Thais' carinifera 
(Lamarck, 1822)

Tanjung Laboh, S of Batu Pahat,
W Coast Johor, Malaysia

BMNH 20080805

'Thais' chocolata 
(Duclos, 1832)

Lomas, Peru BMNH 20070462

'Thais' triangularis 
(Blainville, 1832)

Taboga Island, Pacific Coast, 
Panama

BMNH 20070653

Acanthais brevidentata 
(Wood, 1828)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7791

Concholepas concholepas 
(Bruguière, 1789)

W Side Isla Rojas, Region IX, 
Chile

BMNH 19990303

Rapana bezoar 
(Linnaeus, 1767)

off Ogata-cho, Hata-gun, Kochi 
Pref. (Tosa Bay), Japan

BMNH 20080038

Reishia bronni
(Dunker, 1861)

Aburatsubo, Miura City, 
Kanagawa Pier, Japan

BMNH 20080049

Stramonita delessertiana 
(Orbigny, 1841)

Caleta Cabo Blanco, Piura, Peru BMNH 20080046

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.2 brazil2.2

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.3 brazil2.3

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.4 brazil2.4

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.5 brazil2.5

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.6 brazil2.6

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.8 brazil2.8

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.9 brazil2.9

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.10 brazil2.10

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.11 brazil2.11

S. brasiliensis 
sp. nov.

Portinho Beach, Ilha Bela, Sao 
Sebastiao, Sao Paulo, Brazil

BMNH 20090105.1 brazil2.12

S. brasiliensis 
sp. nov.

Portsmouth, Dominica BMNH 20100316.2 dominica.2

S. brasiliensis 
sp. nov.

Portsmouth, Dominica BMNH 20100316.3 dominica.3
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S. brasiliensis 
sp. nov.

Portsmouth, Dominica BMNH 20100316.4 dominica.4

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.1 venezuela.1

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.3 venezuela.3

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.5 venezuela.5

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.6 venezuela.6

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.7 venezuela.7

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.13 venezuela.13

S. brasiliensis 
sp. nov.

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.14 venezuela.14

S. biserialis 
(Blainville, 1832)

Mismaloya Beach, near Puerto 
Vallarta, Jalisco, Mexico

CNMO 3102.2 mexico1.1

S. biserialis 
(Blainville, 1832)

Mismaloya Beach, near Puerto 
Vallarta, Jalisco, Mexico

CNMO 3102.3 mexico1.2

S. biserialis 
(Blainville, 1832)

Mismaloya Beach, near Puerto 
Vallarta, Jalisco, Mexico

CNMO 3102.4 mexico1.3

S. biserialis 
(Blainville, 1832)

Mismaloya Beach, near Puerto 
Vallarta, Jalisco, Mexico

CNMO 3102.5 mexico1.4

S. biserialis 
(Blainville, 1832)

Mismaloya Beach, near Puerto 
Vallarta, Jalisco, Mexico

CMNO 3115.1 mexico1.8

S. biserialis 
(Blainville, 1832)

Mismaloya Beach, nr Puerto 
Vallarta, Jalisco, Mexico

CNMO 3102.1 mexico1.9

S. biserialis 
(Blainville, 1832)

Playa Dorada, N of San Patricio,
Jalisco, Mexico

CNMO 3105.2 mexico2.1

S. biserialis 
(Blainville, 1832)

Playa Dorada, N of San Patricio,
Jalisco, Mexico

CMNO 3110.1 mexico2.2

S. biserialis 
(Blainville, 1832)

Playa Dorada, N of San Patricio,
Jalisco, Mexico

CNMO 3096.2 mexico2.4

S. biserialis 
(Blainville, 1832)

Playa Dorada, N of San Patricio,
Jalisco, Mexico

CNMO 3096.1 mexico2.5

S. biserialis 
(Blainville, 1832)

Tenacatita, N of San Patricio, 
Jalisco, Mexico

CMNO 3109.1 mexico3.1

S. biserialis 
(Blainville, 1832)

Tenacatita, N of San Patricio, 
Jalisco, Mexico

CMNO 3109.2 mexico3.2

S. biserialis 
(Blainville, 1832)

Tenacatita, N of San Patricio, 
Jalisco, Mexico

CMNO 3109.3 mexico3.3

S. biserialis 
(Blainville, 1832)

Tenacatita, N of San Patricio, 
Jalisco, Mexico

CMNO 3109.4 mexico3.4

S. biserialis 
(Blainville, 1832)

Tenacatita, N of San Patricio, 
Jalisco, Mexico

CMNO 3108.1 mexico3.5

S. biserialis 
(Blainville, 1832)

Playa Bique; Pacfic Coast, 
Panama

BMNH 20070663.2 panama.2

S. biserialis 
(Blainville, 1832)

Playa Bique; Pacfic Coast, 
Panama

BMNH 20070663.1 panama.3

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7786.2 westCostaRica.1

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7786.3 westCostaRica.2
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S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7786.4 westCostaRica.3

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7786.5 westCostaRica.4

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7786.4 westCostaRica.5

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7788.2 westCostaRica.6

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7787.1 westCostaRica.7

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7787.2 westCostaRica.8

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7787.3 westCostaRica.9

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7786.1 westCostaRica2.1

S. biserialis 
(Blainville, 1832)

Playa Ventanas, Puntarenas, 
Costa Rica

UCR 7788.2 westCostaRica2.2

S. canaliculata 
(Gray, 1839)

Port Aransas, Texas, U.S.A BMNH 20090120.3 texas.5

S. canaliculata 
(Gray, 1839)

Cedar Key, Levy County, 
Florida, U.S.A

UF 434981.1 westFlorida.1

S. canaliculata 
(Gray, 1839)

St Andrews, W. Florida, U.S.A. USNM 1099259 westFlorida.3

S. floridana 
(Conrad, 1837)

St Augustine Inlet, St James Co.,
Florida, U.S.A.

BMNH 20080045 eastFlorida.2

S. floridana 
(Conrad, 1837)

Port Canaveral, Brevard Co., 
Florida, U.S.A.

BMNH 20080041 eastFlorida.3

S. floridana 
(Conrad, 1837)

Florida, U.S.A. UF 419258 eastFlorida.4

S. floridana 
(Conrad, 1837)

St Augustine Inlet, St James Co.,
Florida, U.S.A.

BMNH 20080045 eastflorida3.1

S. floridana 
(Conrad, 1837)

Ponce Inlet, Volusia Co., 
Florida, U.S.A.

BMNH 20080042 eastflorida4.1

S. floridana 
(Conrad, 1837)

Port Aransas, Texas, U.S.A. BMNH 20090120.1 texas.1

S. floridana 
(Conrad, 1837)

Port Aransas, Texas, U.S.A. BMNH 20090120.2 texas.4

S. floridana 
(Conrad, 1837)

Port Aransas, Texas, U.S.A. BMNH 20090120.4 texas.6

S. floridana 
(Conrad, 1837)

Port Aransas, Texas, U.S.A. BMNH 20090120.5 texas.7

S. floridana 
(Conrad, 1837)

Port Aransas, Texas, U.S.A. BMNH 20090120.6 texas.8

S. haemastoma 
(Linnaeus, 1767)

Near Ponta Delgada, Sao 
Miguel, Azores, Portugal

BMNH 20090092.2 azores.2

S. haemastoma 
(Linnaeus, 1767)

Near Ponta Delgada, Sao 
Miguel, Azores, Portugal

BMNH 20090092.3 azores.3

S. haemastoma 
(Linnaeus, 1767)

Near Ponta Delgada, Sao 
Miguel, Azores, Portugal

BMNH 20090092.4 azores.4

S. haemastoma 
(Linnaeus, 1767)

Near Ponta Delgada, Sao 
Miguel, Azores, Portugal

BMNH 20090092.5 azores.5

S. haemastoma 
(Linnaeus, 1767)

Near Ponta Delgada, Sao 
Miguel, Azores, Portugal

BMNH 20090092.1 azores.6
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S. haemastoma 
(Linnaeus, 1767)

Faial, Azores, Portugal BMNH 20070449 azores2.1

S. haemastoma 
(Linnaeus, 1767)

Porto de Pedro Miguel, Ilha do 
Faial, Azores, Portugal

BMNH 20070450 azores3.1

S. haemastoma 
(Linnaeus, 1767)

Lumbarda, Korcula I., Croatia BMNH 20080834 croatia1.1

S. haemastoma 
(Linnaeus, 1767)

Lumbarda, Korcula I., Croatia BMNH 20080383 croatia2.1

S. haemastoma 
(Linnaeus, 1767)

Lumbarda, Korcula I., Croatia BMNH 20080391 croatia3.1

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098810 senegal.1

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098812 senegal.2

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098813 senegal.3

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098815 senegal.5

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098816 senegal.6

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098817 senegal.7

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098818 senegal.8

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098819 senegal.9

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098820 senegal.10

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098821 senegal.11

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098822 senegal.12

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098823 senegal.13

S. haemastoma 
(Linnaeus, 1767)

Dakar, Senegal MNHN_IM20098840 senegal.14

S. haemastoma 
(Linnaeus, 1767)

Isla de Alboran, Spain BMNH 20090357.1 spain2.1

S. haemastoma 
(Linnaeus, 1767)

Isla de Alboran, Spain BMNH 20090357.3 spain2.3

S. haemastoma 
(Linnaeus, 1767)

Isla de Alboran, Spain BMNH 20090357.4 spain2.4

S. haemastoma 
(Linnaeus, 1767)

Isla de Alboran, Spain BMNH 20090357.5 spain2.5

S. haemastoma 
(Linnaeus, 1767)

Isla de Alboran, Spain BMNH 20090357.6 spain2.6

S. haemastoma 
(Linnaeus, 1767)

Cabo de Palos, Murcia, Spain BMNH 20090358.1 spain.1

S. haemastoma 
(Linnaeus, 1767)

Cabo de Palos, Murcia, Spain BMNH 20090358.2 spain.2

S. haemastoma 
(Linnaeus, 1767)

Cabo de Palos, Murcia, Spain BMNH 20090358.3 spain.3

S. haemastoma 
(Linnaeus, 1767)

Punta Tano, Tenerife, Canary Is,
Spain

BMNH 20070651.1 tenerife.1
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S. haemastoma 
(Linnaeus, 1767)

Punta Tano, Tenerife, Canary Is,
Spain

BMNH 20070651.2 tenerife.2

S. haemastoma 
(Linnaeus, 1767)

Punta Tano, Tenerife, Canary Is,
Spain

BMNH 20070656.1 tenerife.3

S. haemastoma 
(Linnaeus, 1767)

Punta Tano, Tenerife, Canary Is,
Spain

BMNH 20070656.2 tenerife2.2

S. haemastoma 
(Linnaeus, 1767)

La Celete de Adeje, Tenerife, 
Canary Is, Spain

BMNH 20090359.1 tenerife3.1

S. haemastoma 
(Linnaeus, 1767)

La Celete de Adeje, Tenerife, 
Canary Is, Spain

BMNH 20090359.2 tenerife3.2

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.2 venezuela.2

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.9 venezuela.9

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.10 venezuela.10

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.11 venezuela.11

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.12 venezuela.12

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100174.1 venezuela.15

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100174.2 venezuela.16

S. haemastoma 
(Linnaeus, 1767)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100169 venezuela.17

S. rustica 
(Lamarck, 1822)

Praia do Frances, Marechal 
Deodoro, Alagoas, Brazil

BMNH 20080522.3 brazil.3

S. rustica 
(Lamarck, 1822)

Pirate's Lair, South Shore Rd., 
Grand Cayman, Cayman Is

UF 290117 cayman.1

S. rustica 
(Lamarck, 1822)

Woodford Hill, Dominica BMNH 20100314.1 dominica2.1

S. rustica 
(Lamarck, 1822)

Woodford Hill, Dominica BMNH 20100314.2 dominica2.2

S. rustica 
(Lamarck, 1822)

Woodford Hill, Dominica BMNH 20100314.3 dominica2.3

S. rustica 
(Lamarck, 1822)

Woodford Hill, Dominica BMNH 20100314.4 dominica2.4

S. rustica 
(Lamarck, 1822)

Woodford Hill, Dominica BMNH 20100314.5 dominica2.5

S. rustica 
(Lamarck, 1822)

Woodford Hill, Dominica BMNH 20100314.6 dominica2.6

S. rustica 
(Lamarck, 1822)

Portsmouth, Dominica BMNH 20100315.1 dominica.1

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.2 eastCostaRica.2

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.3 eastCostaRica.3

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.4 eastCostaRica.4

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.5 eastCostaRica.5

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.6 eastCostaRica.6
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S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.7 eastCostaRica.7

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7784.1 eastCostaRica.13

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7785.1 eastCostaRica2.1

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7785.2 eastCostaRica2.2

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7785.3 eastCostaRica2.3

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7785.4 eastCostaRica2.4

S. rustica 
(Lamarck, 1822)

Cahuita, Caribe, Costa Rica UCR 7785.5 eastCostaRica2.5

S. rustica 
(Lamarck, 1822)

Playa Norte, Chichirioiche, 
Estado Falcai, Venezuela

BMNH 20100176.8 venezuela.8
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Table 4.S2 Description of genotypes of the 28S rRNA gene in the Stramonita haemastoma complex, 

and distribution of these genotypes among ESUs (as recovered by BEAST/GMYC analysis). For each 

genotype, fixed differences from the Universal genotype are shown larger and bold.

Genotype

base
positio

n Stramonita clade
5
7
2

5
8
0

7
2
3 haemastoma biserialis brasiliensis rustica floridana canaliculata

Universal C C - 48 32 1 1 1 1

Brazil C T - 0 0 20 0 0 0

Caribbean T C - 0 0 0 19 0 2

Isthmian C C T 0 6 0 0 4 0
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Chapter 5. Evolution of corallivory in the gastropod genus Drupella

Adapted from a published manuscript: Claremont M., Reid DG & Williams ST (2011) Evolution of 

corallivory in the gastropod genus Drupella. Coral Reefs [doi: 10.1007/s00338-011-0788-5].

5.1 Abstract
Although muricid gastropods in the genus Drupella are well-known consumers of 

Indo-Pacific corals, their evolutionary and ecological history is unclear, as is their 

relationship to the apparently facultative coral-feeder Ergalatax margariticola, which 

has been reported to feed upon corals in Hong Kong. We use a well resolved 

molecular phylogeny (reconstructed from one nuclear and two mitochondrial genes) 

to show that the monophyletic genus Drupella falls into the muricid subfamily 

Ergalataxinae and that the genus includes ‘E. margariticola’, which is composed of 

two cryptic species. We show that genetic structure within the here reassigned 

‘Drupella margariticola’ species complex does not relate to feeding mode, but 

instead seems to correspond to broad patterns of habitat ecology found in other 

gastropod taxa. Our analyses suggest that Drupella originated in the late Miocene 

(approximately 9.6 Ma) and diversified approximately 5.0 Ma, much later than the 

appearance of modern coral reefs in the early Cenozoic. Thus, it is possible that 

corallivory in Drupella evolved in response to the major expansion and reorganization

of reefs that took place in the early Miocene. 

5.2 Introduction
Modern, shallow-water coral reefs first appeared in the early Cenozoic 

(approximately 65 Ma) and most major coral families were extant by the end of the 

Eocene; these proliferated extensively from the early Miocene onwards (23 Ma; 

Wood 1999; Crame & Rosen 2002; Hughes et al. 2002; Wallace & Rosen 2006). 

Similarly, many reef-associated taxa appeared in the Cenozoic and diversification 

rates in these groups increased markedly in the late Oligocene and early Miocene 

(Wilson & Rosen 1998; Crame & Rosen 2002; Williams 2007; Williams & Duda 

2008). It has thus been suggested that marine diversification may be linked to the 

appearance and proliferation of the coral-reef habitat (Crame & Rosen 2002; Alfaro et

al. 2007; Williams 2007; Bellwood et al. 2010). It might be expected that, among 
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reef-associated groups, corallivory should arise frequently, yet this does not seem to 

be the case. Although corals are preyed upon by a variety of macro-consumers, 

including fish, polychaete worms, gastropods, echinoderms and crabs (Robertson 

1970; Glynn 1990), coral-feeding behaviour is rare within each group. For example, 

shallow-water corallivores represent less than 3% of all fish species, and occur in only

four families of crustaceans, a few echinoderm genera (e.g. Acanthaster) and four 

currently-recognized families of shelled gastropods (Robertson 1970; Glynn 1990; 

Barco et al. 2010; Bellwood et al. 2010). Given the otherwise extraordinary diversity 

of reef-associated taxa, it is unclear why corallivory is so rare, but this rarity 

emphasizes the importance of investigating coral-feeding behaviour and determining 

how and when this unusual ecology arose in each group. 

Gastropods that feed upon stony corals are found in the families Architectonicidae, 

Epitoniidae, Pediculariidae and Muricidae (including the Coralliophilinae; Robertson 

1970; Lorenz & Fehse 2009; Barco et al. 2010). There have been several independent 

acquisitions of coral feeding behaviour within the Muricidae, which otherwise feed 

predominantly by drilling molluscan and barnacle shells. Corallivory occurs only in 

the genus Drupella, in the species Ergalatax margariticola and in the muricid 

subfamily Coralliophilinae (Taylor & Morton 1996; Vermeij & Carlson 2000; Morton

et al. 2002; Barco et al. 2010). Coralliophilines are morphologically and genetically 

distinct from the rest of the Muricidae, lacking the jaws and radula characteristic of 

most gastropods (Vermeij & Carlson 2000; Barco et al. 2010; Modica & Holford 

2010). These snails are typically parasitic on corals, feeding suctorially (Robertson 

1970; Modica & Holford 2010). Coralliophiline species first appeared in the fossil 

record in the middle Eocene and were feeding on corals by the early Oligocene 

(Lozouet & Renard 1998; Vermeij & Carlson 2000). Their phylogeny has been 

relatively well investigated (e.g. Oliverio & Mariottini 2001a, 2001b; Massin & 

Dupont 2003; Gittenberger 2006; Oliverio et al. 2009; Gittenberger & Gittenberger 

2011).

The evolutionary and ecological history of the muricid genus Drupella is less clear. 

This genus has been classified either in the subfamily Rapaninae (e.g. Herbert et al. 

2007; Houart & Héros 2008) or Ergalataxinae (Vermeij & Carlson 2000; Modica & 

Holford 2010; Vermeij 2010). Snails in this genus have a radula, unlike the 

Chapter 5. Evolution of corallivory in a gastropod genus 135
____________________________________________________________________________________________________________________________________________________________________



coralliophilines, but the radula is different in structure from all other muricids and 

may be specialized for corallivory (Thiele 1925; Fujioka 1982, 1985; Vermeij & 

Carlson 2000). Drupella species exhibit several additional adaptations that may aid in 

coral feeding, including an externally cuticularized proboscis that shields vulnerable 

tissues from the stings of nematocysts (Robertson 1970; Hadfield 1976; Morton & 

Blackmore 2009). These snails have been observed to perch on dead coral in order to 

feed on adjacent live polyps by extending this proboscis (reviewed in Turner 1992; 

see also Cumming 2009a). Some species of Drupella also exhibit aggregation 

behaviour; during the 1980s and 1990s, such aggregations were reported in Western 

Australia, Japan and the Red Sea, and in some cases, coral cover was reduced by up to

75% (reviewed in Turner 1992; Cumming 2009b). The destruction caused by these 

population explosions has been compared to that caused by Acanthaster (see e.g. 

Turner 1992), although subsequent analyses have not shown a significant correlation 

between Drupella outbreaks and declines in coral cover (Miller & Dolman 2008). 

Such outbreaks seem to be more common in diseased corals (Antonius & Riegl 1997, 

1998).  

Ergalatax margariticola, in contrast to Drupella, has a radula typical of the 

subfamily Ergalataxinae (Taylor 1976; Fujioka 1985; Tan 1995). It has been observed

to feed by drilling, but it is primarily a scavenger (Tan 1995; Ishida 2001, 2004a, 

2004b). Although this species is common throughout the Indo-Pacific and its feeding 

ecology has been well studied (e.g. Taylor 1976; Taylor & Morton 1996; Ishida 2001;

Tan 2003a), only in Hong Kong has it been reported to include coral in its diet 

(Taylor 1980; Cumming & McCorry 1998; Morton & Blackmore 2009). In Hong 

Kong it is rarely observed to be corallivorous in the absence of Drupella; it is thought 

that, lacking specialized coral-feeding adaptations, E. margariticola may only be able 

to feed upon corals when an attack has already been initiated by Drupella (Morton & 

Blackmore 2009, but see Taylor 1980). Why this species is apparently not 

corallivorous outside Hong Kong is not known.

Although the coral-feeding behaviour of Drupella has been relatively well 

investigated, especially in the context of destructive aggregations (e.g. Turner 1992; 

Morton et al. 2002; Cumming 2009a, 2009b), its phylogenetic relationships with E. 

margariticola and the rest of the Muricidae remain unknown. Therefore, we 
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constructed a multi-gene phylogeny of the genus, together with several species of 

muricids already shown to belong to the Ergalataxinae, Rapaninae or Coralliophilinae

(Barco et al. 2010). We investigated the composition of the genus using statistical 

methods for species delimitation. Concurrently, we analysed several species of 

Ergalatax, including corallivorous and non-corallivorous populations of E. 

margariticola, to investigate their relationships with Drupella. Finally, we used 

molecular dating methodologies informed by reliable fossil data to provide a temporal

framework within which to interpret the ecology of these corallivorous species. 

5.3 Materials and methods

 Specimen identification and outgroup selection
Preliminary analyses (data not shown) suggested that Drupella cornus formed a 

clade with the Ergalataxinae, but since Drupella has previously also been placed in 

the Rapaninae, we included in our analysis several species already confirmed to be 

members of the Coralliophilinae, Rapaninae or Ergalataxinae (Barco et al. 2010; 

Table 5.1). For dating purposes, members of an additional ergalataxine clade (three 

specimens of Pascula ochrostoma; Table 5.1; identification based on Okutani 2000; 

Poppe 2008) were also included. 

Chapter 5. Evolution of corallivory in a gastropod genus 137
____________________________________________________________________________________________________________________________________________________________________



Table 5.1 Specimens used in this study. Vouchers have been deposited in either the Natural History 

Museum, London (NHMUK), the Australian Museum, Sydney (AM) or the Museum Nationale 

d'Histoire Naturalle, Paris (MNHN). Specimen codes match those in Figure 5.1A. Sequence accession 

numbers in the range EU391552 – EU391559 were previously published in Claremont et al. 2008; 

accession numbers in the range FN677375 – FN677476 were previously published by Barco et al. 

2010.

Species and/or
Specimen Code Locality Voucher 28S 12S COI

Coralliophiline Outgroups
Coralliophila erosa 
(Röding, 1798)

Yaté, New Caledonia NHMUK 20070626 FR853896 FR853977 FR853815

Coralliophila neritoides 
(Lamarck, 1816)

Guam NHMUK 20080819 FR853897 FR853978 FR853816

Rapanine Outgroups
Drupa morum 
(Röding, 1798)

Cabo Delgado Prov., 
Mozambique

NHMUK 20060441 EU391559 FN677375 FN677405

Rapana bezoar 
(Linnaeus, 1758)

Kochi Pref., Japan NHMUK 20080038 FN677476 FN677376 FN677421

Ergalataxine Outgroups
Morula granulata 
(Duclos, 1832)

Port Boisé, New 
Caledonia

NHMUK 20070621 FN677469 FN677383 FN677414

Morula musiva 
(Kiener, 1836)

Langkawi, Malaysia NHMUK 20080744 FN677472 FN677380 FN677417

Morula mutica 
(Lamarck, 1816)

Pago Bay, Guam NHMUK 20080772 FN677473 FN677379 FN677418

Muricodrupa fenestrata 
(Blainville, 1832)

Port Boisé, New 
Caledonia

NHMUK 20070620 FN677474 FN677378 FN677419

Muricodrupa fiscella 
(Gmelin, 1791)

Port Boisé, New 
Caledonia

NHMUK 20070623 FN677470 FN677382 FN677415

Pascula ochrostoma
(Blainville, 1832)

Izu Is, Tokyo, Japan NHMUK 20100160 FR853920 FR854002 FR853839

Pascula ochrostoma 
(Blainville, 1832)

Panglao I., Philippines MNHN 
IM-2007-18176

FR853921 FR854003 FR853840

Pascula ochrostoma
(Blainville, 1832)

Merizo Bay, Guam NHMUK 20080757 FN677460 FN677393 FN677406

Ergalatax species
Cronia amygdala 
(Kiener, 1835)

Queensland, Australia AM C458326 FR853903 FR853984 FR853822

Cronia aurantiaca 
(Hombron & Jacquinot, 
1852)

Darwin Harbour, 
Northern Territory, 
Australia

NHMUK 20100355 FR853902 FR853983 FR853821

Ergalatax contracta 
(Reeve, 1846)

Chiba Pref., Japan NHMUK 20080019 FR853963 FR854045 FR853882

Ergalatax contracta 
(Reeve, 1846)

Langkawi, Malaysia NHMUK 20080747 FN677462 FN677391 FN677408
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Ergalatax junionae 
Houart, 2008

Abu Dhabi, United 
Arab Emirates

NHMUK 20080906 FN677463 FN677396 FN677409

Ergalatax junionae 
Houart, 2008

Ras Ajoza (Kuwait 
Tower), Kuwait

NHMUK 20100394 FR853964 FR854046 FR853883

Maculotriton serriale 
(Deshayes, 1834)

Okinawa Pref., Japan NHMUK 20080022 FR853974 FR854056 FR853893

Maculotriton serriale 
(Deshayes, 1834)

Panglao I., Philippines MNHN 
IM-2007-18197

FR853975 FR854057 FR853894

Drupella cornus (Röding, 1798)
Guam1.1 Merizo Bay, Guam NHMUK 20080751 FR853922 FR854004 FR853841
Guam2.1 Merizo Bay, Guam NHMUK 20080754 FR853906 FR853988 FR853825
Guam5.1 Pago Bay, Guam NHMUK 20080820 FR853907 FR853989 FR853826
Hawaii1.1 Oahu, Hawaii, USA NHMUK 20100373.1 FR853898 FR853979 FR853817
Hawaii2.1 Oahu, Hawaii, USA NHMUK 20100374 FR853899 FR853980 FR853818
Hawaii3.1 Hawaii (Big Island),

Hawaii, USA
NHMUK 20100378 FR853900 FR853981 FR853819

Japan1.1 Sakihara Is., Japan NHMUK 20100153 FR853901 FR853982 FR853820
NewCaledonia1.1 Yaté, New Caledonia NHMUK 20070144 FR853923 FR854005 FR853842
Philippines2.1 Panglao Is., Philippines MNHN IM-2007-18181 FR853911 FR853993 FR853830
Philippines3.1 NW Tutuba I., Vanuatu MNHN IM-2007-18178 FR853924 FR854006 FR853843

Drupella fragum (Blainville, 1832)
Guam3.1 Merizo Bay, Guam NHMUK 20080755 FR853925 FR854007 FR853844
Japan2.1 Fukashima, Oita Pref.,

Japan
NHMUK 20090097 FR853926 FR854008 FR853845

Japan3.1 Fukashima, Oita Pref.,
Japan

NHMUK 20090098 FR853927 FR854009 FR853846

Japan6.1 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.1 FR853965 FR854047 FR853884

Japan6.2 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.2 FR853969 FR854051 FR853888

Japan6.3 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.3 FR853970 FR854052 FR853889

Japan6.6 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.6 FR853971 FR854053 FR853890

Japan6.7 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.7 FR853972 FR854054 FR853891

Japan6.8 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.8 FR853973 FR854055 FR853892

Japan6.10 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.10 FR853966 FR854048 FR853885

Japan6.11 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.11 FR853967 FR854049 FR853886

Japan6.12 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.12 FR853968 FR854050 FR853887

Japan6.13 Fukashima, Oita Pref.,
Japan

NHMUK 20090111.13 FR853928 FR854010 FR853847

Drupella eburnea (Küster, 1862)
Japan7.2 Sakaematsu, Kyushu Is,

Japan
NHMUK 20100146.2 FR853909 FR853991 FR853828
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Drupella rugosa (Born, 1778)
HongKong2.1 Bluff I., Hong Kong NHMUK 20080824.1 FR853929 FR854011 FR853848
HongKong2.2 Bluff I., Hong Kong NHMUK 20080824.2 FR853915 FR853997 FR853834
HongKong2.3 Bluff I., Hong Kong NHMUK 20080824.3 FR853916 FR853998 FR853835
HongKong2.6 Bluff I., Hong Kong NHMUK 20080824.6 FR853917 FR853999 FR853836
HongKong2.7 Bluff I., Hong Kong NHMUK 20080824.7 FR853918 FR854000 FR853837
HongKong2.8 Bluff I., Hong Kong NHMUK 20080824.8 FR853919 FR854001 FR853838

HongKong2.10 Bluff I., Hong Kong NHMUK 20080824.10 FR853912 FR853994 FR853831
HongKong2.13 Bluff I., Hong Kong NHMUK 20080824.13 FR853913 FR853995 FR853832
HongKong2.15 Bluff I., Hong Kong NHMUK 20080824.15 FR853914 FR853996 FR853833

Japan7.1 Kyushu Is, Japan NHMUK 20100146.1 FR853908 FR853990 FR853827
Japan7.6 Kyushu Is, Japan NHMUK 20100146.6 FR853910 FR853992 FR853829

Ergalatax margariticola (Broderip, 1833) ‘Continental’
corallivorous
HongKong1.1 Bluff I., Hong Kong NHMUK 20080741.1 FR853904 FR853985 FR853823
HongKong1.4 Bluff I., Hong Kong NHMUK 20080741.4 FR853938 FR854020 FR853857
HongKong1.5 Bluff I., Hong Kong NHMUK 20080741.5 FR853939 FR854021 FR853858
HongKong1.6 Bluff I., Hong Kong NHMUK 20080741.6 FR853940 FR854022 FR853859

'crassulnata' 
crassulnata1.2 Darwin Harbour, Northern

Territory, Australia
NHMUK 20100354.2 FR853933 FR854015 FR853852

crassulnata2.1 Darwin Harbour, Northern
Territory, Australia

NHMUK 20100357.1 FR853934 FR854016 FR853853

crassulnata3.2 Darwin Harbour, Northern
Territory, Australia

NHMUK 20100358.2 FR853935 FR854017 FR853854

crassulnata3.3 Darwin Harbour, Northern
Territory, Australia

NHMUK 20100358.3 FR853936 FR854018 FR853855

crassulnata3.4 Darwin Harbour, Northern
Territory, Australia

NHMUK 20100358.4 FR853937 FR854019 FR853856

'typical' 
Japan5.1 Kyushu, Japan NHMUK

20100154
FR853941 FR854023 FR853860

Malaysia1.2 Langkawi, Malaysia NHMUK 20080815.2 FR853944 FR854026 FR853863
Malaysia1.4 Langkawi, Malaysia NHMUK 20080815.4 FR853945 FR854027 FR853864
Malaysia1.5 Langkawi, Malaysia NHMUK 20080815.5 FR853946 FR854028 FR853865
Malaysia1.6 Langkawi, Malaysia NHMUK 20080815.6 FR853947 FR854029 FR853866
Malaysia1.7 Langkawi, Malaysia NHMUK 20080815.7 FR853944 FR854026 FR853863
Malaysia2.1 Langkawi, Malaysia NHMUK 20080742.1 FR853949 FR854031 FR853868
Malaysia2.2 Langkawi, Malaysia NHMUK 20080742.2 FR853950 FR854032 FR853869
Malaysia2.3 Langkawi, Malaysia NHMUK 20080742.3 FR853951 FR854033 FR853870
Malaysia2.4 Langkawi, Malaysia NHMUK 20080742.4 FR853952 FR854034 FR853871
Malaysia2.5 Langkawi, Malaysia NHMUK 20080742.5 FR853953 FR854035 FR853872
Malaysia2.6 Langkawi, Malaysia NHMUK 20080742.6 FR853954 FR854036 FR853873
Malaysia3.1 Melaka, Malaysia NHMUK 20080791.1 FR853955 FR854037 FR853874
Malaysia3.2 Melaka, Malaysia NHMUK 20080791.2 FR853956 FR854038 FR853875
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Malaysia3.3 Melaka, Malaysia NHMUK 20080791.3 FR853957 FR854039 FR853876
Malaysia3.4 Melaka, Malaysia NHMUK 20080791.4 FR853958 FR854040 FR853877
Malaysia3.5 Melaka, Malaysia NHMUK 20080791.5 FR853959 FR854041 FR853878
Malaysia4.1 Melaka, Malaysia NHMUK 20080790 FR853905 FR853986 FR853824
NewCaledonia2.1 Plage de Foué, New

Caledonia
NHMUK 20070630 FR853961 FR854043 FR853880

Philippines5.1 Cavite, Manila Bay,
Philippines

MNHN IM-2009-4850 FR853930 FR854012 FR853849

Philippines5.2 Cavite, Manila Bay,
Philippines

MNHN IM-2009-4851 FR853931 FR854013 FR853850

Philippines5.5 Cavite, Manila Bay,
Philippines

MNHN IM-2009-4854 FR853932 FR854014 FR853851

Thailand1.1 Ko Phi Phi I., Thailand NHMUK 20100388 FR853962 FR854044 FR853881

Ergalatax margariticola (Broderip, 1833) ‘Oceanic’
Japan10.1 Kyushu, Japan NHMUK 20100143 FR853943 FR854025 FR853862
Japan9.1 Amami Is, Japan NHMUK 20100157 FR853942 FR854024 FR853861
Mozambique1.1 Cabo Delgado Prov.,

Mozambique
NHMUK 20060466 EU391552 FR853987 EU39158

7
NewCaledonia3.1 Isle of Pines, New

Caledonia
NHMUK 20070636 FR853976 FR854058 FR853895

NewCaledonia4.1 Isle of Pines, New
Caledonia

NHMUK 20070637 FR853960 FR854042 FR853879
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Some taxonomic confusion surrounds the composition of Drupella (see Johnson & 

Cumming 1995 for a brief review) and the identity of the type species, D. cornus 

(discussed in Turner 1992). Although the only genetic study of Drupella of which we 

are aware supported only three species of Drupella (D. cornus, D. rugosa and D. 

fragum; Johnson & Cumming 1995), we follow more recent species lists (Héros et al. 

2007; Tröndlé & Boutet 2009), which have recognized four species in the genus: D. 

cornus, D. fragum, D. rugosa and D. eburnea. A fifth species, D. minuta, is 

recognized by some authors (e.g. Fujioka 1984; Houart & Héros 2008; Poppe 2008), 

but we were unable to obtain samples of this species. We sequenced 10 individuals of 

D. cornus, 13 of D. fragum, 11 of D. rugosa and one of D. eburnea (Table 5.1; 

identifications based on Fujioka 1982, 1984; Okutani 2000; Poppe 2008). 

Further preliminary analyses indicated a close relationship between Drupella 

cornus and Ergalatax margariticola, so we attempted to sample E. margarticola 

comprehensively, including both corallivorous and non-corallivorous specimens. We 

thus included four specimens from Hong Kong, collected while feeding on corals 

(Table 5.1), as well as 28 ‘typical’ specimens from intertidal locations elsewhere in 

the Indo-Pacific. It has also been suggested (Tan 1995) that the Australian 

‘crassulnata form’ of E. margariticola should be recognized as a distinct species on 

morphological grounds. We included five ‘crassulnata’ specimens in our analysis to 

test this hypothesis. To clarify the identity of the genus Ergalatax, we included in our 

analyses the type species, E. contracta (Table 5.1; Tan 1995, 2000). 

A total of 94 specimens and 282 sequences were used in this study. Sequences for 

some or all genes of eleven species (32 sequences) have previously been published 

(Table 5.1; Claremont et al. 2008; Barco et al. 2010). 

 DNA sequencing and alignment 
For all specimens, two mitochondrial genes (cytochrome c oxidase subunit I (COI) 

and 12S rRNA) and one nuclear gene (28S rRNA), known to be informative for 

phylogenetic analysis in the Muricidae (Claremont et al. 2008; Barco et al. 2010), 

were sequenced, following the protocols of Claremont et al. (2011b). DNA was 

extracted with the Qiagen QIAamp DNA mini kit. Polymerase chain reactions (PCR; 

200µM of each dNTP, 0.1µM of both forward and reverse PCR primer, 2.5 U Qiagen 

DNA Taq polymerase) amplified approximately 1500 bp of 28S, 700 bp of COI and 
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650 bp of 12S. Primers and PCR conditions were identical to those of Claremont et al.

(2011b). PCR products were sequenced using a BigDye Terminator v1.1 Cycle 

Sequencing Kit (Applied Biosystems) and run on an Applied Biosystems 3730 DNA 

Analyzer automated capillary sequencer. Sequences were assembled and edited with 

Sequencher (v4.6; GeneCodes Corporation, Ann Arbor, Michigan). Clear 

heterozygous peaks in both the forward and reverse sequence of 28S were coded as 

polymorphisms. 

Ribosomal (28S and 12S) sequences were aligned using ClustalX (v2.0.9; 

Thompson et al. 1997; delay divergent sequences: 95%; gap-opening penalty: 20; 

gap-extension penalty: 5). Gblocks (v0.91beta; Castresana 2000) was then used to 

remove poorly aligned sites (minimum number of sequences for a conserved position:

70%; minimum number of sequences for a flanking position: 90%; maximum number

of contiguous non-conserved positions: 3; minimum length of a block: 5; all gap 

positions allowed). COI sequences were aligned by eye in MacClade (v4.06 OSX; 

Maddison & Maddison 2003). For each gene partition, 24 different models of 

nucleotide substitution were tested with MrModelTest (v2.2; Nylander 2004). 

Before combining the three gene partitions, we compared posterior probabilities 

(PP) of all clades among individual Bayesian gene trees. Conflict among strongly 

supported clades (PP > 95%) can be seen as evidence of genetic incongruence and 

divergent phylogenetic histories, while conflict among weakly supported clades (PP 

< 50%) may be due to stochastic error (Wiens 1998; Reeder 2003; Williams & Ozawa

2006). Lack of resolution was not seen as conflict.

 Molecular species delimitation
The three-gene alignment was analysed using Bayesian inference and the Markov 

Chain Monte Carlo Method (MCMC; MrBayes v3.1; Huelsenbeck & Ronquist 2001).

Model parameters for each gene were set according to the model selected by 

MrModelTest, and were free to vary among gene partitions. The MCMC analysis ran 

twice, for 3,500,000 generations each, with a sample frequency of 1,000 and a burn-in

of 15,001. Tree convergence was tested by examining the average deviations of split 

frequencies and the potential scale reduction factor (PSRF). Any branches in the 

consensus tree supported by less than 50% posterior probability (PP) were collapsed.

We then used BEAST (v1.5.4; Drummond & Rambaut 2007) to generate an 
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ultrametric tree for use in species delimitation tests. Site models were again set based 

on the models chosen by MrModelTest. In this analysis, we were only interested in 

relative clade ages, so we used a relaxed clock model (uncorrelated log normal; 

Drummond et al. 2006) without estimating rates. The starting tree was random and 

the coalescent tree prior was set to a constant population size. Priors were adjusted 

based on preliminary analyses in order to improve effective sample size (ESS) values.

Two identical analyses (one 75,000,000 generations, the other 90,000,000 

generations) were sampled every 7,500 and 9,000 generations respectively to generate

10,001 trees each. These treefiles were combined using LogCombiner (v1.5.4; part of 

the BEAST package: http://code.google.com/p/beast-mcmc/downloads/list), with a 

0.5% burn-in for both analyses. Length of burn-in was determined by examination of 

traces in Tracer (v1.5; Drummond & Rambaut 2007). The final tree was generated 

from the resulting 19,892 trees and calculated with maximum clade credibility and 

median node heights.

In order to find significant clusters within the BEAST tree, we applied the GMYC 

function from the SPLITS package (Ezard et al. 2009) in R (R Development Core 

Team 2009). This function optimizes the likelihood of genetic clusters, where 

branching rates between species follow a Yule model, but branching rates within 

species follow a neutral coalescent model (Pons et al. 2006; Fontaneto et al. 2007). 

This method has been shown to help identify phylogenetic species and cryptic taxa in 

other muricids (Claremont et al. 2011b). We also estimated the average evolutionary 

divergence over pairs of COI sequences among and within clusters with the 

Maximum Composite Likelihood model using MEGA5 (Tamura et al. 2011). Where 

possible, we re-examined the shell morphology of all specimens in each cluster. 

 Time of origin of Drupella
We estimated the time of the origin of the genus Drupella with Species Tree 

Ancestral Reconstruction in BEAST (*BEAST; Heled & Drummond 2010). This 

extension to BEAST (Drummond & Rambaut 2007) allows the construction of a 

species tree from population data and the dating of the tree using calibration points. 

For calibration, we examined a specimen of Taurasia sacyi Cossmann and Peyrot, 

1923 from the Stampien de Gaas (Espibos) of France (28.4 – 33.9 Ma; R. Houart, 

personal collection). Based on the similarity of this fossil to Recent species in the 
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genus Pascula, we set the minimum age of the stem of the Pascula clade to 28.4 Ma 

and the maximum age to 37 Ma, because the maximum age of the subfamily is Late 

Eocene, 34 – 37 Ma (Vermeij & Carlson 2000; Barco et al. 2010). We then assumed 

that the entire clade (including outgroup species) could not be older than the earliest 

Cenozoic (following Claremont et al. 2011b), nor younger than the oldest known 

coralliophiline fossil (Middle Eocene, Clairbonian; 40.4 – 48.6 Ma; Lozouet & 

Renard 1998). 

We assigned a ‘species’ trait to each sequence based on the species delimitation 

analyses. Site models were set based on MrModelTest. We used a relaxed, 

uncorrelated lognormal molecular clock, estimating all rates. Tree models were set to 

mitochondrial for COI and 12S, and autosomal for 28S, with starting trees randomly 

generated in all cases. We used the Yule process for the species tree prior and a 

constant population size coalescent model. BEAST xml files were hand-edited, 

following McCormack et al. (2011), to apply the fossil dates to the species tree rather 

than the gene trees and to insert a user-defined starting species tree. Four identical 

analyses (500,000,000 generations each) were sampled every 50,000 generations to 

generate 10,001 trees each. These treefiles were combined using LogCombiner 

(v1.5.4; part of the BEAST package: http://code.google.com/p/beast-mcmc/

downloads/list), with a 10% burn-in for all analyses. Length of burn-in was 

determined by examination of traces in Tracer (v1.5; Drummond & Rambaut 2007). 

5.4 Results

 Gene sequences
Each gene alignment consisted of 94 sequences (see Table 5.1 for sequence 

accession numbers). After the removal of primer sequences and ambiguous regions in 

the alignment, the 28S alignment, originally 1485 bp, was 1435 bp (96%), while the 

12S alignment, initially 554 bp, was unchanged. COI sequences obtained with COIF 

and COI-MUR (Claremont et al. 2011b) were 703 bp; those sequences obtained using

universal primers (Folmer et al. 1994) were 658 bp. In the alignment, 79 bp of 28S, 

220 bp of 12S, and 264 bp of COI were informative; remaining bases were either 

constant or phylogenetically uninformative. The model chosen by MrModelTest was 

GTR+I+G for 28S and 12S, and HKY+I+G for COI. Inspection of individual gene 

trees did not reveal any well-supported clades (PP > 95%) in conflict (Figure 5.S1).
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 Phylogeny and species delimitation
PSRF values for all MrBayes analyses were 1.00, while average deviations of split 

frequencies converged on zero, indicating that all trees had reached stationarity. All 

effective sample size (ESS) values for the combined BEAST run were greater than 

200. Both the MrBayes and the BEAST analyses recovered a well-supported 

monophyletic Ergalataxinae, which included all analysed species in the genus 

Drupella (Figure 5.1A; PP/Beast posterior probability (BPP) = 100%). 

The genus Ergalatax, as currently defined, is polyphyletic. The Drupella clade 

includes, with high support, all specimens morphologically identified as E. 

margariticola (Figure 5.1A; PP/BPP = 100%). Ergalatax contracta, the type species 

of Ergalatax, forms a separate clade with E. junionae, Cronia aurantiaca, C. 

amygdala and Maculotriton serriale (Figure 5.1A; PP/BPP = 100%). 

Chapter 5. Evolution of corallivory in a gastropod genus 146
____________________________________________________________________________________________________________________________________________________________________



Figure 5.1 Bayesian phylogeny of Drupella and muricid outgroups based on concatenated analysis of 

28S, 12S and cytochrome c oxidase subunit I (COI). (A) MrBayes analysis; support values are 

posterior probabilities; those above the branch are from MrBayes; those below are from BEAST. 

Intraspecific support values are not shown for the sake of clarity. Codes indicate general localities; 

detailed information can be found in Table 5.1. Shaded boxes indicate selections of species-level clades

by GMYC analysis. Within the D. margariticola species complex, specimens collected from corals are 

indicated in bold; specimens labeled ‘crassulnata’ are the endemic northern Australian form. (B) 

Simplified ultrametric tree generated by a BEAST molecular phylogeny of Drupella based on 

concatenated analysis of 28S, 12S and COI, indicating the entities supported by GMYC analysis. 
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 Six significant entities were recovered within Drupella by the GMYC analysis 

(Figure 5.1; ML clusters = 5; ML entities = 6; likelihood of null model = 569.778; 

likelihood of GMYC model = 587.259; P < 0.0001). Morphological re-examination of

sequenced specimens suggests that four of these entities corresponded to the sampled 

morphospecies (D. cornus, D. fragum, D. rugosa and D. eburnea; PP/BPP for all 

clusters = 100%). The single specimen of D. eburnea did not form a clade with any 

other species and was recognized as a distinct entity by the GMYC analysis (Figure 

5.1). 

The final two GMYC clusters within Drupella were well supported, but 

morphologically cryptic (Figure 5.1; PP/BPP =100%), and were wholly composed of 

specimens identified morphologically as E. margariticola. We observed no 

correspondence between these clades and any known morphological character or 

feeding ecology. 

Although much of the molecular support for the clades within Drupella comes from

the mitochondrial genes, there were several fixed differences in the nuclear gene 

among the clades (Table 5.S1). In addition, average evolutionary divergence in COI 

within clades was less than 0.7% across the entire genus, while divergence among 

clades ranged from 7.8% to 12.3%. Sequence divergence between the two cryptic 

clades of E. margariticola was 7.8%.
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Figure 5.2 *BEAST phylogeny of Drupella and muricid outgroups, based on combined analysis of 

28S, 12S and cytochrome c oxidase subunit I (COI). Support values are BEAST posterior probabilities.

Grey bars indicate 95% highest posterior density intervals on nodes with more than 50% support. 

Predicted feeding mode is shown with symbols next to species name (based on radulae and gut 

contents analysis from Taylor 1976, 1980, 1993; Vermeij & Carlson 2000; Tan 2003a; Modica & 

Holford 2010; J.D. Taylor, 2011, personal communication)

 Age of Drupella
All ESS values for the combined *BEAST analyses were greater than 200. This 

analysis also recovered a monophyletic Ergalataxinae, including all specimens of 

Drupella and E. margariticola (BPP = 99%; Figure 5.2). A monophyletic Drupella 

was well supported, consisting of D. eburnea, D. cornus, D. rugosa, D. fragum and 

two clades in E. margariticola (Figure 5.2; BPP = 100%). The median age estimated 

for the origin of Drupella is 9.6 Ma and for the diversification of its extant members, 

5.0 Ma (Figure 5.2). Relationships among clades within Drupella were not well 

resolved (Figure 5.2).
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5.5 Discussion

 Drupella phylogeny and species delimitation 
Drupella has been recognized as a distinctive genus, defined by its corallivory and 

apomorphies of its radula (Thiele 1925; Fujioka 1982, 1985). However, it has been 

unclear to which muricid subfamily the genus should be assigned (Ergalataxinae: 

Modica & Holford 2010; Vermeij 2010; Rapaninae: Herbert et al. 2007; Houart & 

Héros 2008). Our analyses show conclusively that Drupella is a clade within the 

subfamily Ergalataxinae (Figure 5.1; PP/BPP = 100%). This subfamily has previously

been shown to be monophyletic, distinct from both the Rapaninae and the 

Coralliophilinae (Claremont et al. 2008; Barco et al. 2010). 

The genus Ergalatax as previously defined is not monophyletic. Both of the 

members of the E. margariticola species complex fall within the genus Drupella 

(Figures 5.1, 5.2; PP/BPP = 100%), while the type species of Ergalatax, E. contracta,

belongs to a separate clade including E. junionae, Cronia amygdala, C. aurantiaca 

and Maculotriton serriale (Figures 5.1A, 5.2). Therefore, we reassign the E. 

margariticola species complex to Drupella; we will refer to it as such hereafter.

Our BEAST/GMYC analysis recognizes six entities within Drupella (five clusters 

and one distinct sequence; Figure 5.1). The five clades are strongly supported by the 

pattern of variation in COI: nucleotide diversity is much higher between clades 

(minimum 7.8%) than within them (maximum 0.7%). Additionally, evolutionary 

distances among clades compare favourably with those found among species in other 

gastropod groups (e.g. Reid 2007, 2009a; Claremont et al. 2011b). Four of the GMYC

entities correspond to the morphological species D. cornus, D. fragum, D. eburnea 

and D. rugosa, supporting previous taxonomic hypotheses (Héros et al. 2007; Tröndlé

& Boutet 2009). A fifth species, D. minuta, was not sampled in this study. Although it

is is morphologically distinct (Fujioka 1984; Héros et al. 2007; Houart & Héros 2008;

Poppe 2008), it has been synonymized with D. fragum based on allozyme analysis 

(Johnson & Cumming 1995); this should be tested in future molecular analyses.

The remaining two clades recovered by the BEAST/GMYC analysis were 

composed of specimens identified morphologically as D. margariticola (Table 5.1; 

Figure 5.1A). The clades did not correspond to named forms (e.g. crassulnata) or 

known feeding ecologies, and we were unable to identify morphological characters by
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which to distinguish them. However, we did observe an ecological difference between

the clades, which were characterized by collection from continental or oceanic sites 

(and named accordingly; Figure 5.1A). This type of ecological distinction has been 

recognized before (e.g. Rocha et al. 2005; Reid et al. 2006; Claremont et al. 2011b); 

marine distribution patterns have been classified on a continuum from ‘oceanic’ to 

‘continental’, referring to a requirement (or tolerance) for a suite of environmental 

conditions associated with primary productivity, freshwater influence and turbidity, 

all of which are greater on continental margins and around high islands. Although 

most of the molecular support for the clades comes from the mitochondrial genes, the 

‘Continental’ clade has a significant insertion and other fixed differences in the 

nuclear gene with respect to the ‘Oceanic’ clade (Table 5.S1). Therefore, because the 

clades are differentiated not only genetically (both in the mitochondrial and nuclear 

genes) but also ecologically, we recognize them both as Evolutionarily Significant 

Units (ESUs; sensu Moritz 1994). We will hereafter refer to them as D. margariticola

‘Oceanic’ and D. margariticola ‘Continental’. Our samples of these two species are 

allopatric at the level of sites, but their large-scale ranges show broad overlap. Thus, 

our evidence strongly suggests that these ESUs correspond to biological species, but 

we refrain from naming them here. The nomenclature of D. margariticola is 

complicated (see e.g. Tan 1995) and we are unable to assign the available names 

without diagnostic morphological characters for the two species. We do note that the 

type locality of D. margariticola is Lord Hood Island (Marutea Atoll, Gambier 

Islands; Broderip 1833), suggesting that our ‘Oceanic’ species may prove to be D. 

margariticola sensu stricto. 

 Ecology and phylogeny of coral feeding
All species previously assigned to Drupella (D. cornus, D. eburnea, D. fragum, D. 

rugosa and D. minuta) are obligate coral feeders (Thiele 1925; Fujioka 1982, 1985; 

Vermeij & Carlson 2000). In addition, D. margariticola ‘Continental’ is corallivorous

in Hong Kong (Taylor 1980; Cumming & McCorry 1998; Morton & Blackmore 

2009), but it is unclear how such feeding is achieved. It has been presumed that coral 

feeding in Drupella is associated with the unique radular type (characterized by long, 

slender lateral teeth) and other unusual adaptations (such as the externally 

cuticularized proboscis) that are present in the species previously assigned to this 
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genus (reviewed by Turner 1992; see also Arakawa 1965; Moyer et al. 1982; Fujioka 

1985). Drupella margariticola sensu lato, however, has never been observed to 

possess such adaptations: the proboscis is not cuticularized and the radula resembles 

those observed in other ergalataxine genera (e.g. Cronia, Muricodrupa, Ergalatax; 

compare Fujioka 1982, 1984 to Arakawa 1965; Fujioka 1985; Tan 1995). Drupella 

margariticola s. l. is thought to be primarily a scavenger (Taylor 1976; Tan 1995; 

Ishida 2001, 2004a, 2004b); perhaps feeding on corals that have already been 

damaged by other species of Drupella requires no special adaptations, and is simply 

an example of opportunism within a generalist feeding behaviour. 

This theory may explain why corallivory in the D. margariticola species complex 

has not been observed outside Hong Kong. In this area of high water turbidity, corals 

must occur much closer to the surface than in most other localities (Cope & Morton 

1988), resulting in a unique overlap with the shallow-subtidal range of D. 

margariticola s. l. (Tan 1995; M.C. & D.G. Reid, personal observation). 

We found no genetic structure within D. margariticola ‘Continental’ that 

corresponds to known feeding mode: specimens collected from corals and from the 

intertidal are genetically indistinguishable (Table 5.1; Figure 5.1A). This lack of 

genetic (and morphological) distinction suggests that D. margariticola ‘Continental’ 

from all localities could have the ability to scavenge coral tissue. Although D. 

margariticola ‘Oceanic’ is genetically and ecologically differentiated from D. 

margariticola ‘Continental’, its feeding morphology is not known to be different. 

Therefore, it may be that this species also has the ability, if not the opportunity, to 

feed on coral tissue. 

Given sufficient resolution and numbers of taxa, phylogenetic trees can be used to 

reconstruct the evolution of superimposed characters, but the phylogeny of Drupella 

is not sufficiently resolved to rigorously test hypotheses about the unique or parallel 

origin of coral feeding (or even its secondary loss in D. margariticola s.l.) and the 

corresponding morphological adaptations (Figures 5.1, 5.2). However, we suggest 

that the suite of morphological and behavioural characteristics that permit corallivory 

is so specialized that a single origin is most likely. Future studies should examine 

feeding behaviour and radular structure more closely in this genus. In view of the 

known intraspecific variability of muricid radulae (Fujioka 1985), the possibility of 
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radular plasticity should also be considered (Padilla 1998).

 Time of origin of corallivory
Our analyses suggest that Drupella separated from other ergalataxine species in the 

late Miocene (approximately 9.6 Ma) and diversified approximately 5.0 Ma (Figure 

5.2). Although these ages coincide well with previous estimates of the age of the 

genus based on morphology (e.g. Vermeij & Carlson 2000), they are much more 

recent than ages estimated for other intertidal and reef-associated gastropod clades 

(late Oligocene to early Miocene; e.g. Williams & Duda 2008). Despite the ambiguity

in the precise phylogenetic reconstruction of corallivory, this behaviour is restricted to

Drupella and is therefore unlikely to have evolved before the origin of the genus. 

Corallivory therefore evolved later in Drupella than it did in the other coral-feeding 

muricids, the coralliophilines (by the early Oligocene; Lozouet & Renard 1998; 

Vermeij & Carlson 2000). Thus, in contrast to the coralliophilines, the origin of 

corallivory in Drupella does not seem to be connected with the appearance of the 

major coral groups in the Eocene (Wilson & Rosen 1998; Wood 1999; Crame & 

Rosen 2002; Wallace & Rosen 2006). Instead, the acquisition of coral-feeding 

behaviour may have been stimulated by the considerable expansion and 

reorganization of coral reefs in the Miocene (Crame & Rosen 2002; Hughes et al. 

2002; Wallace & Rosen 2006). Similar results have been found in the coral-feeding 

fishes, where corallivory has arisen several times from the early Oligocene to the late 

Miocene and Pliocene (butterflyfish, 15.7 – 3.2 Ma, Bellwood et al. 2010; labrids, 29 

Ma, Cowman et al. 2009; parrotfish, 12 – 10 Ma, Robertson et al. 2006). 

Specialization on corals from the late Miocene onwards may have been related to 

the increasing availability of acroporid corals from the middle Eocene (McIlwain & 

Jones 1997; Morton et al. 2002; Wallace & Rosen 2006; Bellwood et al. 2010), 

triggering an adaptive radiation in later-evolving corallivores. Consistent with this 

interpretation is that acroporid corals are the preferred prey of species of Drupella 

(Forde 1992; Morton et al. 2002), whereas the earlier-evolving coralliophilines show 

a broad spectrum of coral hosts (e.g. Hayes 1990; Baums et al. 2003; Johnston & 

Miller 2007). The preference for acroporids could be connected with the observation 

that Drupella species and some corallivorous fish feed preferentially on damaged 

coral tissues (Forde 1992; Antonius & Riegl 1997; McIlwain & Jones 1997; Antonius 
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& Riegl 1998; Morton et al. 2002) and that fast-growing acroporid corals are prone to

damage and fragmentation (Lirman 2000; Johnson et al. 2008). The attraction of 

predators to damaged corals could be the result of increased release of mucus 

following damage (Forde 1992; Turner 1992; McIlwain & Jones 1997). 

 If acroporid corals presented a new ecological niche, the diversification of 

Drupella could be interpreted as a case of ecological release (see e.g. Schluter 1996). 

Indeed, from the early Miocene, the Indo-West Pacific fauna appears to have been 

characterized by trophic expansion and specialization across many taxa (Vermeij & 

Carlson 2000; Vermeij 2001a; Bellwood et al. 2010) and this may have taken place in

an environment of intense competition. In the face of such competition, it is surprising

that there are so few corallivorous marine species, implying that corals are a difficult 

resource for predators to exploit. 
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Figure 5.S1 [overleaf] MrBayes Bayesian phylogenies of Drupella and muricid outgroups based on 

single gene analysis of (a) 28S rRNA, (b) 12S rRNA and (c) cytochrome c oxidase subunit I (COI). 

Support values are posterior probabilities; intraspecific support values and those less than 90% are not 

shown for the sake of clarity. Codes indicate general localities; detailed information can be found in 

Table 5.1. 
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Table 5.S1 Positions of fixed differences in the 28S rRNA gene among species/ESUs in the genus 

Drupella. 

Species/ESU

Base Position

104 112 610 691 870 871 872 874 878 879 914 915 1127 1253

D. cornus T G C C - - - C - - T T A C

D. eburnea T G C T - - - C - - C T A T

D. fragum T G C T - - - C G C C C A C

D. rugosa T A T C - - - C - - C C A T

D. margariticola 'Continental’ T G T C C G C G - - C T G T

D. margariticola ‘Oceanic’ C G T C - - - G - - C T G T
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Chapter 6. Speciation and dietary specialization in Drupa, a genus of 
predatory marine snails (Gastropoda: Muricidae)

6.1 Abstract
To test the competing predictions of allopatric speciation and ecological speciation 

in relation to diet I use Drupa, a genus of carnivorous marine gastropods in the family

Muricidae. I use a well-resolved molecular phylogeny (reconstructed from one 

nuclear and two mitochondrial genes) to show the validity of the traditional species D.

elegans, D. rbusidaeus, D. clathrata, D. morum and D. speciosa. 'Drupa ricinus' is 

here shown to consist of three species: D. ricinus s.s., D. albolabris, and a new 

species, possibly endemic to Japan. The transfer of 'Purpura' aperta to Drupa is 

confirmed. Despite potential wide-spread dispersal and a high degree of range overlap

among sister species, range sizes between sister species are highly asymmetric, 

suggesting that speciation has been predominately peripatric. The exception is the 

sister pair of D. ricinus s.s. and D. albolabris. The ranges of these species are both 

symmetric and sympatric. Such symmetry and extensive sympatry are contrary to the 

predictions of the (peripatric) allopatric model of speciation. In addition, contrary to 

the expectations of the ecological speciation model, diet appears to be identical 

between the species. Slight differences in microhabitat preferences, however, may 

have allowed reproductive isolation and subsequent sympatry to develop. 

6.2 Introduction
A fundamental question in evolutionarily biology concerns the generation of 

diversity in lineages with wide dispersal and theoretically high gene flow among 

populations. Under an allopatric model of speciation, gene flow is the main process 

opposing population differentiation; theory predicts that speciation should be 

correlated with geography such that sister species are allopatric, and that the 

likelihood of range overlap should increase with genetic distance (a proxy for age 

since divergence; Mayr 1954; reviewed by Coyne & Orr 2004). In a marine system, 

geographic barriers to dispersal (and gene flow) are not immediately obvious, and it 

might be expected that speciation in the sea should therefore be rare and slow 

(Palumbi 1992). This is clearly not the case: many marine groups are highly diverse in

areas smaller than would be predicted based on potential dispersal ability (Williams &
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Reid 2004; Lee & Ó Foighil 2005; Rocha et al. 2005; Ayre et al. 2009; Claremont et 

al. 2011b). This apparent contradiction has lead to the recognition of many factors 

affecting dispersal including historical and current physical barriers, larval behaviour 

and the availability of suitable settlement habitat (Cowen & Sponaugle 2009). Indeed,

patterns of species relationships among marine organisms have repeatedly been 

interpreted as consistent with a primarily allopatric mode of speciation (see e.g. 

Williams & Reid 2004; Reid 2007; Frey 2010; Claremont et al. 2011b). 

Nonetheless, there are indications that marine speciation in the face of gene flow 

(so-called “sympatric speciation”) may be more common than expected. In several 

marine gastropod radiations, some young sister species have been shown to be 

broadly sympatric over a geographical scale, contrary to the expectations of allopatric 

speciation (reviewed by Krug 2011). There is increasing evidence that in these cases, 

ecological specialization may play a role in the speciation process, promoting 

differentiation in the face of gene flow. The theory of ecological speciation suggests 

that reproductive isolation evolves via disruptive selection acting on populations that 

occupy contrasting environments or use different resources (reviewed by Schluter 

2001; Coyne & Orr 2004). This may result in sister species that are sympatric but 

differ in ecological characters; examples have been identified in fish (Rocha 2003; 

Rocha et al. 2005, 2008) and molluscs (Williams & Reid 2004; Meyer et al. 2005; 

Reid et al. 2006; Frey 2010). Although ecological differences of this kind limit 

distributions in some marine organisms, their role in speciation is uncertain: 

ecological divergence may follow (rather than precede) speciation, perhaps as a result 

of adaptation or competition (reviewed by Coyne & Orr 2004; see also Claremont et 

al. 2011b; Chapter 4). 

In groups with specialized diets, there is further evidence for an ecological role in 

speciation. In terrestrial systems, host preference and local adaptation have long been 

a focus of speciation research (reviewed by Coyne & Orr 2004). Although fewer such 

studies have been performed on marine organisms, examples of local adaptation and 

possible ecological speciation are found among crustaceans, polychaetes and 

molluscs, despite potential gene flow between sisters in some of these groups 

(reviewed by Sotka 2005). Yet few studies have tested the predictions of ecological 

speciation in a phylogenetic context. Two exceptions are found in work done on the 
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parasitic gastropod genera Leptoconchus (Gittenberger 2006; Gittenberger & 

Gittenberger 2011) and Phestilla (Faucci et al. 2007). Both genera have free-

swimming larvae and unambiguous sister-species did not feed upon the same host 

(Faucci et al. 2007; Gittenberger & Gittenberger 2011), consistent with the prediction 

of ecological speciation mediated by diet, even in the face of gene flow (see also 

Sotka 2005).

Species in the gastropod genus Conus are also widely-dispersed specialized 

predators, but are not parasitic. Phylogenetic analyses in the group show that sister 

species are often broadly sympatric, while still sharing the same prey type (Duda et 

al. 2001; Duda & Palumbi 2004; Duda & Kohn 2005; reviewed by Krug 2011). This 

appears to contradict the predictions of both the allopatric and the ecological 

speciation models. However, some of these sympatric sister species may be 

differentiated by microhabitat (Vallejo 2005), suggesting that ecological speciation 

may be promoted by differentiation along ecological gradients unrelated to diet. 

To test the competing predictions of allopatric speciation and ecological speciation 

in relation to diet, I use another group of carnivorous marine gastropods, the genus 

Drupa, in the family Muricidae. The 12 morphospecies (and subspecies) were 

recently revised by Monsecour and Wuyts (2007); distribution and anatomical 

characters of the genus were discussed by Emerson and Cernohorsky (1973). Diet is 

well known in this genus (Taylor 1975b, 1976, 1978, 1984). Drupa species may be 

presumed to have the potential for wide dispersal, since some are known to have 

planktotrophic larvae (Taylor 1975a) and both D. morum and D. ricinus s.l. have 

dispersed across the 5000km of the Eastern Pacific Barrier to colonize remote islands 

of the Eastern Pacific (Emerson & Cernohorsky 1973; Monsecour & Wuyts 2007). I 

aim to (a) produce a well-resolved molecular phylogeny to delineate species in 

Drupa; (b) date ages of species divergences; and (c) map diet and range onto the 

phylogeny to compare dietary specialization and range overlap between sister species.

The allopatric speciation model predicts that sister species will be allopatric; it makes 

no prediction about ecology. Alternatively, if the prevailing mode of speciation is 

ecological and mediated by diet, it is predicted that sister species will not share the 

same dietary niche, regardless of range overlap. 
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6.3 Materials and methods

 Specimen identification and outgroup selection
The type species of Drupa, D. morum, is a member of the Rapaninae, a subfamily 

of the Muricidae (Kool 1993a; Vermeij & Carlson 2000; Claremont et al. 2008; 

Houart 2008a; Barco et al. 2010; Chapter 3). The most recent revision of the genus 

(Monsecour & Wuyts 2007) recognized 12 species and subspecies in three subgenera:

Drupina, Ricinella and Drupa s.s. (Table 6.1); note that the familar subspecies D. 

ricinus hadari Emerson & Cernohorsky 1973 is a junior synonym of D. ricinus 

lischkei Hidalgo, 1904 (Monsecour & Wuyts 2007). As I am here concerned with 

patterns of speciation, I will primarily discuss species-level relationships. For the 

purposes of this paper, I consider the subspecies of Drupa minor geographical 

variants.

Table 6.1 Composition of Drupa according to the revision of Monsecour and Wuyts (2007) indicating 

how many specimens of each species were included in this study. Type species of each subgenus 

shown in bold.

Subgenus Species Subspecies
Number
included

Drupa Röding, 1798 morum Röding, 1798 morum 7
iodostoma Lesson, 1840

denticulata Houart & Vilvens, 1997 0
elegans Broderip & Sowerby, 1829 1
ricinus Linnaeus, 1758 ricinus 23

lischkei Hidalgo, 1904
Drupina Dall, 1904 grossularia Röding, 1798 5

lobata Blainville, 1832 0
Ricinella Schumacher, 1817 rubusidaeus Röding, 1798 7

clathrata Lamarck, 1816 clathrata 2
miticula Lamarck, 1822

speciosa Dunker, 1867 1
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Drupina has previously been considered a subgenus of Drupa (Monsecour & Wuyts

2007, Table 6.1), but a previous molecular analyses of the Rapaninae showed that the 

type species of Drupina, D. grossularia, did not form a clade with Drupa morum 

(type species of Drupa; Table 6.2; Chapter 3), five specimens of this species were 

included for completeness. Of the seven species recognized by Monsecour and Wuyts

in Drupa s.s. and Ricinella (2007), 41 samples across six species were obtained. All 

identifications were by the author, based on the descriptions of Monsecour and Wuyts

(2007) and Emerson and Cernohorsky (1973). An additional species, ‘Purpura’ 

aperta, has been transferred to Drupa based on molecular evidence (Chapter 3); three 

samples of this species were therefore also included (identification based on Kay 

1979).

Eight other species confirmed to be members of the Rapaninae (Chapter 3) were 

included as outgroups. 

A total of 66 specimens and 181 sequences were used in this study (Table 6.2). 

Sequences for some or all genes of 17 species (49 sequences) have previously been 

published (Table 6.2; Claremont et al. 2008; Barco et al. 2010; Chapter 3). 
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Table 6.2 Specimens used in this study. Vouchers have been deposited in the Natural History Museum,

London (NHMUK), the Australian Museum, Sydney (AM), University of Florida, Gainseville (UF), 

the National Museum of Natural History (Smithsonian), Washington D.C. (USNM), ‘‘La Sapienza” 

University of Rome (BAU) or the Museum Nationale d'Histoire Naturalle, Paris (MNHN). Specimen 

codes match those in Figure 6.1A. Sequence accession numbers in the range EU391552 – EU391559 

were previously published in Claremont et al. 2008; accession numbers in the range FN677375 – 

FN677476 were previously published in Barco et al. 2010; accession numbers in the range 

HE584063 – HE584396 were previously referenced in Chapter 3.

Species and/or 
Specimen Code Locality Voucher 28S 12S COI

Outgroups – other rapanine species
Concholepas 
concholepas 
(Bruguiére, 1789)

Chile: Isla Rojas, Region IX NHMUK 
19990303

EU391554 FN677398 EU391581

Cymia tectum
(Wood, 1828)

Panama BAU 00255 HE584156 HE584069 HE584324

Dicathais orbita 
(Gmelin, 1791)

Australia: Tasmania AM C458269 FN677459 FN677395 EU391573

Menathais intermedia 
(Kiener, 1835)

Mozambique: Pemba Bay, 
Cabo Delgado Prov

NHMUK 
20060440

EU391543 FN677384 EU391574

Rapana bezoar 
(Linnaeus, 1767)

Japan: Tosa Bay, Kochi 
Pref.

NHMUK 
20080038

FN677476 FN677376 FN677421

Thais nodosa 
(Linnaeus, 1758)

Ghana: Matrakni Point NHMUK 
20070652

EU391556 FN677373 EU391579

Thalessa aculeata 
(Deshayes, 1844)

New Caledonia: Touho, 
North Province

NHMUK 
20070631

FN677477 FN677374 FN677422

Outgroups – Drupina grossularia (Röding, 1798)
Guam-52 Guam: Merizo Bay NHMUK 

20080752
HE584446 HE584397 HE584487

Guam-53 Guam: Merizo Bay NHMUK 
20080753

--- HE584398 ---

Japan-88 Japan: Amami-O-Shima, 
Ryukyu Is

USNM
1121688

HE584447 HE584399 HE584488

NewCaledonia New Caledonia: Touho, 
North Province

NHMUK 
20070146

FN677461 FN677392 FN677407

Vanuatu-58 Vanuatu: Santo Rose Point MNHN 
IM-2007-18258

HE584448 HE584400 HE584489

Vanuatu-65 Vanuatu: Santo Rose Point MNHN 
IM-2007-18165

HE584449 HE584401 HE584490

Drupa albolabris (Blainville, 1832)
Guam-29.1 Guam: Pago Bay, Mangalao NHMUK 

20080829.1
HE584160 HE584074 HE584329

Guam-29.2 Guam: Pago Bay, Mangalao NHMUK 
20080829.2

HE584450 HE584402 HE584491

Hawaii-23 U.S.A.: Wawahiwa'a Point, 
Kohanaiki, North Kona, 
Hawaii (Big Island)

NHMUK 
20100323

--- HE584403 HE584492
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Hawaii-65 U.S.A.: Point Panic, Oahu, 
Hawaii

NHMUK 
20100365

--- HE584404 HE584493

Hawaii-81.1 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100381.1

HE584451 HE584405 HE584494

Hawaii-81.2 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100381.2

HE584452 HE584406 HE584495

Hawaii-81.3 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100381.3

HE584453 HE584407 HE584496

Hawaii-81.4 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100381.4

HE584454 HE584408 HE584497

Japan-17 Japan: Chichijima, Ogasawara
Is

NHMUK 
20080017

HE584455 HE584409 HE584498

Japan-63.1 Japan: Tsuchihama, Kasari, 
Amami

NHMUK 
20100163.1

HE584456 HE584410 HE584499

Tahiti-15 French Polynesia: Papura, 
Tahiti

NHMUK 
20080015

HE584457 HE584411 HE584500

Tahiti-16 French Polynesia: Papura, 
Tahiti

NHMUK 
20080016

--- HE584412 ---

Drupa aperta (Blainville, 1832)
Hawaii-60 U.S.A.: Kailua-Kona, Hawaii 

(Big Island)
NHMUK 
20100360

HE584458 HE584413 HE584501

Hawaii-61 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100361

HE584459 HE584414 HE584502

Hawaii-79 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100379

HE584157 HE584070 HE584326

Drupa clathrata (Lamarck, 1816)
Guam-63 Guam: Pago Bay, Mangalao NHMUK 

20080763
HE584460 HE584415 HE584503

Tahiti-11 French Polynesia: Papura, 
Tahiti

NHMUK 
20080011

HE584158 HE584071 HE584327

Drupa elegans (Broderip & Sowerby, 1829)
Tuamotu-94 French Polynesia: Tikehau 

Atoll, Tuamotu Archipelago
UF 291894 --- HE584072 ---

Drupa morum Röding, 1798
Guam-74.1 Guam: Pago Bay, Mangalao NHMUK 

20080774.1
HE584461 HE584416 HE584504

Guam-74.2 Guam: Pago Bay, Mangalao NHMUK 
20080774.2

HE584462 HE584417 HE584505

Hawaii-69 U.S.A.: Point Panic, Oahu, 
Hawaii

NHMUK 
20100369

HE584463 HE584418 HE584506

Hawaii-75 U.S.A.: off of Wai'aine, Oahu,
Hawaii

NHMUK 
20100375

HE584464 HE584419 HE584507

Hawaii-82 U.S.A.: Kailua-Kona, Hawaii 
(Big Island)

NHMUK 
20100382

HE584465 HE584420 ---

Mozambique-41 Mozambique: Pemba Bay, 
Cabo Delgado Prov

NHMUK 
20060441

EU391559 FN677394 FN677405

Philippines Philippines: Panglao Island MNHN 
IM-2007-18260

HE584466 HE584421 HE584508
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Tahiti-13 French Polynesia: Papura, 
Tahiti

NHMUK 
20080013

HE584467 HE584422 ---

Vanuatu-51 Vanuatu: Santo Rose Point MNHN 
IM-2007-18251

HE584468 HE584423 HE584509

Vanuatu-64 Vanuatu: Santo Rose Point MNHN 
IM-2007-18164

--- HE584424 ---

Drupa n. sp.
Japan-64.2 Japan: Ankyaba, Kakeroma I.,

Amami
NHMUK 
20100164.2

--- HE584425 HE584510

Japan-64.3 Japan: Ankyaba, Kakeroma I.,
Amami

NHMUK 
20100164.3

HE584469 HE584426 HE584511

Japan-64.4 Japan: Ankyaba, Kakeroma I.,
Amami

NHMUK 
20100164.4

HE584470 HE584427 HE584512

Japan-65.1 Japan: Kamakata, Tsubota, 
Miyake I., Izu Is

NHMUK 
20100165.1

HE584161 HE584075 HE584330

Japan-65.2 Japan: Kamakata, Tsubota, 
Miyake I., Izu Is

NHMUK 
20100165.2

HE584471 HE584428 HE584513

Drupa ricinus s.s. (Linnaeus, 1767)
Guam-28.1 Guam: Pago Bay, Mangalao NHMUK 

20080828.1
HE584159 HE584073 HE584328

Guam-28.2 Guam: Pago Bay, Mangalao NHMUK 
20080828.2

HE584472 HE584429 HE584514

Japan-63.2 Japan: Tsuchihama, Kasari, 
Amami

NHMUK 
20100163.2

--- HE584430 ---

Japan-78 Japan: Okinawa UF 
352278

HE584473 HE584431 HE584515

Mozambique-42.1 Mozambique: Pemba Bay, 
Cabo Delgado Prov

NHMUK 
20060442.1

HE584474 HE584432 HE584516

Mozambique-42.2 Mozambique: Pemba Bay, 
Cabo Delgado Prov

NHMUK 
20060442.2

HE584475 HE584433 HE584517

Mozambique-42.3 Mozambique: Pemba Bay, 
Cabo Delgado Prov

NHMUK 
20060442.3

--- HE584434 ---

Taiwan Taiwan UF 
310082

HE584476 HE584435 HE584518

Tuamotu-48 French Polynesia: Rangiroa 
Atoll, Tuamotu Archipelago

UF 
291648

HE584477 HE584436 HE584519

Tuamotu-62 French Polynesia: Tikehau 
Atoll, Tuamotu Archipelago

UF 
292362

HE584478 HE584437 HE584520

Vanuatu-69 Vanuatu: Urélapa I. MNHN 
IM-2007-18169

HE584479 HE584438 HE584521

Drupa ricinus lischkei Hidalgo, 1904
Eqypt Egypt: Port Ghalib, Marsa 

Alam
N/A HE584480 HE584439 HE584522

Drupa rubusidaeus Röding, 1798
Guam-61 Guam: Merizo Bay NHMUK 

20080761
HE584162 HE584076 HE584331

Hawaii-70 U.S.A.: off of Hawaii Kai, 
Oahu, Hawaii

NHMUK 
20100370

HE584481 HE584440 HE584523
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Hawaii-71 U.S.A.: off of Hawaii Kai, 
Oahu, Hawaii

NHMUK 
20100371

HE584482 HE584441 HE584524

Hawaii-72 U.S.A.: off of Wai'aine, Oahu,
Hawaii

NHMUK 
20100372

HE584483 HE584442 HE584525

Japan-10 Japan: Okinawa UF 
352610

HE584484 HE584443 HE584526

Japan-84 Japan: Kakeroma, Ryukyu Is USNM
1121684

HE584485 HE584444 HE584527

Vanuatu-66 Vanuatu UF 
368166

HE584486 HE584445 HE584528

Drupa speciosa (Dunker, 1867)
Tuamotu-37 French Polynesia: Rangiroa 

Atoll, Tuamotu Archipelago
UF 291737 HE584163 HE584077 HE584332

Chapter 6. Speciation and dietary specialization in a predatory marine snail 167
____________________________________________________________________________________________________________________________________________________________________



 DNA sequencing and alignment
For all samples, two mitochondrial genes (cytochrome c oxidase subunit I (COI), 

12S rRNA) and one nuclear gene (28S rRNA) known to be informative for 

phylogenetic analysis in the Muricidae (Claremont et al. 2008; Barco et al. 2010, 

Chapters 2, 3) were sequenced, following the protocols of Claremont et al. (2011a). 

DNA was extracted with the Qiagen QIAamp DNA mini kit. Polymerase chain 

reactions (PCR) amplified approximately 1500 bp of 28S, 700 bp of COI, and 650 bp 

of 12S. Primers and PCR conditions for all genes were as used by Barco et al. (2010),

except for some COI sequences that were obtained using primers COIF and COI-

MUR (Claremont et al. 2011a). PCR products were sequenced using a BigDye 

Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) and run on an Applied 

Biosystems 3730 DNA Analyzer automated capillary sequencer. Sequences were 

assembled and edited with Sequencher (v4.8; GeneCodes Corporation, Ann Arbor, 

Michigan). Clear heterozygous peaks in both the forward and reverse sequence of 28S

were coded as polymorphisms. 

Ribosomal (28S and 12S) sequences were aligned using the G-INS-i method of 

MAFFT (Multiple Alignment using Fast Fourier Transform; v6.847b; Katoh & Toh 

2008) as sequences were not expected to be highly divergent. Long gaps in the 

alignment were also not expected, so the offset value was set to 0.1. The resulting 

alignments were adjusted by eye in MacClade (v4.06 OSX; Maddison & Maddison 

2003). Gblocks (v0.91beta; Castresana 2000) was then used to remove poorly aligned 

sites (minimum number of sequences for a conserved position: 70%; minimum 

number of sequences for a flanking position: 90%; maximum number of contiguous 

non-conserved positions: 3; minimum length of a block: 5; all gap positions allowed). 

COI sequences were aligned by eye in MacClade (v4.06 OSX; Maddison & Maddison

2003). For each gene partition, 24 different models of nucleotide substitution were 

tested with MrModelTest (v2.2; Nylander 2004). 

A three-gene concatenated alignment was constructed, consisting only of specimens

for which all three genes were available. Before combining gene partitions, I 

compared posterior probabilities (PP) of all clades among individual-gene Bayesian 

trees. Conflict among strongly supported clades (PP > 95%) can be seen as evidence 

of genetic incongruence that suggests divergent phylogenetic histories of loci, while 
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conflict among weakly supported clades (PP < 95%) may be due to stochastic error 

(Wiens 1998; Erixon et al. 2003; Reeder 2003; Williams & Reid 2004; Williams & 

Ozawa 2006). Lack of resolution was not seen as conflict. 

 Molecular species delimitation
All alignments were analysed using Bayesian inference and the Markov Chain 

Monte Carlo Method (MCMC; MrBayes v3.1, Huelsenbeck & Ronquist 2001). Model

parameters for each gene were set according to the model selected by MrModelTest, 

and were free to vary among gene partitions. The MCMC analysis ran twice for each 

alignment: five million generations for each individual gene and 50 million 

generations for the combined alignment. Analyses were sampled every 5,000 and 

50,000 generations respectively to generate 10,000 trees each. Convergence between 

runs was tested by examining the average deviations of split frequencies and the 

potential scale reduction factor (PSRF). A 10% burn-in for all analyses was used, 

based on traces observed in Tracer the traces in Tracer (v1.5; Drummond & Rambaut 

2007). Branches in consensus trees with less than 50% posterior probability (PP) 

support were collapsed. 

I used BEAST (v1.6.1, Drummond & Rambaut 2007) to generate an ultrametric tree

for use in species delimitation tests. Site models were again set based on the models 

chosen by MrModelTest. In this analysis, I was only interested in relative clade ages, 

so I used a relaxed clock model (uncorrelated log normal; Drummond et al. 2006) 

without calibration for time. The starting tree was random and the coalescent tree 

prior was set to a constant population size. Priors were adjusted based on preliminary 

analyses in order to improve effective sample size (ESS) values. Three analyses of 25 

million generations each were sampled every 2500 generations to generate 10,000 

trees each. Length of burn-in (10%) was determined by examination of traces in 

Tracer (v1.5; Drummond & Rambaut 2007). Tree files were combined with 

LogCombiner (v1.6.1, part of the BEAST package; Drummond & Rambaut 2007). 

The final tree calculated with maximum clade credibility and median node heights 

using TreeAnnotator (v1.6.1, part of the BEAST package; Drummond & Rambaut 

2007).

In order to find significant clusters within the BEAST tree, I applied the GMYC 

function from the SPLITS package (Ezard et al. 2009) in R (R Development Core 
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Team 2009). This function optimizes the likelihood of genetic clusters, where 

branching rates between species follow a Yule model, but branching rates within 

species follow a neutral coalescent model (Pons et al. 2006; Fontaneto et al. 2007). 

This method has been shown to help identify phylogenetic species and cryptic taxa in 

other muricids (Claremont et al. 2011a, 2011b). I also estimated the average 

evolutionary divergence measured as the number of base substitutions per site over all

pairs of COI sequences among and within clusters with the Maximum Composite 

Likelihood model using MEGA5 (Tamura et al. 2011). Where possible, I re-examined

the shell morphology of all specimens in each cluster. 

 Time of diversification of Drupa
Fossil evidence suggests that the subfamily to which Drupa belongs (Rapaninae) 

dates from the Late Cretaceous (Vermeij 1996); the earliest fossil rapanine is Cymia 

berryi from the Mancora Formation (late Eocene) of Peru (Vermeij & Carlson 2000). 

A member of this genus, C. tectum, was included in the analysis, so a fossil prior with

a maximum of 99.6 Ma (the beginning of the Late Cretaceous) and a minimum of 

33.9 Ma (the end of the Eocene) was used for the divergence of C. tectum. 

I estimated the timing of diversification with BEAST (v1.6.1; Drummond & 

Rambaut 2007). Site models were initially set based on MrModelTest, but reduced in 

complexity based on preliminary results observed in Tracer (v1.5; Drummond & 

Rambaut 2007). I used a relaxed, uncorrelated lognormal molecular clock, estimating 

all rates, and the Yule process for the species tree prior. The Yule model estimates 

species-level branching rates, so single exemplars were used for each species of 

Drupa (as defined by the GMYC analysis) for which sequences of all three genes 

were available. All outgroup sequences were removed except for C. tectum, which 

was used to calibrate the analysis. A single analysis (100 million generations) was 

sampled every 10,000 generations to generate 10,001 trees. A 10% burnin was used, 

as determined by examination of traces in Tracer (v1.5; Drummond & Rambaut 

2007). 

 Mode of speciation
In order to test hypotheses about mode of speciation, the phylogenetic position of 

D. denticulata, the only species of Drupa missing from this analysis (Table 6.1), was 

plotted onto a cladogram of all analysed species, based on predictions from 
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morphological examination, the original description (Houart & Vilvens 1997), and the

revisions of Monsecour and Wuyts (2007) and Emerson and Cernohorsky (1973). 

Range overlap and range size symmetry in the four sister pairs were calculated 

based on the range maps of Emerson and Cernohorsky (1973), extrapolating the range

size of D. aperta from Kay (1979) and D. denticulata from Houart and Vilvens 

(1997), following the methods of Barraclough and Vogler (2000). Specifically, range 

overlap (degree of sympatry) is defined as the percentage of the more restricted 

clade’s range over-lapped by its more widespread sister, while range size symmetry is

defined as the range size of the clade with the smaller range divided by the sum of the 

range sizes of each clade (Barraclough & Vogler 2000).

Dietary information was based primarily on gut contents analysis of Taylor (see e.g.

Taylor 1975b, 1976, 1978, 1982, 1984). For D. aperta, gut contents analysis was not 

available, but this species has been observed to feed upon both other gastropods and 

barnacles (Kay & Magruder 1977; Bird 2011; C. Bird, 2010, personal 

communication). For the two narrowly-distributed species where diet was entirely 

unknown, diet was assumed to be similar to that of the presumed founder species (i.e. 

the more wide-ranging sister). 

6.4 Results

 Sequence results
The three-gene alignment consisted of 55 sequences, while the 28S alignment had 

57 sequences, the 12S alignment had 66 sequences and the COI alignment had 58 

sequences (see Table 6.2 for sequence accession numbers). After the removal of 

primer sequences and ambiguous regions in the alignment, the 28S alignment, 

originally 1486 bp, was reduced to 1454 bp (3%), while the 12S alignment, initially 

569 bp, was reduced to 486 bp (15%). COI sequences obtained with COIF and COI-

MUR (Claremont et al. 2011a) were 703 bp; those sequences obtained using universal

primers (Folmer et al. 1994) were 658 bp. In the alignment, 43 bp of 28S, 152 bp of 

12S, and 269 bp of COI were informative; remaining bases were either constant or 

phylogenetically uninformative. The model chosen by MrModelTest was GTR+I+G 

for 28S and 12S, and HKY+I+G for COI. Inspection of individual gene trees did not 

reveal any well-supported clades (PP > 95%) in conflict. Resolution in the three-gene 

analysis was greater than in the individual gene analyses, so I will primarily discuss 
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the three-gene analysis (Figure 6.1). However, for several specimens, sequence 

information was only available for 12S, so this analysis will also be discussed (Figure 

6.2; individual gene trees for 28S and COI analyses are given in Figure 6.S1).

 Phylogeny and species delimitation
PSRF values for all MrBayes analyses were 1.00, while average deviations of split 

frequencies converged on zero, indicating that all runs had reached stationarity. All 

ESS values for the three-gene BEAST run were greater than 200. 

Specimens of Drupina grossularia did not form a clade with the type species of 

Drupa, D. morum (Figures 6.1A, 6.2).

Nine significant entities were recovered within the Drupa clade by the GMYC 

analysis (Figure 6.1; ML clusters = 7; ML entities = 9; likelihood of null model = 

249.435; likelihood of GMYC model = 263.437; P < 0.0001). Three entities 

corresponded to species of Drupa sensu Monsecour and Wuyts (2007): D. morum, D. 

rubusidaeus and D. clathrata; an additional entity corresponded to the morphological 

species D. aperta (Figure 6.1A, 6.2: PP = 96%). Four entities were composed of 

individuals identified morphologically as D. ricinus (sensu Monsecour & Wuyts 

2007; Figure 6.1), while an additional significant entity corresponded to D. speciosa 

(sensu Monsecour & Wuyts 2007). An additional species of Drupa sensu Monsecour 

and Wuyts (2007), D. elegans, was present only in the 12S analysis (Figure 6.2).
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Figure 6.1 Phylogeny of Drupa and rapanine outgroups based on concatenated analysis of 28S, 12S 

and cytochrome c oxidase subunit I (COI). A. MrBayes analysis; support values are posterior 

probabilities. Intraspecific support values are not shown for the sake of clarity. Codes indicate general 

localities; detailed information can be found in Table 6.2. B. Simplified ultrametric tree generated by a 

BEAST molecular phylogeny of Drupa based on concatenated analysis of 28S, 12S and COI, 

indicating the entities supported by GMYC analysis; topology is identical to that of the MrBayes 

analysis. 
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Figure 6.2 MrBayes Bayesian phylogeny of Drupa and rapanine outgroups based on single-gene 

analysis of 12S. Support values are posterior probabilities. Intraspecific support values are not shown 

for the sake of clarity. Codes indicate general localities; detailed information can be found in Table 6.2.
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Figure 6.3 BEAST phylogeny of Drupa and outgroup Cymia tectum, based on combined analysis of 

28S, 12S and cytochrome c oxidase subunit I (COI). Values above the branch are node ages; values 

below are BEAST posterior probabilities. Grey bars indicate 95% highest posterior density intervals on

nodes with more than 50% support. 

Average evolutionary divergence in COI (measured as number of base substitutions

per site) among all GYMC entities within Drupa ranged from 12.5-31.8%, except for 

the distance between the entity identified as D. ricinus lischkei and its sister entity, D. 

ricinus s.s., which was 3.5%. Average divergence within GYMC clusters was less 

than 1.5%. In addition, there were several fixed differences in the nuclear gene among

most clades (Table 6.S1). The only exception was the nuclear sequence of the entity 

D. ricinus lischkei which was identical to D. ricinus s.s. (Table 6.S1).
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Table 6.3 Range overlap and degree of range symmetry among sister-species pairs in Drupa. 

Sister species pair Range overlap
Degree of range symmetry
(scale of 0.0-0.5)

D. ricinus s.s.–D. albolabris 96% 0.49

D. morum–D. denticulata 100% 0.05

D. rubusidaeus–D. speciosa 67% 0.05

D. clathrata–D.aperta 0% 0.05

 Age of Drupa

Based on preliminary results, site models were reduced in complexity to HKY for 

12S and COI, and HKY+I+G for 28S for the age estimation analysis. All ESS values 

for the BEAST analyses were greater than 500. The median age estimated for the 

diversification of Drupa was 25.5 Ma (13.6-38.2; Figure 6.3). Relationships among 

species of Drupa were well-resolved and the three pairs of sister species diverged at 

approximately the same time, in the Late Miocene (5.5–6.2 Ma; Figure 6.3; PP = 

100% for all sister relationships).  Patterns of endemism and dietary specialization

Based on morphological similarity, the only species of Drupa missing from the 

molecular analysis, D. denticulata, was placed as sister to D. morum (Figure 6.4). In 

three of the four sister-species relationships in Drupa, a species with a wide range was

sister to a narrowly restricted endemic (Figure 6.4). Of these, only one sister pair (D. 

clathrata–D. aperta) is allopatric (Emerson & Cernohorsky 1973; Kay 1979). 

Range overlap among sister-species pairs was calculated to be 100% for D. morum–

D. denticulata, 96% for D. ricinus s.s.–D. albolabris, 67% for D. rubusidaeus–D. 

speciosa, and 0% for D. clathrata–D. aperta (Table 6.3). The degree of range size 

symmetry for the sister pairs D. morum–D. denticulata, D. rubusidaeus–D. speciosa 

and D. clathrata–D. aperta was less than 0.05 (highly asymmetric) in all cases, while 

the degree of range size symmetry for D. ricinus s.s.–D. albolabris was 0.49 (highly 

symmetric; Table 6.3). 

In the two sister pairs where diet is known from gut contents analysis and 

observation (D. clathrata–D. aperta, D. ricinus s.s.–D. albolabris; Taylor 1975b; Kay 

& Magruder 1977; Taylor 1982; Bird 2011; C. Bird, 2010, personal communication), 

prey items were similar between the sisters (Figure 6.4). In the other two sister pairs 

(D. rubusidaeus–D. speciosa, D. morum–D. deticulata), diet is only known from the 

more wide-ranging sister (D. rubusidaeus, D. morum; Taylor 1975b, 1976, 1978, 

Chapter 6. Speciation and dietary specialization in a predatory marine snail 176
____________________________________________________________________________________________________________________________________________________________________



1982, 1984; Figure 6.4). Diet is predicted to be a conserved character in the restricted 

endemics where dietary information is unavailable, hence the attempted 

reconstructions shown in Figure 6.4. 
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Figure 6.4 Tree summarising relationships among species of Drupa based on MrBayes and BEAST 

analyses. The placement of the single species missing from the molecular analysis, D. denticulata (no 

image available), was based on its morphological similarity to D. morum (Emerson & Cernohorsky 

1973; Houart & Vilvens 1997; Monsecour & Wuyts 2007). Prey items indicated by gut contents 

analysis or observation (e.g. Taylor 1975b; Kay & Magruder 1977; Taylor 1982; Thomas & Kohn 

1990; Bird 2011) are shown in solid boxes. Predicted prey items indicated with a question mark. Range

is shown under species name; IWP: from East Africa to Hawaii and Pitcairn Island; IP: IWP plus 

Eastern Pacific. Thicker branches indicating the widespread species (see also Table 6.3). Branch 

lengths have no meaning.
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6.5 Discussion

 Phylogeny and species delimitation
The genus Drupa, as defined by Monsecour and Wuyts (2007), is polyphyletic, 

because Drupina, considered a subgenus of Drupa, did not form a clade with Drupa 

(Figures 6.1A, 6.2). This finding is consistent with a previous molecular analysis of 

the Rapaninae (Chapter 3). 

The GMYC analysis recognizes nine entities within Drupa (seven clusters and two 

single terminals; Figure 6.1). Four of these entities correspond to the morphological 

species D. morum, D. clathrata, D. rubusidaeus and D. speciosa (Figures 6.1, 6.2). 

An additional species, D. aperta, was not recognized as a member of Drupa by 

Monsecour and Wuyts (2007), but subsequent molecular studies have transferred this 

species to Drupa (Chapter 3). Recognition of these GMYC clades as species is further

supported by the pattern of variation in COI: nucleotide diversity is higher between 

clades (minimum 12.5%) than within them (maximum 1.5%), and the evolutionary 

distances among and within clades compare favourably with those found in other 

species both in the Rapaninae and other gastropod groups (e.g. Reid 2007, 2009a; 

Claremont et al. 2011a, 2011b). 

Although complete sequence data were not available for a sixth species, D. elegans,

it forms a discrete lineage in the 12S analysis (Figure 6.2), and is morphologically 

distinct (Monsecour & Wuyts 2007). For these reasons, I consider it a valid species. 

All of the remaining four entities recognized by the GMYC analysis were initially 

identified as a single species, D. ricinus (following Monsecour & Wuyts 2007). Three

of these entities were subsequently identified as species: D. ricinus s.s., D. albolabris,

and a new species, here referred to as Drupa n. sp. A discussion of the forth entity can

be found below.

Sequence divergence among D. ricinus s.s., D. albolabris and Drupa n. sp. was 

greater than 16.8% (maximum 1.5% within clades), and there were several fixed 

differences in the nuclear gene among these clades (Table 6.S1), supporting their 

recognition as species. In addition, morphological re-examination revealed a number 

of differences in shell characters between the sister species D. ricinus s.s. and D. 

albolabris, the most striking of which was a difference in colouration of the aperture: 

in one clade, white, in the other, yellow (Figure 6.4). 
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This colour variation has been the subject of long controversy. Both forms have 

been named as species: Ricinula arachnoides Lamarck, 1816 (yellow form) and 

Purpura albolabris Blainville, 1832 (white form). Some authors have treated the two 

forms as separate species (usually naming the white form D. ricinus and the yellow 

form D. arachnoides, e.g. Bernstein 1974; Thomas & Kohn 1990). However, the two 

forms are often found in mixed populations (Hertlein & Allison 1960; Cernohorsky 

1969; Emerson & Cernohorsky 1973; M.C. and D.G. Reid, personal observation), 

and no differences in anatomical or radular characters (Emerson & Cernohorsky 

1973) or diet (Taylor 1975b) have been observed between the two forms. Thus, the 

forms have usually been regarded as synonymous (Emerson & Cernohorsky 1973; 

Taylor 1975b; Monsecour & Wuyts 2007). Despite these similarities, the molecular 

results show unequivocally that these forms should be recognized as separate species.

However, it is difficult to determine to which colour form the original description of

D. ricinus (Linnaeus 1767) applies, because apertural colour is not definitively 

specified in the original description. I have examined the sources to which the 

description refers, and the colour of the aperture is not clear in any figure, nor in any 

of the accompanying text (although Linnaeus mentions yellow colouration in several 

places, his concept of ricinus seems to include both forms, as well as possibly some 

specimens of what is now D. morum; see Dodge 1957). As has been noted by 

Emerson and Cernohorsky (1973), a specimen of the yellow form is in the collection 

of the Linnaean Society, London, marked with the number “540”, the number of 

Murex ricinus in the Systema Naturae, 12th edition (1767). Indeed, Ricinula 

arachnoides Lamarck, 1816 may have been a replacement name for M. ricinus, and 

the lectotype of R. arachnoides is the yellow form (by subsequent designation of 

Emerson & Cernohorsky 1973; see also Dodge 1957). Thus, I designate the yellow-

mouthed specimen labelled “540” in the Linnaean Society collection, London as the 

lectotype of Murex ricinus Linnaeus 1767. This specimen has previously been figured

by Emerson and Cernohorsky (Emerson & Cernohorsky 1973), who also restricted 

the type locality to “Ceylon” (Sri Lanka). 

Therefore, the appropriate name for the white-mouth form is D. albolabris. The 

type locality for D. albolabris is Trinquemalay (i.e. Trincomalee), Sri Lanka 

(Blainville 1832).
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Only five specimens of the third clade of D. ricinus (sensu Monsecour & Wuyts 

2007) were available for analysis. Based on this limited sampling, this species has a 

white aperture and is restricted to Japan. It is possible that the radula of this species 

was figured by Fujioka (1985) as a northern form of D. ricinus s.l. Although Fujioka 

(1985) referred to this form as D. ricinus hadari (Emerson & Cernohorsky 1973), this

name is a junior synonym of D. ricinus lischkei (fide Monsecour & Wuyts 2007). 

Both D. ricinus hadari and D. ricinus lischkei were introduced for the supposed 

subspecies endemic to the Red Sea, so these names are not available for the Japanese 

species. No other name appears to be available for this species (it cannot be confused 

with D. albolabris based on type locality), and I refer to it as Drupa n. sp. Because of 

the limited sampling, I do not describe this species here. 

The forth entity recognized by the GMYC analysis within D. ricinus s.l. 

corresponds in morphology and locality to the subspecies D. ricinus lischkei, endemic

to the Red Sea (Figure 6.1, 6.2; Monsecour & Wuyts 2007). Although D. ricinus 

lischkei was recognized as a significant entity by the GMYC analysis, COI divergence

between this entity and its sister clade, D. ricinus s.s., is low (3.5%) and there are no 

fixed differences between it and D. ricinus s.s. in the nuclear gene. Therefore, I do not

elevate this subspecies to species status, but retain D. ricinus lischkei as a subspecies. 

The other two subspecies of Drupa (D. clathrata miticula and D. morum 

iodostoma; Monsecour & Wuyts 2007; Table 6.1) exhibit similar levels of 

morphological divergence from the nominal species to those shown by D. ricinus 

lischkei (Emerson & Cernohorsky 1973; Monsecour & Wuyts 2007); their status 

remains to be tested. 

 Mode of speciation of Drupa
Drupa is estimated to have diversified in the Late Oligocene (25.5 Ma; Figure 6.3); 

this is consistent with the estimate generated by a species-level molecular phylogeny 

of the Rapaninae (20.9-32.6 Ma; Chapter 3). Both estimates are older than that 

predicted using available fossils (Pleistocene; Vermeij & Carlson 2000), but 

consistent with ages estimated for other intertidal and reef-associated gastropod 

clades, including two within Conus (late Oligocene to early Miocene; e.g. Williams &

Duda 2008).

Species divergences are estimated to have taken place in the Late Miocene (5.5–
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11.5 Ma; Figure 6.3). These divergences may have been stimulated by the 

considerable expansion and reorganization of coral reefs in the Miocene (Wilson & 

Rosen 1998; Crame & Rosen 2002; Hughes et al. 2002; Wallace & Rosen 2006), 

leading to an increase in available habitat. From the early Miocene, the Indo-West 

Pacific fauna appears to have been characterized by trophic novelty and dietary 

specialization across many taxa (Kohn 1990; Vermeij & Carlson 2000; Vermeij 

2001a; Bellwood et al. 2010). Consistent with this pattern, the genus Drupa includes 

some well known dietary specialists (D. clathrata, D. morum and D. rubusidaeus; 

Bernstein 1974; Taylor 1975b; Figure 6.4). However, it is possible that Drupa species

are less specialized than they at first appear, and may have the ability to feed on other 

types of prey when it is available. For example, D. rubusidaeus is well-known as a 

specialized polychaete feeder (Bernstein 1974; Taylor 1975b), but nevertheless feeds 

mostly upon sponges at Addu Atoll (Taylor 1975b). Where prey are abundant or 

competition intense diets may be specialized, but in marginal habitats species may be 

more opportunistic. 

In the marine realm, diversification of invertebrates with widespread larval 

dispersal has repeatedly been interpreted as the result of primarily allopatric 

speciation (see e.g. Williams & Reid 2004; Reid 2007; Frey 2010; Claremont et al. 

2011b). This pattern could also be expected in Drupa, in which the combination of  

planktotrophic larvae (Taylor 1975a) and effective long-distance colonization 

(Emerson & Cernohorsky 1973; Monsecour & Wuyts 2007) suggest that gene flow is 

high. However, in Drupa, the allopatric signal is not strong, because only one sister 

species pair is entirely allopatric (D. aperta–D. clathrata; Figure 6.4; Table 6.3). 

However, an additional two species have highly asymmetrical ranges, with the more 

narrowly distributed sister in a peripheral position (the Mascarene Islands, the 

Tuamotu Archipelago and Pitcairn Island; Figure 6.4; Table 6.3). Similar patterns in 

other marine invertebrates have been interpreted as indicative of peripheral 

(peripatric) allopatric speciation with range overlap being the result of subsequent 

range expansion (Barraclough & Nee 2001; Frey 2010; Malay & Paulay 2010).

The pattern in the sister-species pair D. ricinus s.s.–D. albolabris is different. The 

ranges of the sister species in this pair are highly symmetric as well as broadly 

sympatric across the entire Indo-West Pacific (Figure 6.4; Table 6.3). Symmetry and 
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extensive sympatry are contrary to the predictions of the (peripatric) allopatric model 

of speciation. In addition, diet appears to be similar between the two species (1975b), 

contrary to the expectations of a dietary ecological model. For example, Taylor 

(1975b) found no significant difference in dietary composition between D. ricinus s.s.

and D. albolabris from Kenya and Guam (species from both localities consumed 

crustaceans, vermetid gastropods, chitons and polychaetes). Thomas and Kohn (1990)

compared diets between D. ricinus s.s. and D. albolabris (as D. arachnoides and D. 

ricinus, respectively) collected in different habitats at Enewetak Atoll and showed 

that, while the diet of D. albolabris was different in more exposed locations (D. 

ricinus s.s. was not present in exposed locations), dietary composition did not differ 

significantly between species from the same locality. The dietary similarity in this 

pair of sympatric sister species, combined with possible opportunism in other 

supposedly specialist Drupa species suggests that dietary specialization has not 

played a major role in the diversification of Drupa. 

However, there may nevertheless be ecological differences between D. ricinus s.s. 

and D. albolabris, but related to microhabitat rather than diet. Although these species 

may occur together, even occupying the same rock (Emerson & Cernohorsky 1973; 

Taylor 1975b; M.C. & D.G. Reid, personal observation), D. albolabris is more 

abundant in sites of high wave action, such as reef edges and algal-ridge habitats 

(Bernstein 1974; Taylor 1975b; Kohn 1987; Thomas & Kohn 1990). In both Hawaii 

and Clipperton Island, D. albolabris is common in the intertidal, but D. ricinus s.s. is 

found only subtidally (Hertlein & Allison 1960; Kay 1979; M.C., personal 

observation). This preference for a more or less exposed environment may have 

promoted speciation at a very small scale, even in the face of gene flow.

Similarly, habitat partitioning has been implicated in other marine groups, at a 

variety of different scales. At a broad geographical scale, a preference for low or high 

productivity environments limits species distributions, even of species with 

widespread dispersal; this preference may have influenced speciation (e.g. 

Echinolittorina: Williams & Reid 2004; Stramonita: Claremont et al. 2011b; Chapter 

4; reef fishes: Rocha et al. 2005; see also Krug 2011). At the very smallest 

geographical scale, different ecotypes of Littorina saxatilis (a species with extremely 

restricted dispersal) occupy different microhabitats on the same shore, but still within 
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the range of potential gene flow (Johannesson et al. 1993; Johannesson 2001; 

Grahame et al. 2006). This has been used as an example of incipient non-allopatric or 

ecological speciation (Rolan-Alvarez et al. 2004; Butlin et al. 2008). Such a pattern is

also seen in the genus Nucella, where sister species with restricted dispersal are 

sympatric in central California, and separated on the shore by degree of wave 

exposure (Marko 1998, 2004). In terms of its likely wide gene flow, the ecological 

differentiation between D. ricinus s.s. and D. albolabris is on a remarkably small 

scale, even between exposed and sheltered habitats in the same locality. 

In conclusion, peripatric allopatric speciation appears to have been the primary 

mode of diversification in the genus Drupa. There is some evidence for ecological 

speciation in the sister-species pair D. ricinus s.s.–D. albolabris but, contrary to 

expectation, this is related to microhabitat rather than diet. 
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Figure 6.S1 [overleaf] MrBayes Bayesian phylogenies of Drupa and muricid outgroups based on 

single gene analysis of (A) 28S rRNA and (B) cytochrome c oxidase subunit I (COI). Support values 

are posterior probabilities; intraspecific support values are not shown for the sake of clarity. Codes 

indicate general localities; detailed information can be found in Table 6.2. 
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Table 6.S1 Positions of fixed differences in the 28S rRNA gene among species in the genus Drupa. 

Sites that are variable within ESUs are not included.

Species
Base Position

64 70 74 179 430 471 471 546 580 646 647 696 880 881 921 1411
D. albolabris A T T G T G G C T T G - T - T C
D. aperta G T C G C T T T T G T T C A C C
D. clathrata G T C G C T T T T G T C C A C C
D. morum A C T A T G G T T T G T T - C T
D. ricinus lischkei A T T G T G G T A T G - T - T C
D. ricinus s.s. A T T G T G G C A T G - T - T C
D. rubusidaeus A T T G C G G T T T G T T - C T
D. speciosa A T T G T G G T T T G T T - C T

Drupa n. sp. A T T G T G G C T T G - T - C C
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Chapter 7. Conclusions

Phylogenetic reconstruction is an essential tool in evolutionary biology, almost 

universally used for the study of speciation and diversification, of biogeography, of 

adaptation and character evolution, and for the interpretation of fossils. It is now the 

most widely used basis for classification, because it provides the evolutionary 

framework for taxonomy. The foundations of this thesis are the molecular 

phylogenies of the two muricid subfamilies Rapaninae and Ergalataxinae. Previous 

phylogenies of these subfamilies have been produced (Kool 1993a; Vermeij & 

Carlson 2000; Claremont et al. 2008; Barco et al. 2010; Appendices A, B), but these 

contained only a small percentage of the total species diversity in each subfamily. My 

new phylogenies are complete or almost so at the genus level, based on worldwide 

sampling, and include 40% of the nominal species of Ergalataxinae (52 species in 19 

genera) and 69% of Rapaninae (112 species in 27 genera). Using these, I have 

presented a comprehensive new phylogenetic classification of the Rapaninae and, for 

the less well-known Ergalataxinae, a framework for such a classification. These 

predictive classifications will inform and facilitate future work on these abundant, 

well-studied and ecologically important radiations of carnivorous gastropods.

When calibrated with appropriate fossils of known age, phylogenies can be used to 

estimate the timing of diversification. In contrast to other radiations of intertidal and 

reef-associated gastropods, my age estimates for the Rapaninae and Ergalataxinae 

have shown that they evolved relatively recently. In other groups, genera may be as 

old as the Palaeocene (Nerita: Frey & Vermeij 2008) or even the Cretaceous (Turbo: 

Williams 2007), while many originated in the Eocene (Bulla, Conus, Echinolittorina: 

Williams & Reid 2004; Duda & Kohn 2005; Malaquias & Reid 2009). In the 

Rapaninae and Ergalataxinae, however, most genera originated in the Miocene 

(Chapters 2-6; Claremont et al. 2011a, 2011b. Nevertheless, even in a phylogenetic 

classification the designation of monophyletic groups (clades) as genera is subjective 

(see Chapter 1), so this difference in generic ages is likely not evolutionarily 

significant, but merely a reflection of taxonomic tradition in individual groups. It is 

more meaningful that an increased rate of diversification has been observed within 

other intertidal and reef-associated gastropod genera during the late Oligocene and 

early Miocene (Williams & Duda 2008), which is again earlier than I have estimated 
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for most rapanine generic clades (with the exception of Drupa; Chapters 3, 4, 6; 

Claremont et al. 2011b) and for those ergalataxines for which estimation is possible 

(Chapters 2, 5; Claremont et al. 2011a).

Reconstructions of near-complete species-level molecular phylogenies of 

widespread groups of marine organisms are vital to gain insights into the patterns and 

processes of diversification and speciation in the marine realm. Such phylogenies 

have led to the prevailing view that speciation in the sea follows the allopatric model, 

under which geographic isolation is required for genetic differentiation (reviewed by 

Coyne & Orr 2004). The necessary disruption of gene flow can be achieved by a 

variety of mechanisms, including interruption of dispersal (and consequently, gene 

flow) by the imposition of physical oceanographic or tectonic barriers (vicariance), or 

by the invasion of a new geographical area through sporadic dispersal (Bellwood & 

Wainwright 2002; Paulay & Meyer 2002; Williams & Reid 2004; Frey & Vermeij 

2008; Malaquias & Reid 2009; Frey 2010; Malay & Paulay 2010; Williams et al. 

2011). However, there is increasing evidence that ecology may also play a role in 

diversification, resulting in sister species that differ in ecological characters and may 

be sympatric (i.e. lying within the reach of potential gene flow between them; e.g. 

Rocha 2003; Williams & Reid 2004; Meyer et al. 2005; Rocha et al. 2005; Reid et al. 

2006; Rocha et al. 2008; Frey 2010). The theory of ecological speciation suggests that

reproductive isolation evolves via disruptive selection acting on populations that 

occupy contrasting environments or use different resources (reviewed by Schluter 

2001; Coyne & Orr 2004). 

In this thesis, I aimed to investigate the relative importance of the allopatric 

processes of vicariance and dispersal, as compared to ecological processes, in 

generating observed global patterns of phylogeography in the muricid subfamilies 

Rapaninae and Ergalataxinae. 

The theoretical dispersal range of many species in the sea is large and barriers to 

dispersal are not immediately obvious (Palumbi 1992). Hence gene flow might be 

expected to be correspondingly high. Under the allopatric model, geographic isolation

and consequent interruption of gene flow are required for speciation (reviewed by 

Coyne & Orr 2004), so the geographical separation required for speciation should be 

proportional to dispersal ability (Jablonski 2008; Kisel & Barraclough 2010). Thus, 
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for largely sessile marine organisms such as gastropods, the length of the pelagic 

larval period is expected to be one of the primary determinants of the scale of 

allopatric speciation in the sea (Bohonak 1999; Paulay & Meyer 2002, 2006). 

However, no general correlation has been found between the length of the pelagic 

period and the scale of gene flow among populations across different groups of 

marine organisms (Hellberg 2009; Weersing & Toonen 2009). This is primarily 

because dispersal potential can be curtailed by a variety of factors including historical 

and current physical barriers, larval behaviour and the availability of suitable 

settlement habitat (Cowen & Sponaugle 2009). Among molluscs, the efficacy of such 

factors has previously been demonstrated primarily in herbivorous groups with 

relatively short pelagic periods (e.g. Hellberg 1998; Collin 2003; Williams & Reid 

2004; Duda & Kohn 2005; Lee & Ó Foighil 2005; Rocha et al. 2005; Taylor & 

Hellberg 2005, 2005; Latiolais et al. 2006; Frey & Vermeij 2008; Malaquias & Reid 

2009). In contrast, species in the carnivorous rapanine genus Stramonita have 

exceptionally long-lived planktonic larvae, known to remain in the water column for 

several months (Scheltema 1971). The rapanine genus Drupa also has planktotrophic 

larvae  (Taylor 1975a). Nevertheless, despite presumably wide dispersal and 

consequent high gene flow in these two genera, speciation appears to have been 

mainly allopatric in both (Claremont et al. 2011b; Chapters 4, 6), as has been shown 

in many other marine taxa (e.g. Williams & Reid 2004; Reid 2007; Rocha & Bowen 

2008; Frey 2010). Thus, the primary mode of speciation in the sea is allopatry, 

irrespective of the length of larval life. 

Although many rapanines and ergalataxines are generalized drilling predators of 

other gastropods, bivalves and barnacles, some species and genera are known for the 

highly specialized nature of their diets and methods of predation (see e.g. Taylor 

1975b; Tan 1995; Vermeij & Carlson 2000). Thus, dietary specialization has been 

predicted to be an important ecological influence on speciation in the Rapaninae and 

Ergalataxinae (Vermeij & Carlson 2000). Indeed, the neogastropods in general are 

known for many striking examples of predatory adaptations, both morphological and 

behavioural, including harpoon-like radulae (Conoidea), shell wedging (Buccinidae) 

and suctorial feeding (Corallophilinae; Modica & Holford 2010). The ergalataxine 

genus Drupella feeds on corals, a trait uncommon in molluscs and other marine 
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organisms (Robertson 1970; Glynn 1990; Barco et al. 2010; Bellwood et al. 2010). 

Some species in the rapanine genus Drupa are reported to be specialized upon prey 

such as polychaetes or sponges, organisms not normally used by muricids (Taylor 

1975b). Although I estimated Drupella to have diversified more recently than than 

Drupa (Drupella: Late Miocene, 5.0 Ma; Drupa: Late Oligocene, 25.5 Ma), 

specialized feeding behaviours in both groups are likely to have originated in 

approximately the Late Miocene (Claremont et al. 2011a; Chapters 4, 5). In both 

cases, specialization and diversification may have been stimulated by the expansion 

and reorganization of coral reefs during the Miocene (Crame & Rosen 2002; Hughes 

et al. 2002; Wallace & Rosen 2006), which provided an increase in both available 

habitat and prey. From the Early Miocene, the Indo-West Pacific fauna appears to 

have been characterized by trophic novelty and dietary specialization across many 

taxa (Kohn 1990; Vermeij & Carlson 2000; Vermeij 2001a; Bellwood et al. 2010). 

However, I have shown that neither Drupella nor the supposedly specialized species 

of Drupa are as specialized as they first appear (Claremont et al. 2011a; Chapters 4, 

5). For example, some species of Drupella are generalized scavengers rather than 

obligate corallivores (Claremont et al. 2011a; Chapters 4) and some Drupa species, 

despite being specialized in most localities, have the ability to feed on other types of 

prey (Bernstein 1974; Taylor 1975b). Where prey is abundant or competition intense, 

diets may be specialized, but in marginal habitats species may be more opportunistic. 

By mapping diets on species-level phylogenies, I have shown that, in both Drupa and 

Drupella, sister species feed upon the same prey (Chapters 5, 6). Thus, despite 

predictions, there is no evidence that dietary specialization has promoted speciation in

the Rapaninae and Ergalataxinae.

Instead, I have suggested that the important ecological dimension of speciation in 

these subfamilies is habitat, rather than diet. In the Rapaninae, as in other marine 

groups, habitat may influence speciation at a variety of different scales. At the broad 

geographical scale, a preference for environments of low or high productivity limits 

distributions of species, even of those with widespread dispersal; this preference may 

have influenced speciation in Stramonita (Claremont et al. 2011b; Chapter 4), as has 

also been shown in groups with less widespread dispersal (e.g. Echinolittorina: 

Williams & Reid 2004; reef fish: Rocha et al. 2005; see also Krug 2011). At the 
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smallest spatial scale, different ecotypes of Littorina saxatilis (a viviparous species 

with extremely restricted dispersal) occupy different microhabitats on the same shore,

but still within the range of potential gene flow (Johannesson et al. 1993; Johannesson

2001; Grahame et al. 2006). This has been used as an example of incipient non-

allopatric or ecological speciation (Rolan-Alvarez et al. 2004; Butlin et al. 2008). The

rapanine genus Drupa is an intermediate case, in which ecological differentiation 

between some sister species is on a remarkably small scale, even between exposed 

and sheltered habitats in the same locality, despite likely widespread dispersal and 

gene flow over a much larger scale (Chapter 6). The carnivorous neogastropod genus 

Conus may be a similar example, where sympatric sister species share the same diet, 

but may be differentiated by microhabitat (Duda et al. 2001; Duda & Palumbi 2004; 

Duda & Kohn 2005; Vallejo 2005). These cases of ecological speciation in the face of

gene flow are exceptions to the dominant paradigm of allopatric speciation in the 

marine realm.
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Appendix A. A molecular phylogeny of the Rapaninae and 
Ergalataxinae (Neogastropoda: Muricidae)

Adapted from a published manuscript: Claremont M, Reid DG & Williams ST (2008) A molecular 

phylogeny of the Rapaninae and Ergalataxinae (Neogastropoda: Muricidae). Journal of Molluscan 

Studies 74, 215-221.

Abstract
The previous phylogenetic hypotheses for Rapaninae, a large, taxonomically 

perplexing subfamily of the Muricidae, have been based on morphological characters.

These studies concluded that the subfamily is distinct from the Ocenebrinae and that 

some ‘ergalataxine’ muricids are contained within the Rapaninae. We tested these 

hypotheses using DNA sequence data (one mitochondrial and one nuclear gene) from 

35 species across the Muricidae. The monophyly of the Rapaninae and Ergalataxinae 

is supported, but relationships among these and other muricid subfamilies are not 

resolved. We discuss phylogeny of the sampled genera within the Rapaninae and 

Ergalataxinae, and show that Thais (Rapaninae) and Morula (Ergalataxinae) are 

polyphyletic.

Introduction
The Rapaninae are a subfamily of the Muricidae, a large family of carnivorous 

marine neogastropods. The current concept of the Rapaninae dates mainly from 

Kool’s (1993a) phylogenetic analysis, which demonstrated that the group previously 

familiar as Thaidinae should be divided into the subfamilies Rapaninae and 

Ocenebrinae (see Kool 1993a, for an historical review of these taxa). Although the 

taxonomy of many rapanine species is well known, the composition of the subfamily 

remains controversial. The Rapaninae have been difficult to define because the 

morphological characters used for distinguishing the subfamilies of Muricidae are 

subject not only to convergence among groups, but to variation within them. External 

shell features have been most widely used for muricid classification, despite evidence 

of strong selection leading to convergence and of direct environmentally induced 

effects on shell shape (review by Kool 1993a). Radular characters have also been 

widely used in diagnoses, even though radular morphology has been shown to vary 

within species during ontogeny, with season and with sex (Fujioka 1985; Kool 1993a;
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Tan 1995).

The phylogenetic analysis of the Rapaninae by Kool (1993a) was based on 18 

characters of the anatomy, radula, operculum, protoconch and shell mineralogy of 23 

‘thaidine’ muricid genera, with a single outgroup from the subfamily Muricinae. 

External features of the adult shell were excluded, because they were considered too 

variable and likely to be subject to evolutionary convergence. Kool’s analysis 

demonstrated the monophyly of Rapaninae and of Ocenebrinae, but did not address 

relationships between these subfamilies, because of lack of wider sampling within the 

family. Resolution within the Rapaninae was poor, but a clade combining Morula and

Cronia was consistently supported, usually in a terminal position (simplified tree 

shown in Figure 1A). 

Figure 1 Previously hypothesized phylogenies for the Muricidae after A. Kool (1993a), B. Vermeij 

and Carlson (2000) and C. Tan (2003b). All figures simplified to show only taxa analysed in this study,

although A. includes the ergalataxine Cronia, which is closely similar to the type genus Ergalatax, and 

C. also shows the position of Haustrinae. Shaded boxes indicate subfamilies as concluded by this 

study: lighter shading, Ergalataxinae (E); darker shading, Rapaninae (R). Other subfamilial 

assignments are indicated by letters following the species name: M, Muricinae; Mo, Muricopsinae; O, 

Ocenebrinae. 
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Vermeij & Carlson (2000) re-examined the phylogeny of the Rapaninae using a 

larger dataset of 36 rapanine and nine non-rapanine genera, scored for 34 teleoconch 

characters and also incorporating the mainly anatomical data of Kool (1993a). They 

argued that shell characters should not be disregarded, because although they are 

“subject to … evolutionary convergence, … the same is true in principle for all other 

characters” (Vermeij & Carlson 2000: 20). The results from a variety of analyses and 

weighting schemes were presented. While their ‘preferred’ phylogeny differed in 

some respects from that of Kool (1993a) , it likewise showed a monophyletic 

Rapaninae and a derived clade of some ‘ergalataxine’ genera, including Morula, 

Cronia and Ergalatax (simplified tree shown in Figure 1B). 

The subfamily Ergalataxinae was first described based on characters of the shell, 

operculum, radula and egg capsule, without formal comparison with other 

subfamilies; it originally included just three genera (Kuroda & Habe 1971). Some 

subsequent workers accepted the Ergalataxinae, while recognizing the variability of 

the shell and radular features, and added additional genera to the group (e.g. Houart 

1995a, 1995b; Vokes 1996a; Houart 2004). However, Tan (2000) synonymized 

Ergalataxinae and Rapaninae, considering that anatomical differences between the 

two groups were not sufficiently consistent to justify separation. Although the 

phylogenetic analysis of Vermeij & Carlson (2000) supported a derived clade of six 

‘ergalataxine’ genera, this clade fell within the Rapaninae. Other ‘ergalataxine’ 

genera fell elsewhere within the Rapaninae and even among the outgroup taxa. There 

was therefore no support in Vermeij & Carlson’s (2000) analysis for recognition of 

Ergalataxinae as a distinct subfamily in a phylogenetic classification.

A further contribution to muricid phylogeny was made by Tan (2003b), who 

analysed a set of mainly anatomical characters in 18 ‘thaidine’ genera, with more 

representation of Australasian taxa than in earlier analyses, using Trophon as the 

outgroup. The subfamilies Rapaninae and Ocenebrinae were resolved as sister taxa, 

and distinct from a clade of cold-water Australasian genera that was defined as a new 

subfamily, Haustrinae (simplified tree shown in Figure 1C). 

So far, molecular data have been little used for the resolution of muricid phylogeny.

Marko & Vermeij (1999) published a molecular phylogeny of mainly eastern Pacific 

ocenebrines, with two rapanines as the outgroup, which supported monophyly of the 
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Ocenebrinae. Two other molecular studies focused on relationships within the 

Coralliophilinae, but also showed support for a sister relationship between the 

Coralliophilinae and the Rapaninae, although fewer than six non-coralliophiline taxa 

were sampled (Oliverio et al. 2002, 2009).

To contribute to this debate, we have generated a molecular phylogeny of 29 

muricid species, the largest molecular dataset available for this family at present. Our 

main aim was to test the monophyly of the Rapaninae, and the inclusion within it of 

the ‘ergalataxine’ clade (including Morula and Ergalatax). Based on available 

samples, we aimed to derive a preliminary genus-level phylogeny for the Rapaninae.

Materials and methods

 Taxon sampling
Specimens were chosen from across the Muricidae (Table 1), but sampling was 

concentrated in the subfamilies Ocenebrinae and Rapaninae (sensu Vermeij & 

Carlson 2000). Outgroups were chosen from other muricid subfamilies 

(Muricopsinae, Muricinae and Trophoninae). A more distant neogastropod outgroup 

was chosen from the family Buccinidae. Identifications of Indo-Pacific species are 

based on Tan (1995). Generic assignments follow Fujioka (1985; for Mancinella 

intermedia), Houart (2004; for Pascula ochrostoma and Morula species), Vermeij & 

Carlson (2000; for most other rapanine and ergalataxine species) and Vermeij (2001b;

for Thais speciosa). ‘Thais’ distinguenda is assigned to Thalessa on the basis of its 

close morphological similarity to the type species, Thalessa aculeata (Tan 1995). 

‘Thais’ marginatra is assigned to Semiricinula (R. Houart, personal communication).

Appendix A 228
____________________________________________________________________________________________________________________________________________________________________



Table 1 Specimens used in this study, including collection locality and GenBank accession numbers. 

Voucher material is deposited in the collection of the Natural History Museum, London (BMNH) or 

the Australian Museum, Sydney (AM). Species are arranged by subfamily as concluded by this study. 
Species Collecting Locality Reg. No. 28S COI

Rapaninae
Agnewia tritoniformis 
(Blainville, 1832)

Lord Howe I., Australia AM
C 442736

EU391551 –

Concholepas 
concholepas (Bruguière, 
1789)

Isla Rojas, Region IX, Chile BMNH
19990303

EU391554 EU391581

Dicathais orbita 
(Gmelin, 1791)

Middle Harbour, Sydney, NSW, Australia AM
C 335420

EU391559  EU391573

Drupa morum 
(Röding, 1798)

Pemba Bay, Cabo Delgado Prov., 
Mozambique 

BMNH
20060441

EU391559 –

Drupa ricinus
(Linnaeus, 1758)

Londo, N. headland of Pemba Bay, Cabo 
Delgado Province, Mozambique

BMNH
20060442

EU391568 EU391571

Mancinella intermedia 
(Kiener, 1836)

Londo, N. headland of Pemba Bay, Cabo 
Delgado Province, Mozambique

BMNH
20060440

EU391543 EU391574

Menathais tuberosa
(Röding, 1798)

Londo, N. headland of Pemba Bay, Cabo 
Delgado Province, Mozambique

BMNH
20060439

EU391564 EU391575

Nassa serta 
(Bruguière, 1789)

Tulang Island, Camotes Islands, 
Philippines

BMNH
20070648

EU391555 –

Rapana rapiformis
(Born, 1778)

Off Keppel Bay, Queensland, Australia AM
C 456844

EU391561 –

Semiricinula marginatra
(Blainville, 1832)

Pemba, Cabo Delgado Province, 
Mozambique

BMNH
20060428

EU391556 –

Stramonita haemastoma
(Linnaeus, 1767)

Punta Tano, Tenerife, Canary Is EU391558 –

Thais nodosa
(Linnaeus, 1758)

30km W. of Takoradi, Ghana BMNH
20070652

EU391566 EU391579

Thais speciosa
(Valenciennes, 1832)

Taboga Island, Pacific Coast of Panama BMNH
20070653

EU391548 EU391580

Thalessa distinguenda
(Dunker & Zelbor, 1866)

Mocimboa de Praia, Cabo Delgado, 
Mozambique

BMNH
20060263

EU391550 EU391576

Vasula melones
(Duclos, 1832)

Guanacaste, N. Pacific Coast of Costa 
Rica

BMNH
20070654

EU391557 –

Ergalataxinae
Ergalatax margariticola
(Broderip, 1833)

Milipululu island, 1km off Mocimboa de 
Praia, Cabo Delgado, Mozambique

BMNH
20060466

EU391552 EU391587

Morula anaxares
(Kiener, 1836)

Londo, N. headland of Pemba Bay, Cabo 
Delgado Province, Mozambique

BMNH
20060450

EU391541 EU391584

Morula granulata
(Duclos, 1832)

N. Coast of Mahé, Seychelles BMNH
20060262

EU391546 EU391585

Morula spinosa
(H. & A. Adams, 1858)

Wimbi Beach, Pemba, Cabo Delgado 
Province, Mozambique

BMNH
20060429

EU391542 EU391586

Muricodrupa fenestrata
(Blainville, 1832)

Londo, N. headland of Pemba Bay, Cabo 
Delgado Province, Mozambique

BMNH
20060451

EU39155 –

Pascula ochrostoma
(Blainville, 1832)

Wimbi Beach, Pemba, Cabo Delgado 
Province, Mozambique

BMNH
20060435

EU391549 –
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Ocenebrinae
Acanthina monodon
(Pallas, 1774)

Isla Rojas, Region IX, Chile BMNH
1990298

EU391563 EU391583

Eupleura nitida
(Broderip, 1833)

Playa Bique, Pacific Coast of Panama BMNH
20070657

EU391565 –

Nucella lapillus
(Linnaeus, 1758)

Reykjanes, Iceland     BMNH
20070659

EU391560 EU391582

Trophoninae
Trophon plicatus
(Lightfoot, 1786)

Golfo Elephantes, Region IX, Chile BMNH
19990293

EU391547 EU391578

Muricopsinae 
Favartia alveata
(Kiener, 1842)

Bocas del Toro, Caribbean coast of 
Panama

BMNH
20070644

EU391569 EU391588

Muricopsis schrammi
(Crosse, 1863)

Bocas del Toro, Caribbean coast of 
Panama

BMNH
20070647

EU391570 EU391572

Muricinae 
Hexaplex trunculus
(Linnaeus, 1758)

Ria de Alvor, Algarve, Portugal BMNH
20030321

EU391563 EU391577

Murex occa 
Sowerby, 1834

Gertak Sanggul, SW Penang, Malaysia BMNH
20070646

EU391544 –

Buccinidae 

Buccinum undatum 
Linnaeus, 1758

Reykjanes, Iceland BMNH
20070640

EU391567 –
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Table 2 Primers used for PCR reactions and sequencing. 

Primer Sequence 5’ – 3’
Annealing 
temperature

MgCl2 
concentration

28S rRNA 52.5° C 1.5mM
LSU5’ (F) TAG GTC GAC CCG CTG AAY TTA AGC A
LSU1600R (R) AGC GCC ATC CAT TTT CAG G
900F (FS) CCG TCT TGA AAC ACG GAC CAA G
ECD2S (RS) CTT GGT CCG TGT TTC AAG ACG G
1050L (FS) GAC CCG AAA GAT GGT GAA CT

COI 50° C 1.5mM
LCO1490 (F) GGT CAA CAA ATC ATA AAG ATA TTG G
HCO2198 (R) TTA ACT TCA GGG TGA CCA AAA AAT CA

Abbreviations: F, R, forward and reverse primers respectively; FS, RS, forward and reverse primers 

used for sequencing only.

 DNA extraction, amplification and sequencing
DNA was extracted from small pieces of mantle or foot tissue using the Qiagen 

QIAamp DNA mini kit, following the kit instructions. One mitochondrial gene 

(cytochrome c oxidase subunit I, COI) and one nuclear gene (28S rRNA), known to 

be informative in other gastropods (e.g. Williams & Ozawa 2006), were chosen for 

sequencing. Approximately 1500 bp of 28S and 700 bp of COI were amplified by 50 

µl polymerase chain reactions (PCRs), using 200µM of each dNTP, 1.5mM MgCl2, 

0.1µM of both forward and reverse PCR primers (Table 2) and 2.5 U Qiagen DNA 

Taq polymerase. Thermal cycler conditions are those used in Williams and Ozawa 

(2006). PCR products were cleaned using Millipore Microcon Centrifugal Filters 

(YM-100). After cleaning, PCR products were sequenced using a BigDye Terminator 

v1.1 Cycle Sequencing Kit (Applied Biosystems) and run on an Applied Biosystems 

3730 DNA Analyser automated capillary sequencer. 

 Datasets
Three datasets were analysed: 28S sequences (n = 30), COI sequences (n = 18), and

28S and COI sequences combined, limited to those specimens for which both 28S and

COI sequences were available (n = 18). The buccinid species was used as the 

outgroup in the 28S analysis. No COI sequence was available for the buccinid, so in 

the COI and the combined datasets, Hexaplex (Muricinae) was used (a muricine 

outgroup was also used in the analysis by Kool 1993a). 
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 Sequence analysis
Forward and reverse sequence fragments were assembled, verified and edited using 

Sequencher (v4.6; GeneCodes Corporation, Ann Arbor, Michigan). Clear 

heterozygous peaks in both the forward and reverse sequence were scored as 

polymorphism (e.g. Williams & Ozawa, 2006). Ribosomal (28S) sequences were 

aligned using ClustalX (v1.8; Thompson et al. 1997), where ‘delay divergent 

sequences’ was set to 98%, the gap-opening penalty was set to 20 and a gap-extension

penalty was set to 5. Poorly aligned sites were removed with Gblocks (v0.91beta; 

Castresana 2000), with the minimum number of sequences for a conserved position 

set to 70% of the total number of sequences, the minimum number of sequences for a 

flanking position set to 90% of the total number of sequences, the maximum number 

of contiguous non-conserved positions set to three, and the minimum length of a 

block set to five. No gap positions were allowed. Minor adjustments to the resulting 

alignments were made by eye in MacClade (v4.06 OSX; Maddison & Maddison 

2003).

Twenty-four different models of nucleotide substitution were tested for each gene 

partition (28S and COI) using MrModelTest (v2.2; J. Nylander, www.ebc.uu.se/

systzoo/staff/nylander.htm). For 28S and COI, the best model (as chosen by both the 

hierarchical ratio test and Akaike’s Information Criteria) was GTR+I+G. However, in

the case of COI, additional comparisons of log-likelihoods indicated that a model that 

allowed site-specific rate variation across codon positions was a significantly better fit

to the data. Further testing identified a different model of nucleotide substitution for 

each codon partition. Therefore, Bayesian analysis was performed twice, once using a

GTR+SS model over the entire COI partition, and once allowing each codon to 

evolve separately (position 1: SYM+I; position 2: GTR; position 3: HKY+G). The 

latter resulted in an improved Bayes factor, and the resultant Bayesian tree was 

therefore preferred. 

Congruence of genes within combined datasets was checked by the partition 

homogeneity test implemented in PAUP* (v4.0b10; Swofford 2002), with 1,000 

replicates. The starting tree was obtained with stepwise addition, and taxa added 

randomly (10 replicates). New trees were generated using the tree-bisection-

reconnection algorithm (TBR) and an heuristic search. Gaps were treated as missing 
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and multistate characters were interpreted as polymorphisms. Because the validity of 

the partition homogeneity test has been questioned (see e.g. Quicke et al. 2007), 

individual gene trees were also examined visually to determine whether any strongly 

supported branches (PP ≥ 95%) were in conflict.

Phylogenies were constructed from the three datasets using Bayesian inference and 

the Markov Chain Monte Carlo Method (MCMC) (MrBayes v3.1, Huelsenbeck & 

Ronquist 2001). Parameters for each gene were set according to the best model, and 

were free to vary between gene partitions. Any branches with less than 50% posterior 

probability (PP) support were collapsed. The MCMC analysis ran for 3,500,000 

generations, with a sample frequency of 1,000 and a burn-in of 1,501. Analyses were 

performed twice, computing the final tree from a combination of all retained trees.

Convergence was first tested by examining the average deviation of the split 

frequencies of the two runs, in order to determine whether the two runs had 

converged. The log-likelihood values of the data (after burn-in) and the potential scale

reduction factor (PSRF) were also assessed.

In order to compare different analytical methods, analysis of the combined dataset 

was performed using both unweighted maximum parsimony (MP) and maximum 

likelihood (ML) in PAUP*, estimating nodal support by means of bootstrap values. 

For the parsimony analysis, gaps were treated as missing and multistate taxa were 

treated as polymorphism. The starting tree was obtained with stepwise addition, taxa 

added randomly (1,000 replicates), and an heuristic search. In the maximum 

likelihood analysis, a GTR+I+G model was used, with starting values for all 

parameters estimated from the Bayesian tree. In both analyses, bootstrap values were 

computed using an heuristic search with the 50% majority consensus rule. The 

number of bootstrap replicates was 10,000 in the maximum parsimony analysis and 

1,000 in the maximum likelihood analysis.

Results

 Sequences and tree construction
The mitochondrial gene COI was difficult to amplify for some samples, perhaps due

to poor preservation. However, we were able to amplify approximately 700 bp of COI

in 60% of the taxa sequenced. After the removal of primer sequences, 658 bases 

remained for phylogenetic analysis. Of these, 246 were phylogenetically informative: 
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41 in position one, two in position two and 203 in position three. There were no gaps 

or stop codons within the COI alignment. 

The 28S alignment, initially 1521 bp (after the removal of primer regions), was 

reduced by 9% to 1332 bp after ambiguously aligned sites were removed. Seventy-

seven of the remaining sites were phylogenetically informative. Results using 

Hexaplex as outgroup and excluding Buccinum were consistent with those using the 

buccinid outgroup (tree not shown).

The results of the partition homogeneity test indicated that there was no significant 

incongruence between the COI and 28S datasets (P = 0.574). In addition, comparison 

of the Bayesian trees for the independent COI and 28S datasets indicated that no well 

supported clades (PP ≥ 95%) were in conflict between the gene trees. Therefore, the 

datasets for the 18 taxa represented by both genes were combined. In this combined 

dataset of 1,990 characters, 303 were phylogenetically informative.

Average standard deviation of split frequencies converged on zero for all trees 

recovered by Bayesian analysis and log-likelihood values after burn-in had reached 

stationarity. PSRF values for all runs were 1.00. 

 Phylogenetic arrangement of the Rapaninae
A rapanine clade was recovered in all analyses with moderate to high support (28S 

tree, PP = 100%; COI tree, PP = 88%; combined Bayesian tree, PP = 100%; 

combined MP tree, bootstrap probability (BS) = 78%; combined ML tree, BS = 61%; 

Figures 2, 3). The Rapaninae clade included the genera, Agnewia, Concholepas, 

Dicathais, Drupa, Mancinella, Menathais, Nassa, Rapana, Semiricinula, Stramonita, 

Thais, Thalessa and Vasula. 

There was some support for two principal clades within the Rapaninae. One clade 

consisted of Agnewia tritoniformis, Concholepas concholepas, Dicathais orbita, 

Rapana rapiformis, Semiricinula marginatra, Thais speciosa and Stramonita 

haemastoma. This clade, referred to here as the ‘Concholepas clade’, was well 

supported in the COI Bayesian tree (PP = 100%, Figure 2B), the combined Bayesian 

tree (PP = 96%, Figure 2C) and the combined ML tree (BS = 91%, Fig 3B), but less 

well supported in the 28S Bayesian tree (PP = 91%, Figure 2A) and the combined MP

tree (BS = 63%, Figure 3A). (Note that the COI and combined trees include only a 

subset of the taxa.)
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The other rapanine clade consisted of Mancinella intermedia, Nassa serta, Thalessa

distinguenda, Thais nodosa, Menathais tuberosa and Vasula melones. This clade is 

referred to here as the ‘Thais clade’, because it includes the type species, Thais 

nodosa. The Thais clade had low to moderate support in all Bayesian and maximum 

likelihood trees (28S tree, PP = 85%; COI tree, PP = 70%; combined Bayesian tree, 

PP = 72%; combined ML tree, BS = 76%; Figures 2, 3B). A similar clade, including 

Mancinella intermedia, Thalessa distinguenda and Menathais tuberosa, but not Thais 

nodosa, received low support in the combined maximum parsimony tree (BS = 64%, 

Figure 3A). 

The position of Drupa morum and D. ricinus within the Rapaninae was not resolved

in the 28S tree, but in the COI, combined Bayesian and combined maximum 

likelihood trees, there was some support for inclusion of D. ricinus within the Thais 

clade (COI tree, PP = 70%; combined Bayesian tree, PP = 91%; combined ML tree, 

BS = 76%). 

 Phylogenetic position of the Ergalataxinae
A distinct clade, corresponding in part to the ergalataxine taxa of Vermeij & 

Carlson (2000), was placed outside the Rapaninae in all analyses (Figures 2, 3). The 

ergalataxine clade included Ergalatax margariticola, Pascula ochrostoma, Morula 

anaxares, Morula granulata, Morula spinosa and Muricodrupa fenestrata in the 28S 

tree, and the Morula and Ergalatax species alone in the COI and combined trees 

(these trees have a reduced number of taxa). The ergalataxine clade was well 

supported in the COI tree (PP = 96%) and combined trees (Bayesian tree, PP = 100%;

combined MP tree, BS = 92%; combined ML tree, BS = 93%; Figures 2, 3). 

However, in the 28S tree support was low (PP = 78%; Figure 2A). Furthermore, 

Trophon plicatus (Trophoninae) was unexpectedly placed within the ergalataxines in 

the 28S analysis. This arrangement was contradicted in the COI and combined 

analyses, although with low support.

Appendix A 235
____________________________________________________________________________________________________________________________________________________________________



Figure 2 Bayesian molecular phylogenies based on A. 28S sequences, B. COI sequences and C. 

combined 28S and COI sequences. Support values are posterior probabilities. Shaded boxes indicate 

subfamilies as concluded by this study: lighter shading, Ergalataxinae (E); darker shading, Rapaninae 

(R). Other subfamilial and familial assignments are indicated by letters following the species name: M, 

Muricinae; Mo, Muricopsinae; O, Ocenebrinae; T, Trophoninae; B, Buccinidae.
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Figure 3 Molecular phylogeny based on the combined dataset, 28S plus COI sequences using A. strict 

maximum parsimony analysis and B. maximum likelihood analysis. Support values are parsimony 

bootstrap values. Shaded boxes indicate subfamilies as concluded by this study: lighter shading, 

Ergalataxinae (E); darker shading, Rapaninae (R). Other subfamilial assignments are indicated by 

letters following the species name: M, Muricinae; Mo, Muricopsinae; O, Ocenebrinae; T, Trophoninae.

 Phylogenetic position of other muricid subfamilies
An ocenebrine clade, represented by Acanthina monodon, Eupleura nitida and 

Nucella lapillus, was well supported in all analyses (28S tree, PP = 100%; COI tree, 

PP = 100%; combined Bayesian tree, PP = 100%; combined MP tree, BS = 100%; 

combined ML tree, BS = 100%; Figures 2, 3; Eupleura included in 28S tree only). 

The 28S analysis supported a muricine clade, including Hexaplex trunculus and 

Murex occa (PP = 100%; Figure 2A). A muricopsine clade, represented by Favartia 

alveata and Muricopsis schrammi, was well supported in both the combined Bayesian

and combined parsimony trees (combined Bayesian tree, PP = 100%; combined MP 

tree, BS = 78%; Figures 2C, 3A), but less well supported in the combined maximum 

likelihood tree (BS = 61%). The phylogenetic relationships among these subfamilies 

were not well resolved.
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Discussion

 Classification and relationships of the subfamilies of Muricidae
Our analyses indicate that Rapaninae are a monophyletic subfamily, and show 

unequivocally that the ‘ergalataxines’ (sensu Vermeij & Carlson 2000), represented 

here by Morula, Ergalatax, Muricodrupa and Pascula, do not fall within the 

Rapaninae. The ‘Ergalataxinae’ are recovered as a monophyletic subfamily in all trees

except the Bayesian 28S tree. Agnewia, considered an ergalataxine by Vermeij & 

Carlson (2000) and a rapanine by Tan (2003b), is placed firmly in the Rapaninae by 

our 28S analysis.

Previous morphological phylogenetic analyses have concluded that at least some 

ergalataxines (a clade including Morula, Cronia and Ergalatax) are derived rapanines

(Kool 1993a; Vermeij & Carlson 2000), and this is clearly refuted. We therefore agree

with the taxonomic treatment of Ergalataxinae as a distinct subfamily (e.g. Kuroda & 

Habe 1971; Houart 1995a, 1995b; Vokes 1996a; Houart 2004). However, the generic 

composition of the Ergalataxinae remains unclear, owing to pervasive convergence of

both shell and anatomical characters among muricids. Of the ten ‘ergalataxine’ genera

included in the morphological analysis of Vermeij & Carlson (2000), four fell far 

outside the Morula/Cronia/Ergalatax clade and some clustered with non-rapanine 

subfamilies. 

A surprising result of our 28S analysis was the inclusion of Trophon plicatus 

(Trophoninae) within the Ergalataxinae, although without significant support (PP = 

78%). This placement was not supported in any other analysis (Figures 2B, 2C, 3), 

leading us to believe that it is unreliable. In the combined Bayesian analysis there was

weak support (PP = 80%) for a sister relationship between Trophon and the 

Ocenebrinae. The topology of the combined Bayesian tree (Figure 2C) is consistent 

with a morphological hypothesis of the relationships among Thais, Trophon and the 

two ocenebrine genera Ocenebra and Nucella (Kool 1993b). However, it has been 

suggested that the subfamily Trophoninae, as presently defined, is not a monophyletic

group (Kool 1993b; Pastorino 2002).

The Ocenebrinae (as represented by Nucella, Acanthina and, for 28S, Eupleura) are

monophyletic in all trees, in agreement with previous morphological (Kool 1993a, 

1993b; Tan 2003b) and molecular (Marko & Vermeij 1999) results. We found no 
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evidence of a sister relationship between Rapaninae and Ocenebrinae, in contrast to 

the results of Tan (Tan 2003b). However, all studies on the composition and 

relationships of this group, including our own, suffer from limited sampling of 

ingroup and/or outgroup taxa. 

Our limited sampling of other muricid subfamilies, poor basal resolution and lack of

some subfamilies (such as Coralliophilinae, Haustrinae and Typhinae) preclude any 

further discussion of relationships among them. 

 Genus-level phylogeny and classification of Rapaninae and Ergalataxinae
The division of Rapaninae into two principal clades, as suggested by our molecular 

results, reflects some aspects of previous morphological phylogenies (but not that of 

Tan 2003b; Figure 1C). Kool (1993a) retrieved a clade that included Vasula, Thais 

and Mancinella, similar to our ‘Thais clade’, although Kool’s group excluded Nassa 

(Figure 1A). Notably, the inclusion of the type species of Thais, Thais nodosa, in this 

clade is only weakly supported in our analyses. 

Our 'Concholepas clade' has not been retrieved as a monophyletic group in previous

analyses. Nevertheless, Concholepas, Stramonita and Rapana were relatively basal in 

the rapanine phylogeny of Kool (1993a), as were Concholepas, Rapana and Dicathais

in that of Vermeij & Carlson (2000), indicating a degree of morphological similarity 

among these genera (although this was interpreted as plesiomorphic resemblance 

within the cladistic analyses). Our use of the genus Thais follows Vermeij (2001b). 

The appearance of Thais speciosa in the Concholepas clade, rather than the Thais 

clade, is consistent with Vermeij’s observation that this species is not a typical 

member of this genus, and indicates that Thais (sensu Vermeij 2001b) is not 

monophyletic.

Our sampling of Ergalataxinae is too limited to draw many conclusions at this early 

stage. Note, however, that the genus Morula (as used by Houart 2004) is polyphyletic,

if the genera Ergalatax, Pascula and Muricodrupa are accorded generic rank. The 

generic name Habromorula is available for Morula spinosa and Tenguella for Morula

granulata (Houart 2004).

 Biogeographic patterns
Our sampling is too limited to permit more than brief speculation on biogeography 

of rapanine muricids. The ‘Concholepas clade’ contains two eastern Pacific taxa 
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(Concholepas, Thais speciosa), one from the Atlantic (Stramonita haemastoma), two 

from southern Australasia (Agnewia, Dicathais) and two from the tropical Indo-West 

Pacific (Rapana, Semiricinula). This wide distribution could imply an originally 

Tethyan range for this clade, with restriction to refugia (e.g. Wilson & Allen 1987). 

Alternatively, there is a suggestion of a southern high-latitude connection among the 

genera Concholepas, Agnewia, Dicathais and possibly Stramonita (represented in the 

south-temperate eastern Pacific, as well as in the tropical eastern Pacific, and tropical 

and temperate Atlantic). The Thais clade, on the other hand, appears to be entirely 

tropical on the basis of our sampling.
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Appendix B. A molecular phylogenetic framework for the Muricidae,
a diverse family of carnivorous gastropods

Adapted from a published manuscript: Barco A, Claremont M, Reid DG, Houart R, Bouchet P, 

Williams ST, Cruaud C, Couloux A & Oliverio M (2010) A molecular phylogenetic framework for the 

Muricidae, a diverse family of carnivorous gastropods. Molecular Phylogenetics and Evololution 56, 

1025-1039.

Abstract
With over 1600 extant described species, the Muricidae are one of the most species-

rich and morphologically diverse families of molluscs. As predators of molluscs, 

polychaetes, anthozoans barnacles and other invertebrates, they form an important 

component of many benthic communities. Traditionally, the classification of muricids

at specific and generic levels has been based primarily on shells, while subfamilies 

have been defined largely by radular morphology, although the composition and 

relationships of suprageneric groups have never been studied exhaustively. Here we 

present the phylogenetic relationships of 77 muricid species belonging to nine of the 

ten currently recognized subfamilies, based on Bayesian inference and Maximum 

Likelihood analyses of partial sequences of three mitochondrial (12S, 16S and COI) 

and one nuclear (28S) genes. The resulting topologies are discussed with respect to 

traditional subfamilial arrangements, and previous anatomical and molecular findings.

We confirm monophyly of each of the subfamilies Ergalataxinae, Rapaninae, 

Coralliophilinae, Haustrinae, Ocenebrinae and Typhinae as previously defined, but 

earlier concepts of Muricinae, Trophoninae and Muricopsinae are shown to be 

polyphyletic. Based on our phylogenetic hypothesis, a new arrangement of these 

subfamilies is proposed.

Introduction
Molluscs are the largest of the phyla represented in the marine realm (Bouchet, 

2006), even though currently the numbers of species are likely to be highly 

underestimated (Bouchet et al., 2002). Within the largest class of molluscs, the 

Gastropoda, the order Neogastropoda is the most species-rich, with over 10,000 

extant species. This group of snails is almost exclusively carnivorous and most are 

active predators. They are ecologically important in many communities, and their 
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adaptive radiation is reflected in their complex repertoire of feeding methods and 

behaviours (Taylor et al., 1980; Shimek & Kohn, 1981).

Muricid gastropods are among the best-known and most widespread neogastropods.

They are esteemed by shell collectors for their striking range of shell shape and 

sculpture. In classical antiquity muricids were used by the Phoenicians, Greeks and 

Romans as the source of Tyrian purple dye, extracted from precursors in the 

hypobranchial gland, which performs a defensive function in the snails and their egg 

capsules (Westley et al., 2006). The family Muricidae comprises about 1600 extant 

described species, inhabiting worldwide tropical to polar seas, and ranging from the 

intertidal zone down to more than 3000 m depth. Typically, muricids are generalist 

predators, mainly of barnacles and bivalves (Taylor et al., 1980), but some are highly 

specialized, such as Coralliophila and related species, which are ecto- and 

endoparasites of anthozoan cnidarians. Because of their predatory behaviour, muricids

play an important role in structuring marine benthic communities (Menge, 1974; 

Morton, 1999, 2004; Peharda & Morton, 2005; Harding et al., 2007; review by 

Ponder, 1998). Some muricids are economically important as pests of commercial 

bivalve shellfish, including the oyster drills Ocinebrina and Urosalpinx (Buhle & 

Ruesink, 2009), while others are themselves consumed as food (e.g. Murex, 

Concholepas, Trunculariopsis, Bolinus, Chicoreus). Despite this variety of interests 

for muricids, the phylogeny of the family remains poorly known, and its classification

is still largely based on general shell and radular resemblances.

The classification of muricids is therefore still debated, especially regarding the 

familial or subfamilial ranking of some groups (Table 1). Disagreements are mostly 

based on different interpretations of the morphological characters of the shell, 

operculum and radula. Cossmann (1903, 1906) divided the superfamily Muricoidea 

(as “cénacle” Muricacea) into three families based on shell morphology (Muricidae, 

Purpuridae and Coralliophilidae), and recognized five subfamilies of Muricidae based

on opercular differences (Muricinae: apical nucleus; Ocenebrinae: lateral nucleus; 

Trophoninae: sub-lateral nucleus; Typhinae: apical nucleus, shell with anal tube; 

Rapaninae: purpurid opeculum, muricid-like shell). Thiele’s (1929) concept of 

Muricoidea comprised only Muricidae and the radula-lacking Magilidae (= 

Coralliophilidae). Within the Muricidae he recognized only the two subfamilies 
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Table 1 A summary of influential classifications of the Muricidae.
Author Families Subfamilies
Cossmann (1903) Muricidae Rafinesque, 1815

Purpuridae Broderip, 1839
Coralliophilidae Chenu, 1859

Muricinae 
Ocenebrinae Cossmann, 1903
Trophoninae Cossmann, 1903
Typhinae Cossmann, 1903
Rapaninae Gray, 1853

Thiele (1929) Muricidae

Magilidae Thiele, 1925

Muricinae
Purpurinae Broderip, 1839

Wenz (1941) Muricidae

Magilidae

Muricinae
Rapaninae
Drupinae Wenz, 1941

Keen (1971a) Muricidae 

Thaididae Jousseaume, 1888

Coralliophilidae

Muricinae
Aspellinae Keen, 1971b
Ocenebrinae
Trophoninae
Typhinae 
Thaidinae 
Rapaninae
Drupinae

Radwin and D’Attilio (1971) Muricidae

Rapanidae
Thaididae 
Coralliophilidae 

Muricinae
Drupinae
Muricopsinae Radwin and 

D’Attilio, 1971
Ocenebrinae
Trophoninae
Typhinae 

Ponder and Warén (1988) Muricidae Muricinae
Thaidinae
Coralliophilinae

Vokes (1996) Muricidae

Coralliophilidae

Muricinae
Muricopsinae
Ocenebrinae
Trophoninae 
Typhinae
Tripterotyphinae 
Ergalataxinae Kuroda, Habe and 

Oyama, 1971
Rapaninae
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Bouchet and Rocroi (2005) Muricidae Muricinae
Muricopsinae
Ocenebrinae
Trophoninae
Typhinae
Tripterotyphinae D’Attilio and 

Hertz, 1988
Ergalataxinae
Rapaninae 
Haustrinae Tan, 2003
Coralliophilinae

Muricinae and Purpurinae, based on the operculum and on the presence or absence of 

a tube-shaped pharyngeal gland. Wenz (1941) divided fossil and living genera of 

Muricoidea into separate Muricidae and Magilidae, as in Thiele’s scheme, but divided

the former into four subfamilies using opercular characters. Based on shell, radula and

egg capsule morphology, Kuroda et al. (1971) reassigned some ‘thaidid’ genera to the

new subfamily Ergalataxinae. Another new subfamily, Aspellinae, was introduced by 

Keen (1971b) on the basis of shell and radular characters. Keen’s (1971a) shell-based 

classification of the Recent and fossil families and subfamilies of Muricoidea 

included five subfamilies within Muricidae and three within Thaididae (Table 1). 

Radwin and D’Attilio (1971) considered radular morphology to be one of the most 

valuable taxonomic character sets at generic and subfamilial level, and recognized 

four families within Muricoidea (Muricidae, Thaididae, Rapanidae, Coralliophilidae) 

and seven subfamilies within Muricidae (Muricinae, Ocenebrinae, Trophoninae, 

Typhinae, Muricopsinae, Drupinae, Trophoninae). They rejected the subfamily 

Aspellinae as a heterogeneous assemblage of species from other subfamilies. In their 

subsequent monograph on muricids, Radwin and D’Attilio (1976) synonymized 

Ergalataxinae with Muricinae. Ponder and Warén (1988) listed three living 

subfamilies of Muricidae (Muricinae, Thaidinae, Coralliophilinae; two exclusively 

fossil subfamilies, Moreinae and Sarganinae, are not considered to be Muricidae: G. 

S. Herbert, pers. comm.), placing all the other previously recognized extant 

subfamilies in synonymy with Muricinae. Typhidae were treated as a distinct family 

within Muricoidea by D’Attilio and Hertz (1988), and divided into Typhinae and the 

new subfamily Tripterotyphinae. Vokes (1996b) recognized eight subfamilies within 

Muricidae, and retained coralliophilids as a distinct family. Most recently, the 

working classification proposed by Ponder and Bouchet (in Bouchet and Rocroi 2005)
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returned to the concept of a single family, with ten subfamilies including Haustrinae 

(introduced by Tan, 2003) and Coralliophilinae.

The Muricoidea (or Muricidae sensu lato) have long been considered monophyletic.

Among the several distinctive morphological features that have been used to define 

this group, Ponder (1973) included the paired accessory salivary glands, the purple 

hypobranchial secretion, the anal gland, the accessory boring organ, and a 

rachiglossan radula. Coralliophila and related genera, the specialized group of ecto- 

and endoparasites of anthozoan cnidarians, are anomalous. Due to their feeding 

ecology, these animals have lost the radular apparatus, accessory boring organ and the

accessory salivary glands. Consequently, these parasites have often been regarded as a

separate family within the Muricoidea (Thiele, 1929; Ponder, 1973; Kantor, 1995a, 

1995b).

In a review of the fossil history of the Muricinae and Ocenebrinae, Vokes (1971) 

made an early attempt to draw evolutionary trees based on resemblance of shells and 

radular types, dividing these taxonomic groups into three evolutionary ‘clans’, and 

suggesting that the Muricinae might not be monophyletic. The first formal 

phylogenetic analysis of Muricidae/Muricoidea was based on morphological 

characters, including features of the head-foot, radula, pallial complex, alimentary and

reproductive systems of four muricid species (Harasewych, 1984). This study 

supported Thaididae as a clade of the same taxonomic rank as Muricidae. It was 

concluded that Trophoninae were monophyletic (Fig. 1A), although it was pointed out

that shell and radular characters were subject to convergence and were thus not useful

for inferring phylogenetic relationships. A monophyletic Trophoninae was questioned

by Pastorino (2002), who described the gross anatomy and radula of the genus 

Trophon. He observed differences between Patagonian and Antarctic species, and 

concluded that both the genus and the subfamily were probably polyphyletic.

Shell-based classification was also challenged by Kool (1993a) in a phylogenetic 

analysis of the so-called ‘thaidid’ group, from which shell characters were explicitly 

excluded because they were considered too prone to convergence. This analysis 
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Figure 1 Phylogenetic hypotheses for the Muricidae, based on analysis of morphological characters, 

redrawn after (A) Harasewych (1984); (B) Kool (1993a); (C) Vermeij and Carlson(2000); (D) Tan 

(2003). For ease of comparison, generic assignments are those used here (Table 2), and the subfamilies 

recommended as a result of the present study (as in Figs 3, 4) are superimposed. Asterisks indicate 

subfamilies that were not retrieved as monophyletic in the original analyses.
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demonstrated that the thaidids (including ‘ergalataxine’ species) were a polyphyletic 

assemblage composed of members more correctly divided between Rapaninae and 

Ocenebrinae (Fig. 1B), and suggested that the morphological differences between the 

two groups were not sufficient to rank them as distinct families within the 

Muricoidea. Vermeij and Carlson (2000) later re-evaluated this phylogeny with more 

taxa and with the addition of shell characters. They did not agree with the a priori 

exclusion of shell data, arguing that all characters were subject to convergence, be 

they characters of internal anatomy or external shell. The re-analysis supported the 

monophyly of Rapaninae and Ocenebrinae, and suggested synonymy of Rapaninae 

and Ergalataxinae (Fig. 1C). Tan (2003) studied the anatomy of thaidid species 

endemic to southern Australia and New Zealand and, based on a cladistic analysis, 

proposed the new subfamily Haustrinae (Fig. 1D).

Modern recognition of muricid subfamilies (e.g. Bouchet and Rocroi, 2005) is still 

largely based on radular differences, even though radulae have been shown to vary 

with age, season and sex (Tan, 1995). Fujioka (1985) and Herbert et al. (2007) have 

described ontogenetic changes in radular morphology within some muricid species. 

These variations are comparable to differences observed in species from different 

subfamilies, indicating the probable unreliability of a radula-based classification of 

muricids.

Despite the evident inconsistency of muricid classifications based on traditional 

shell and radular characters, there have yet been few attempts to reconstruct 

phylogeny using molecular data. The few available studies have focused on specific 

subgroups of muricids, while a large part of the family has never been considered. 

Marko and Vermeji (1999) analysed relationships of some eastern Pacific 

Ocenebrinae using 12S rRNA and cytocrome oxidase I sequences, and demonstrated 

their monophyly relative to Rapaninae as outgroup (Fig. 2A). The relationships of 

Coralliophilinae have been examined in several molecular studies. Using sequences of

12S rRNA and ITS2, a sister relationship has been found between Coralliophilinae 

and Rapaninae (Oliverio and Mariottini, 2001; Oliverio et al., 2002; Fig. 2B, C) but, 

possibly due to unbalanced taxon sampling, this was not recovered in a subsequent 

analysis of 12S rRNA (Oliverio et al., 2009; Fig. 2D). Claremont et al. (2008) used 

28S and 16S rRNA sequences to test 
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Figure 2 Phylogenetic hypotheses for the Muricidae, based on the analysis of molecular data, redrawn 

after (A) Marko and Vermeji (1999); (B) Oliverio and Mariottini (2001); (C) Oliverio et al. (2002); (D)

Oliverio et al. (2009); (E) Claremont et al. (2008). For ease of comparison, the subfamilies 

recommended as a result of the present study (Figs 3, 4) are superimposed. 

previous morphology-based phylogenies of Rapaninae and Ergalataxinae, and 

demonstrated strong support for the monophyly of both subfamilies (Fig. 2E).

In this study we present the first large-scale molecular phylogeny of the Muricidae, 

based on sampling across nine of the ten widely accepted subfamilies, as a 

phylogenetic framework for further investigations of the biology and evolutionary 

history of this family. We have used one nuclear and three mitochondrial genes, 

which have already been shown to be useful in resolving relationships at this level in 
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muricids and other gastropod groups (e.g. Williams and Ozawa, 2006; Claremont et 

al., 2008). We compare the resulting hypothesis with traditional morphology-based 

classifications, test the monophyly and composition of subfamilies, and discuss the 

phylogenetic position of some controversial taxa.

Material and methods

 Taxon sampling
The specimens used in this work were to a large extent obtained during recent coral 

reefs biodiversity surveys (PANGLAO 2004, SANTO 2006) and deep-sea 

expeditions (EBISCO, NORFOLK 2), collected personally, supplied from museum 

collections or finally provided by colleagues, and are listed in Table 2 with localities 

and accession numbers for vouchers. Tissue samples from foot or mantle were fixed 

in 95% ethanol. We analysed 77 muricid species, belonging to 48 genera. Taxon 

sampling was not evenly distributed among subfamilies, but nine of the ten 

subfamilies recognized in Bouchet and Rocroi (2005) were represented, the exception

being Tripterotyphinae. Nominotypical genera were used for eight subfamilies, and 

type species were included where possible (for 20 of the 48 genera, indicated in Table

2). Specimens were identified based on shell morphology. Generic assignments 

followed recent studies (e.g. Houart, 1992, 1994, 1995a, b, 2002, 2004, 2008; Houart 

and Tröndlé, 2008; Tan, 1995, 2003; Vermeij and Carlson, 2000), but where these 

disagreed some subjective decisions were made. The subfamilies recognized by 

Bouchet and Rocroi (2005) were used as a basis for the Discussion (Table 2).

According to Oliverio and Modica (2009; see also Cunha et al., 2009) toxoglossan 

neogastropods are a suitable outgroup for rachiglossan phylogenies. We therefore 

used one species of the toxoglossan genus Conus as the outgroup. The superfamily 

Buccinoidea has been suggested as a possible sister group of the Muricoidea (Oliverio

and Modica, 2009), so we included one species of the genus Buccinum (Buccinidae) 

as a partial test of muricoidean monophyly.
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Table 2 Species included in analysis, with their traditional subfamily classification after Bouchet and 

Rocroi (2005), collection localities, GenBank accession numbers for vouchers, and indication of the 

laboratory methods (detailed in Table 3). Institutional abbreviations: AMS, Australian Museum, 

Sydney; BAU, Dept of Animal and Human Biology, Rome; MNHN, Muséum National d’Histoire 

Naturelle, Paris; BMNH, Natural History Museum, London; WAM, Western Australian Museum, 

Perth; UO, University of Otago, New Zealand. Type species of genera are marked with an asterisk. 

Newly reported sequences have accession numbers in bold. Lab: AB, Andrea Barco, MC, Martine 

Claremont (see Table 3).

Family Species
Museum
Acc. N° Locality Accession number Lab

Subfamily 12S 16S COI 28S
Muricidae 
Rafinesque, 
1815

Coralliophilinae
Chenu, 1859

Babelomurex cariniferus 
(G.B. Sowerby II, 1834)*

MNHN 
20095111

Ustica I., Sicily, Italy. 10 m 
depth

FN391956 FN65188
9

FN651934 FN65195
4

AB

Babelomurex spinosus 
(Hirase, 1908)

MNHN 
20095101

Banc Kelso, Coral Sea. 
EBISCO 2005, st. DW2520, 
24°06'S, 159°41'E. 350-400 
m depth

FN391965 FN65189
0

FN651935 FN65195
5

AB

Coralliophila 
meyendorffii (Calcara, 
1845)

BAU00344 Cape Circeo, Latium, Italy. 
41°11'N, 13°04'E. 7m depth.

AJ297519 FN65189
1

FN651936 FN65195
6

AB

Coralliophila mira 
(Cotton & Godfrey, 1932)

WAM 
S10866

Geography Bay, NW 
Australia. 33°37'S, 115°18'E.
30 ft depth

FN651853 FN65189
2

FN651937 FN65195
7

AB

Latiaxis pilsbryi Hirase, 
1908

MNHN 
20095107

Banc Nova north, Coral Sea. 
EBISCO 2005, st. DW2534, 
22°17’S, 159°28’E. 390 m 
depth

FN391978 FN65189
3

FN651938 FN65195
8

AB

Leptoconchus sp MNHN 
20095108

Sungcolan, Panglao I., 
Philippines. PANGLAO 
2004, st. R47, 9°39'S, 
123°49'E. 4-25 m depth

FN391979 FN65189
4

FN651939 FN65195
9

AB

Quoyula monodonta 
(Blainville, 1832)*

BAU00349 Bunaken I., Sulawesi, 
Indonesia. 01°37'N, 
124°46'E.

AJ293675 FN65189
5

FN651940 FN65196
0

AB

Rapa rapa (Linnaeus, 
1758)*

MNHN 
20095109

Napaling, Panglao I., 
Philippines. PANGLAO 
2004, st. R19, 9°37’N, 
123°46’E. 2-54 m depth

FN391980 - FN651941 FN65196
1

AB

Ergalataxinae
Kuroda, Habe

and Oyama,
1971

Ergalatax contracta 
(Reeve, 1846)

BMNH 
20080747

Telok Datai, N Langkawi, 
Malaysia

FN677391 FN67744
4

FN677408 FN67746
2

MC

Ergalatax junionae 
Houart, 2008

BMNH 
20080906

Abu Dhabi, United Arab 
Emirates

FN677390 FN67744
6

FN677409 FN67746
3

MC

Ergalatax margariticola 
(Broderip, 1833)

BMNH 
20060466

Milipululu I.; 1 km off 
Moçimboa de Praia, Cabo 
Delgado Prov., Mozambique

FN677396 FN67745
1

EU391587 EU39155
2

MC

Morula rumphiusi 
Houart, 1996

BMNH 
20080795

Tanjung Balau, E Johor, 
Malaysia

FN677381 FN67743
1

FN677416 FN67747
1

MC

Morula granulata 
(Duclos, 1832)

BMNH 
20070621

Port Boisé, S of Noumea, 
New Caledonia

FN677383 FN67743
3

FN677414 FN67746
9

MC

Morula musiva (Kiener, 
1836)

BMNH 
20080744

Islet opposite Tj. Rhu Resort,
NE Langkawi, Malaysia

FN677380 FN67743
0

FN677417 FN67747
2

MC

Morula mutica (Lamarck,
1816)

BMNH 
20080772

Mangalao, Pago Bay, Guam FN677379 FN67742
9

FN677418 FN67747
3

MC

Muricodrupa fenestrata 
Blainville, 1832*

BMNH 
20070620

Port Boisé, S of Noumea, 
New Caledonia

FN677378 FN67742
8

FN677419 FN67747
4

MC

Muricodrupa fiscella 
(Wood, 1828)

BMNH 
20070623

Port Boisé, S of Noumea, 
New Caledonia

FN677382 FN67743
2

FN677415 FN67747
0

MC
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Pascula ochrostoma 
(Blainville, 1832)

BMNH 
20080757

Merizo Bay, Guam FN677393 FN67744
8

FN677406 FN67746
0

MC

Haustrinae Tan,
2003

Haustrum haustorium 
(Gmelin, 1791)*

UO HH-PB Pakerua Bay, New Zealand FN677389 FN67744
3

FN677410 FN67746
4

MC

Lepsithais lacunosa 
(Bruguière, 1789)*

UO LL2-SC St Clair, Dunedin, New 
Zealand

FN677388 FN67744
2

FN677411 FN67746
5

MC

Lepsiella paivae (Crosse, 
1864)

AMS 
C458273

Isthmus Bay, Bruny I., 
Tasmania, Australia

FN677387 FN67743
7

FN677412 FN67746
6

MC

Lepsiella scobina (Quoy 
& Gaimard, 1833)*

UO LS2-
BB

North Shore, Buckland's 
Beach, New Zealand

FN677386 FN67744
1

- FN67746
7

MC

Lepsiella vinosa 
(Lamarck, 1822)

AMS 
C458268

Diana's Beach, NE of 
Scamander, Tasmania, 
Australia

FN677385 FN67743
5

FN677413 FN67746
8

MC

Muricinae
Rafinesque,

1815

Attiliosa nodulifera (G.B. 
Sowerby II, 1841)

MNHN 
20094955

East Aoré I., Aimbuei Bay, 
Vanuatu. SANTO 2006, st. 
EP36, 15°33’S, 167°12’E. 
20-60 m depth

FN651854 FN65189
6

GU57536
8

FN65196
2

AB

Chicomurex laciniatus 
(G.B. Sowerby II, 1841)

MNHN 
20094958

Mavéa I. Vanuatu. SANTO 
2006, st. FR35, 15°22’S, 
167°13’E. 45m depth

FN651855 FN65189
7

GU57536
9

FN65196
3

AB

Chicoreus axicornis 
(Lamarck, 1822)

MNHN 
20094962

West Urélapa I., Vanuatu. 
SANTO 2006, st. EP24, 
15°36’S, 167°01’E. 108-121 
m depth

FN651856 FN65189
8

GU57537
0

FN65196
4

AB

Chicoreus brunneus 
(Link, 1807)

MNHN 
20094902

Arco Point, Panglao I., 
Philippines. PANGLAO 
2004, st. B3, 9°33’N, 
123°48’E. 8 m depth

FN651857 FN65189
9

GU57537
1

FN65196
5

AB

Dermomurex neglectus 
(Habe & Kosuge, 1970)

MNHN 
20094908

Momo Beach, Panglao I., 
Philippines. PANGLAO 
2004, st. P4, 9°36’N, 
123°45’E. 80-120 m depth

FN651858 FN65190
0

GU57537
2

FN65196
6

AB

Dermomurex wareni 
Houart, 1990

MNHN 
20095031

Île des Pins, New Caledonia. 
NORFOLK 2, st. DW2156, 
22°54’S, 167°15’E. 468-500 
m depth

FN651859 FN65190
1

GU57537
3

FN65196
7

AB

Haustellum haustellum 
(Linnaeus, 1758)*

MNHN 
20094909

Alona Reef, Panglao I., 
Philippines. PANGLAO 
2004, st. N3, 9°33’N, 
123°46’E. 25-30 m depth

FN651860 FN65190
2

GU57538
0

FN65196
8

AB

Murex pecten Lightfoot, 
1786

MNHN 
20095043

E of Luzon, Philippines. 
AURORA 2007, st. CP2653, 
16°06’N, 121°59’E. 83-105 
m depth

FN651861 FN65190
3

GU57538
2

FN65196
9

AB

Naquetia cumingii 
(Adams, 1853)

MNHN 
20094914

Bingag, Panglao I., 
Philippines. PANGLAO 
2004, st. B16, 9°37’N, 
123°47’E. 20 m depth

FN651862 FN65190
4

GU57538
3

FN65197
0

AB

Pterymarchia 
martinetana (Röding, 
1798)

MNHN 
20095011

Surunda Bay, Vanuatu. 
SANTO 2006, st. FR45, 
15°27’S, 167°13’E. 0-7 m 
depth

FN651863 FN65190
5

GU57538
4

FN65197
1

AB

Pterynotus elongatus 
(Lightfoot, 1786)

MNHN 
20094916

Pontod Lagoon 1, Panglao I.,
Philippines. PANGLAO 
2004, st. B39, 9°32’N, 
123°42’E. 17-25 m depth

FN651864 FN65190
6

GU57538
5

FN65197
2

AB

Pterynotus fulgens 
Houart, 1988

MNHN 
20095038

Île des Pins, New Caledonia. 
NORFOLK 2, st. DW2147, 
22°50’S, 167°16’E. 496 m 
depth

FN651865 FN65190
7

GU57538
6

FN65197
3

AB

Siratus pliciferoides 
Kuroda, 1942

MNHN 
20094872

N of New Caledonia. 
CONCALIS, st. CP2960, 
19°05’S, 163°13’E. 382-387 
m depth

FN651866 FN65190
8

GU57539
0

FN65197
4

AB

Vokesimurex dentifer 
(Watson, 1883)

MNHN 
20094876

N of New Caledonia. 
CONCALIS, st. DW2986, 
17°59’S, 163°06’E. 270-300 
m depth

FN651867 FN65190
9

GU57539
2

FN65197
5

AB

Muricopsinae
Radwin &

D’Attilio, 1971

Favartia balteata (Beck, 
1841)

MNHN 
20095021

Segond Channel, SW coast 
of Aoré I., Vanuatu. 
SANTO2006, st. FB90, 
15°35’S, 167°07’E, 36-39m 
depth.

FN651868 FN65191
0

GU57537
4

FN65197
6

AB
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Favartia erosa (Broderip,
1833)

BAU00281 Las Perlas, Panama. 
8°44’32’’N, 79°21’36’’W, 
31-31.2m depth

- FN65191
1

FN651942 FN65197
7

AB

Favartia jeanae Bertsch 
& D'Attilio, 1980

MNHN 
20094929

Balicasag I., Philippines. 
PANGLAO 2004, st. L46, 
9°30’N, 123°41’E. 90-110 m 
depth

FN651869 FN65191
2

GU57537
5

FN65197
8

AB

Favartia mactanensis 
(Emerson & D'Attilio, 
1979)

MNHN 
20094931

Maribohoc Bay, Bohol I., 
Philippines. PANGLAO 
2004, st. P1, 9°36’N, 
123°45’E. 90-200 m depth

FN651870 FN65191
3

GU57537
6

FN65197
9

AB

Favartia maculata 
(Reeve, 1845)

MNHN 
20094933

Maribohoc Bay, Bohol I., 
Philippines. PANGLAO 
2004, st. P1, 9°36’N, 
123°45’E. 90-200 m depth

FN651871 FN65191
4

GU57537
7

FN65198
0

AB

Favartia ponderi Myers 
& D'Attilio, 1976

MNHN 
20094940

Ubajan, Bohol I., Philippines.
PANGLAO 2004, st. B20, 
9°41’N, 123°51’E. 2-8 m 
depth

FN651872 FN65191
5

GU57537
8

FN65198
1

AB

Favartia rosamiae 
(D'Attilio & Myers, 1985)

MNHN 
20095024

Segond Channel, SW coast 
of Aoré I., Vanuatu. 
SANTO2006, st. FB90, 
15°35’S, 167°07’E. 36-39 m 
depth

FN651873 FN65191
6

GU57537
9

FN65198
2

AB

Muricopsis cristata 
(Brocchi, 1814)*

BAU00352 San Pietro I., Sardinia, Italy. 
39°09'N, 008°12'E. 3-4 m 
depth

FN391981 FN65191
7

FN651943 FN65198
3

AB

Homalocantha pele 
(Pilsbry, 1918)

MNHN 
20094949

Arco Point, Panglao I., 
Philippines. PANGLAO 
2004, st. B3, 9°33’N, 
123°48’E. 8 m depth

FN651874 FN65191
8

GU99154
8

FN65198
4

AB

Ocenebrinae
Cossmann, 1903

Acanthina monodon 
(Pallas, 1774)*

BMNH 
19990298

W side Isla Rojas, Region 
IX, Chile

FN677401 FN67744
5

EU391563 EU39158
3

MC

Ceratostoma inornatum 
(Récluz, 1851)

BMNH 
20080007

Mashike Fishing Port, 
Mashike-cho, Mashike-gun, 
Hokkaido, Japan

FN677399 FN67745
4

FN677403 FN67745
7

MC

Eupleura nitida 
(Broderip, 1833)

BAU00283 Las Perlas, Panama. 8°79’N, 
79°26’W, 50 m depth

FN651875 FN65191
9

FN651944 FN65198
5

AB

Nucella lapillus 
(Linnaeus, 1758)*

BAU00187 Portobello, United Kingdom. 
55°57N, 30°6’W, intertidal.

FN651876 FN65192
0

FN651945 FN65198
6

AB

Ocinebrina hispidula 
(Pallary, 1904)

BAU00186 Chergui I., Gulf of Gabès, 
Tunisia 

- FN65192
1

FN651946 FN65198
7

AB

Urosalpinx cinerea (Say, 
1822)

BMNH 
20080059

Whitstable, Kent, UK FN677371 FN67744
0

FN677423 FN67747
8

MC

Vitularia miliaris 
(Gmelin, 1791)*

MNHN 
20095030

E Malo I., Vanuatu. SANTO 
2006, st. DR84, 15°43’S, 
167°15’E. 6 m depth

FN651877 FN65192
2

GU57539
1

FN65198
8

AB

Vitularia salebrosa (King
& Broderip, 1832)

BAU00291 Venado, Panama. 
8°53’33’’N, 79°35’44’’W. 
Intertidal

FN651878 FN65192
3

FN651947 FN65198
9

AB

Xanthochorus 
cassidiformis Blainville, 
1824

BAU00190 La Rinconada, NE 
Antofagasta Bay, Chile. 
Intertidal

FN651879 FN65192
4

FN651948 FN65199
0

AB

Rapaninae
Gray, 1853

Concholepas concholepas
(Bruguière, 1789)*

BMNH 
19990303

W side Isla Rojas, Region 
IX, Chile

FN677398 FN67745
3

EU391581 EU39155
4

MC

Dicathais orbita (Gmelin,
1791)*

AMS 
C458269

Diana's Beach, NE of 
Scamander, Tasmania, 
Australia

FN677395 FN67745
0

EU391573 FN67745
9

MC

Drupa morum Röding, 
1798*

BMNH 
20060441

N headland of Pemba Bay, 
Cabo Delgado Prov., 
Mozambique

FN677394 FN67744
9

FN677405 EU39155
9

MC

Drupa ricinus (Linnaeus, 
1758)

BMNH 
20060442

N headland of Pemba Bay, 
Cabo DelgadoProv., 
Mozambique

FN677375 FN67742
7

EU391571 EU39156
8

MC

Drupina grossularia 
(Röding, 1798)*

BMNH 
20070146

Touho, North Province, New 
Caledonia

FN677392 FN67744
7

FN677407 FN67746
1

MC

Mancinella intermedia 
(Kiener, 1835)

BMNH 
20060440

N headland of Pemba Bay, 
Cabo Delgado Prov., 
Mozambique

FN677384 FN67743
4

EU391574 EU39154
3

MC

Menathais tuberosa 
(Röding, 1798)

BMNH 
20060439

N headland of Pemba Bay, 
Cabo Delgado Prov., 
Mozambique

FN677372 FN67742
4

EU391575 EU39156
4

MC
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Rapana bezoar 
(Linnaeus, 1767)*

BMNH 
20080038

Ogata-cho, Hata-gun, Tosa 
Bay, Kochi Pref., Japan

FN677376 FN67743
8

FN677421 FN67747
6

MC

Thalessa aculeata 
(Deshayes, 1844)

BMNH 
20070631

Touho, North Province, New 
Caledonia

FN677374 FN67742
6

FN677422 FN67747
7

MC

Thais nodosa (Linnaeus, 
1758)*

BMNH 
20070652

Matrakni Point, 30 km W of 
Takoradi, Ghana

FN677373 FN67742
5

EU391579 EU39156
6

MC

Trophoninae
Cossmann, 1903

Leptotrophon surprisensis
Houart, 1995

MNHN 
20098589

Chesterfield Plateau, Coral 
Sea. EBISCO 2005, st. 
DW2610, 19°34’S, 
158°41’E. 486-494 m depth

FN651880 FN65192
5

GU57538
1

FN65199
1

AB

Nipponotrophon echinus 
(Dall, 1918)*

BMNH 
20080034

Jogashima, Miura City, 
Sagami Bay, Kanagawa 
Pref., Japan

FN677377 FN67743
6

FN677420 FN67747
5

MC

Trophon geversianus 
(Pallas, 1774)*

BAU00910 Playa Larralde, S Golfo de 
San Jose, Peninsula Valdes, 
Chubut Province, Argentina

FN651881 FN65192
6

FN651949 FN65199
2

AB

Trophon plicatus 
(Lightfoot, 1786)

BMNH 
19990293

Islet, NE shore of Isla 
Huemules, Golfo Elephantes,
Region XI, Chile

FN677370 FN67743
9

EU391578 EU39154
7

MC

Trophon shackletoni 
Hedley, 1911

BAU00949 Tethys Bay, Ross Sea, 
Antarctica. 74°41’S, 
164°1’E, 29 m depth

FN651882 FN65192
7

FN651950 FN65199
3

AB

Typhinae
Cossmann, 1903

Siphonochelus boucheti 
Houart, 1991

MNHN 
20095041

Banc Eponge, Norfolk Ridge,
New Caledonia. NORFOLK2
2003, st. DW2081, 25°54’S, 
168°22’E. 500-505 m depth

FN651883 FN65192
8

GU57538
7

FN65199
4

AB

Siphonochelus pavlova 
(Iredale, 1936)

MNHN 
20098590

Lansdowne Plateau, Coral 
Sea. EBISCO 2005, st. 
DW2632, 21°05’S, 
160°45’E. 297-378 m depth

FN651884 FN65192
9

GU57538
8

FN65199
5

AB

Monstrotyphis imperialis 
(Keen & Campbell, 1964)

MNHN 
20098449

S Banc Nova, New 
Caledonia. EBISCO 2005, st.
DW2528,22°49’S, 159°23’E.
320-345 m depth

FN651888 FN65193
3

GU57538
9

FN65199
9

AB

Typhis coronatus 
Broderip, 1833

BAU00396 Isla San Josè, Panama. 
8°18'N 79°3'W, 30.5 m depth

FN651885 FN65193
0

FN651951 FN65199
6

AB

Typhis grandis Adams, 
1855

BAU00376 Isla San Josè, Panama. 
8°18'N 79°3'W, 30.5 m depth

FN651886 FN65193
1

FN651952 FN65199
7

AB

Typhinellus labiatus (de 
Cristofori & Jan, 1832)*

BAU00181 Borj el Mussar, Tunisia FN651887 FN65193
2

FN651953 FN65199
8

AB

Buccinidae 
Rafinesque, 
1815

Buccinum undatum 
Linnaeus, 1758

BMNH 
20080004

Purchased in London, UK FN677400 FN67745
5

FN677402 FN67745
6

MC

Conidae 
Rafinesque, 
1815

Conus judaceus Bergh, 
1895

BMNH 
20060424

Wimbi Beach, Pemba, Cabo 
Delgado Prov., Mozambique

FN677397 FN67745
2

FN677404 FN67745
8

MC

 DNA extraction, amplification and sequencing
Laboratory work was performed by A.B. both at the Service de Systématique 

Moléculaire of the Muséum National d’Histoire Naturelle (MNHN, Paris) and at the 

Animal and Human Biology Department of “La Sapienza” Rome University (BAU), 

and separately by M.C. at the Natural History Museum, London (BMNH). Methods 

used for DNA extraction, polymerase chain reactions and sequencing are given in 

Table 3.

Appendix B 254
____________________________________________________________________________________________________________________________________________________________________



Table 3 Methods of DNA extraction, amplification, purification and sequencing.

DNA extraction
Taq

polymerase
Annealing temperature

Purification Sequencing12S 16S COI 28S

MC QIAamp DNA mini kit
(Qiagen)

Qiagen DNA 
taq polymerase

60°C 52.8°C 45°C 52.8°C Millipore 
Microcon 
Centrifugal 
Filters 
(YM-100)

BigDye 
Terminator V1.1
kit (Applied 
Biosystems)
ABI3730 
analyser

AB 6100 Nucleic Acid 
Prepstation system 
(Applied Biosystems),
standard DMSO 
protocol,
standard phenol/
chloroform protocol

Q-Bio Taq 
(Qbiogene),
Taq DNA pol

66°C 56°C 56°C 54°C Exonuclease I/
Phosphatase

BigDye 
Terminator V3.1
kit (Applied 
Biosystems)
ABI3730XL 
analyser

Fragments of the mitochondrial cytochrome oxidase I (COI), 12S rRNA and 16S 

rRNA genes were amplified using the universal primers LCO1490 and HCO2198 

(Folmer et al., 1994), 12SI (Oliverio & Mariottini, 2001) and 12S- (Bandyopadhyay 

et al., 2008), and 16SA (Palumbi et al., 1991) and CGLeuUURR (Hayashi, 2005), 

respectively. Six domains of the nuclear 28S rRNA were amplified using the primers 

LSU5’ (Littlewood et al., 2000) and LSU1600R (Williams et al., 2003). Primer 

sequences are given in Table 4. Some of the sequences have been published 

previously by the present authors (Oliverio and Mariottini, 2001; Claremont et al., 

2008; Oliverio et al., 2009), but the great majority are new (Table 2).

 Phylogenetic analyses
Forward and reverse sequences of each gene were assembled and reciprocally 

edited with Sequencher (v. 4.1.4, Gene Codes Corporation). Accession numbers of all

sequences are listed in Table 2. Multiple alignments were obtained with MUSCLE (v.

4, Edgar, 2004) and further optimized by eye in BioEdit (Hall, 1999). Ribosomal 12S,

16S and 28S sequences were characterized by some highly variable stretches, 

resulting in gap-rich regions with ambiguous alignment. These regions were excluded

in the analysis after selection by the software Gblocks (v. 0.91b, Castresana, 2000), 

with minimum number of sequences for a conserved position set to 50% of the total, 

minimum number of sequences for a flanking position set to 90% of the total, 

maximum number of contiguous non-conserved positions set to 3, minimum length of

a block set to 5, and all gap positions allowed.
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Table 4 Sequences of the primers used in the PCR reactions and lengths of amplified fragments.

Gene
Fragment
length (bp) Primer Sequence 5’-3’ Reference

12S 514-560 12SI TGC CAG CAG YCG CGG TTA
Oliverio & 
Mariottini, 2001

12S- AGA GYG RCG GGC GAT GTG T
Bandyopadhyay 
et al., 2008

16S 687-796 16SA CGC CTG TTT ATC AAA AAC AT
Palumbi et al., 
1991

CGLeuUURR TAT TTA GGG CTT AAA CCT AAT GCA C Hayashi, 2005

28S 1451-1478 LSU5’ TAG GTC GAC CCG CTG AAY TTA AGC A
Littlewood et al.,
2005

LSU1600 AGC GCC ATC CAT TTT CAG G
Williams et al., 
2003

COI 658 LCO1490 GGT CAA CAA ATC ATA AAG ATA TTG G
Folmer et al., 
1994

HCO2198
TTA ACT TCA GGG TGA CCA AAA AAT 
CA

Folmer et al., 
1994

Base composition of nucleotide sequences was analysed with MEGA (v. 4, Tamura 

et al., 2007). Nucleotide homogeneity was tested with the χ2 statistics implemented in

PAUP* (v. 4.0b10, Swofford, 2002). Codon usage was investigated using the 

Effective Number of Codons value (ENC, Wright, 1990) as implemented in DNAsp 

(v. 5, Librado and Rozas, 2009). The ENC is an estimation of the non-random usage 

of synonymous codons, a phenomenon related to cases of translational selection 

(Gouy and Gautier, 1982; Ikemura, 1985). The ENC has values between 20 

(extremely biased codon usage) and 61 (totally random codon usage).

The dataset was partitioned by gene fragment, and the COI portion by codon 

position (to account for heterogeneous evolution at each codon position), resulting in 

a total of six partitions.

Phylogenetic reconstructions were performed with Maximum Likelihood (ML) and 

Bayesian inference (BA) methods. Nucleotide substitution models were selected 

separately for each partition using the Akaike Information Criterion (AIC) as 

implemented in the model proposal function of Treefinder (v. October 2008, Jobb et 

al., 2004; Jobb, 2008) and MrModeltest (v. 2.2, Nylander, 2004), for use respectively 

in the ML and BA analyses. Molecular substitution models for each partition are 

shown in Table 5.
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Table 5 Nucleotide substitution models selected for the phylogenetic analysis. Abbreviations: α, shape 

parameter for the gamma distributed rate variation; I, proportion of invariable sites.

Gene
partition

Nucleotide substitution models
ML α I BA α I

12S TN+G+I 0.3618 0.1377 GTR+I+G 0.5835 0.2795
16S J2+G 0.2013 - GTR+I+G 0.5071 0.4756
28S GTR+G+I 0.1112 2.6e-5 GTR+I+G 0.4852 0.6725

COI 1st

position
TN+G 0.1048 - SYM+G 0.1057 -

COI 2nd

position
HKY - - GTR+I - 0.7348

COI 3rd

position
HKY+G 0.3509 - HKY+G 0.4875 -

ML and BA phylogenetic analyses were conducted on individual gene partitions, as 

well as on a combined dataset (CD; with different partitions unlinked; partition-

specific nucleotide substitution models; base frequencies, alpha parameter and 

proportion of invariable sites estimated separately for each partition during the 

phylogenetic reconstruction).

ML analyses were performed by the software Treefinder (v. October 2008, Jobb et 

al., 2004; Jobb, 2008). Confidence values for the edges of the ML tree were computed

with 1000 replicates of the the Expected-Likelihood Weights applied to Local 

Rearrangements of tree topology (LR-ELW; Strimmer & Rambaut, 2002), an 

approximate bootstrap previously shown to return reliable results for similar analyses 

(Oliverio et al., 2009; Oliverio and Modica, 2009). A traditional ML bootstrap 

analysis with 1000 replicates has been performed on the complete dataset using the 

program PhyML (Guindon & Gascuel, 2003).

The Bayesian inference method was adopted to obtain posterior probabilities for the

nodes in the phylogenetic trees. Values of posterior probabilities of sampled trees 

were obtained using the Metropolis coupled Markov Chain Monte Carlo algorithm 

(MCMC) implemented in MrBayes (v. 3.1.2, Ronquist and Huelsenbeck, 2003), and 

used as an estimation of branching reliability. Four chains were run twice in parallel 

for 107 generations, and trees were sampled every 1,000 generations. Stationarity was

considered to be reached when the average standard deviation of split frequencies 

shown in MrBayes was less than 0.01 (Ronquist and Huelsenbeck, 2003). Bayesian 

posterior probabilities (BPP) were estimated as the percentage of trees (after burn-in) 
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that showed that specific node.

Nodes in the phylogenetic trees were considered ‘highly’ supported with BPP 

values ≥96% and LR-ELW/bootstrap ≥80%. Nodes with support values of 90-95% 

BPP and 70-79% LR-ELW/bootstrap were considered ‘moderately’ supported. Lower

support values were considered not significant.

A Shimoidara-Hasegawa test (S-H; Shimodaira and Hasegawa, 1999) as 

implemented in PAUP* (v. 4.0b10, Swofford, 2002) was performed to compare 

hypotheses generated by the ML and BA analyses.

Results

 Sequences
Sequences from all four genes were obtained from 74 of the total of 77 specimens. 

For three specimens one gene fragment could not be amplified: the 12S of Favartia 

erosa and Ocinebrina hispidula, and the COI of Lepsiella scobina. These species 

were included only in the single gene analyses and excluded from the combined 

dataset.

The sequenced fragments of ribosomal genes were of variable lengths (Table 4). 

After alignment and the removal of ambiguously-aligned sites, 1477 bp remained of 

28S (97%), 663 bp of 16S (75%), and 484 bp of 12S (80%). The χ2 statistic showed 

no significant heterogeneity in the distribution of bases (P = 0.995). COI sequences 

were 658 bp long, alignment was compared with the translated ORF and no indels 

were found. No evidence for codon bias was detected for COI sequences (ENC = 

42.4).

In the combined alignment (3282 bp), 2109 positions were constant, 226 of the 

variable positions were parsimony-uninformative, and 947 of the variable positions 

were parsimony-informative. 

 Phylogenetic analyses: single-gene datasets
Analyses of the single-gene datasets were generally poorly resolved. Maximum 

likelihood analyses (Supplementary Figs A–D) supported a monophyletic Muricidae 

only in the 28S analysis (Suppl. Fig. D), while in the Bayesian trees (Suppl. Figs E–

H) monophyly was observed only in the 16S tree (Suppl. Fig. F). In both cases the 

support was moderate. Buccinum undatum appeared within muricids in the 12S ML 

and BA trees (Suppl. Figs A, E), in the 16S ML tree (Suppl. Fig. B) and in the 28S 
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BA tree (Suppl. Fig. H). Coralliophilinae and Ergalataxinae were monophyletic in all 

single-gene analyses, although the support for Ergalataxinae in the 28S BA tree was 

low. The other subfamilies were polyphyletic in at least one of the single-gene 

analyses. Rapaninae were polyphyletic only in the COI topologies, due to the position

of Concholepas concholepas (Suppl. Figs C, G). A highly supported muricine clade, 

composed of the genera Chicoreus, Chicomurex, Siratus, Haustellum, Murex, 

Naquetia and Vokesimurex, appeared in all the single-gene topologies; other putative 

muricine genera (Pterynotus, Pterymarchia, Dermomurex and Attiliosa) did not fall 

within this clade. The ocenebrine genera Ocinebrina, Urosalpinx, Eupleura, 

Xanthochorus, Nucella, Acanthina and Ceratostoma formed a highly supported clade 

in all the single-gene trees except those for 16S (Suppl. Figs B, F). Vitularia, a 

possible ocenebrine, was not recovered in the ocenebrine clade in any single-gene 

analyses. A clade of haustrine taxa was highly supported in both 12S and 28S ML and

BA analyses (Suppl. Figs A, E, D, H), but was either not recovered or not highly 

supported in other analyses. Typhine species formed a highly supported clade only in 

the 28S ML and BA analyses (Suppl. Fig. D, H). The subfamilies Trophoninae and 

Muricopsinae were polyphyletic in all the single-gene analyses.

 Phylogenetic analyses: combined dataset
No significant conflict was found between ML and BA analyses of the combined 

dataset (SH test, P = 0.163). In both analyses (Figs 3, 4) Muricidae were 

monophyletic and sister to Buccinum when the trees were rooted using Conus as 

outgroup, with high support in both trees (98% LR-ELW, 100% BPP). Within the 

Muricidae two major clades (A and B) were recovered. The first (clade A, 79% LR-

ELW, 99% BPP) was composed of rapanine, ergalataxine and coralliophiline taxa, 

while the second (clade B, 75% LR-ELW, 96% BPP) contained all the other muricid 

lineages. Each of the two major clades contained a number of well supported 

subclades as described below, but the relationships among these were in general 

poorly resolved.

The three lineages within major clade A included species of the subfamilies 

Coralliophilinae (clade C, 100% LR-ELW, 100% bootstrap, 100% BPP), Rapaninae 

(clade D, 100% LR-ELW, 100% bootstrap, 100% BPP) and Ergalataxinae (clade E, 

100% LR-ELW, 100% bootstrap, 100% BPP). In the ML analysis, this major clade 
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also contained the purported ocenebrine genus Vitularia.

Within major clade B, a clade composed of some muricine genera was recovered 

with high support (clade F, 100% LR-ELW, 100% bootstrap, 100% BPP). Species of 

the muricine genera Pterymarchia and Pterynotus were not included in this group, 

and the position of these taxa within clade B was not resolved. A clade composed of 

the muricines Dermomurex and Attiliosa, together with some muricopsine species, 

was highly supported (clade G, 99% LR-ELW, 97% bootstrap, 100% BPP). Within 

this clade the species of Muricopsis and Favartia formed a monophyletic group (clade

H, 78% LR-ELW, 89% bootstrap, 98% BPP), but the muricopsine species 

Homalocantha pele was unrelated, making Muricopsinae polyphyletic. Ocenebrine 

taxa, excluding the unrelated lineage of Vitularia, formed a highly supported clade 

(clade J, 100% LR-ELW, 100% bootstrap, 100% BPP). Although a monophyletic 

Trophoninae was not recovered in either analysis, most of the trophonine species 

formed a highly supported clade with the ocenebrine group (clade I, 99% LR-ELW, 

99% bootstrap, 100% bpp). High support for a clade of typhine species was obtained 

in the BA analysis (clade L, 100% BPP), but this was moderately supported in the ML

analysis (73% LR-ELW, 74% bootstrap). Haustrine taxa formed a highly supported 

clade in both ML and BA topologies (clade K, 100% LR-ELW, 99% bootstrap, 100% 

BPP), and Trophon shackletoni was highly supported as its sister group (98% LR-

ELW, 92% bootstrap, 100% BPP).
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Figure 3 Maximum Likelihood analysis of the combined dataset (12S, 16S, COI, 28S). Expected-

Likelihood Weights applied to Local Rearrangements of tree topology (LR-ELW with 1000 replicates, 

lower numbers) and bootstrap support values (upper numbers) are reported only for moderate to high 

support (≥70%). 
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Figure 4 Bayesian analysis (107 generations, trees sampled every 1,000 generations) of the combined 

dataset (12S, 16S, COI, 28S). Stationarity was reached after 1.6x107 generations, and a conservative 

burn-in at 2.5x107 generations was selected. Bayesian posterior probability values from 7500 trees are 

reported only for moderate to high support (≥90%). Representative shells of each subfamily are 

illustrated.
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Discussion

 Family-level classification
The division of our muricid taxa into two major clades (A and B; Figs 3, 4) is 

highly supported in the BA and moderately in the ML analysis. This division raises 

the question whether Rapaninae, Ergalataxinae and Coralliophilinae should be 

recognized as one (or three) distinct muricoidean families, of equal rank with 

Muricidae. The appropriate taxonomic rank for these lineages cannot be derived from 

a phylogenetic tree, for tree topology only indicates relative ranking of clades. Within 

the constraints that taxa are monophyletic and sister taxa are of equal rank, decisions 

on composition and ranking of taxa can only be subjective and based on perceived 

importance of morphological synapomorphies.

Our results recall several classification schemes based on shell characters, in which 

Muricoidea were divided into three families, Muricidae, Thaididae (or Purpuridae) 

and Coralliophilidae (Cossmann, 1903; Keen, 1971a; Table 1). Radwin and D’Attilio 

(1971) defined four families of Muricoidea based on shell and radular features: 

Coralliophilidae, without radula; Rapanidae and Thaididae, with a tricuspidate 

rachidian tooth; and Muricidae, with a pentacuspidate rachidian tooth. The 

Ergalataxinae were first diagnosed by features of the shell, radula (a pair of small 

denticles on the rachidian) and egg capsules (Kuroda et al., 1971). Nevertheless, these

features are not consistent. For example, shell characters do not separate Rapaninae 

and Ergalataxinae (Vermeij and Carlson, 2000), and radulae show wide intraspecific 

variation (Fujioka, 1985; Tan, 1995; Herbert et al., 2007). This is reflected in the 

diverse taxonomic treatment of ergalataxine species, which have been variously 

combined with rapanines (in distinct family-level taxa Rapanidae and Thaididae, or as

a single muricid subfamily named either Rapaninae or Thaidinae) or recognized as a 

separate subfamily Ergalataxinae (Table 1). Anatomical study has also failed to 

discover synapomorphies that distinguish rapanines and ergalataxines as reciprocally 

monophyletic groups (Kool, 1993a). In fact these groups share the major muricid 

synapomorphies, including accessory boring organ and purple hypobranchial 

secretion (Ponder, 1973), and there is no compelling case for raising the Rapaninae 

and Ergalataxinae to the rank of family. On the other hand, our molecular results do 

not support the combination of these two groups in the single subfamily Rapaninae, as
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indicated by cladistic analyses of both anatomical and shell characters (Kool, 1993a; 

Vermeij and Carlson, 2000).

A more contentious problem is the classification of Coralliophilinae, in which the 

anatomical features that separate them from the other muricids are more evident. 

Many of these differences represent modification or loss of characters, as in the 

absence of a radula (Thiele, 1929), the absence of the second pair of salivary glands 

(Ponder, 1973), and the several differences in the anterior foregut and digestive 

system (Kantor, 1995a, 1995b). Coralliophiline species also lack the accessory boring

organ (A. Richter, pers. comm.) and show distinctive characters in the reproductive 

system with respect to other muricids (Richter and Luque, 2003). Nevertheless, the 

topology of our molecular trees is inconsistent with elevation of Coralliophilinae to 

family rank alongside Muricidae (if the latter includes Ergalataxinae and Rapaninae).

In our opinion, a unified family Muricidae, with subfamilial ranking for clades 

within major clades A and B, is a conservative and pragmatic option. The greatly 

modified coralliophiline foregut anatomy is interpreted as a derived condition with 

respect to the otherwise homogeneous muricid Bauplan, which is related to their 

parasitic habit and particularly to their suctorial mode of feeding. It is noteworthy that

derived states of the same anatomical characters can be observed also in other 

muricids, for example the absence of the accessory boring organ in the genus Vexilla 

(Kool, 1993a), and the elongated proboscis and reduced buccal mass of Vitularia 

(Simone et al., 2009). Some ectoparasitic coralliophilines show an expanded outer lip 

in the shell (e.g. in “Coralliophila” fimbriata or the genus Rhizochilus), a character 

evidenced also in the ectoparasitic genus Genkaimurex (Matsukuma, 1977).

 Subfamily-level classification
Clade C – Coralliophilinae. Clade C was highly supported in the analyses of the 

combined dataset, and was also the only clade consistently obtained in all single-gene 

topologies, confirming monophyly of Coralliophilinae. Although a sister relationship 

between Coralliophilinae and Rapaninae has been suggested in previous molecular 

hypotheses (Oliverio and Mariottini, 2001; Oliverio et al., 2002), this has not been 

confirmed by more recent studies (Oliverio et al., 2009) or in the present work. It 

should be noted that the long branches that characterize clade C could have biased the

estimation of relationships with the two other subfamilies in Clade A. As discussed 
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above, the peculiar anatomical characters of coralliophilines, although very 

distinctive, can be considered the result of adaptation to their parasitic mode of life, 

and are not inconsistent with their close relationship with Rapaninae and 

Ergalataxinae. It is noteworthy that the Ergalataxinae include the only other 

neogastropod species known to feed primarily on cnidarians (Drupella species), 

although with a different feeding mode (Morton et al., 2002). In addition to 

morphological modifications strictly related to coral predation, coralliophilines show 

other remarkable ecological characteristics, such as a tendency towards being 

sedentary and repeated evolution of endoparasitism (Oliverio et al., 2009), and 

brooding of the egg capsules inside the female pallial cavity.

Clades D and E – Rapaninae and Ergalataxinae. These two groups have often been

classified in a single family or subfamily, as discussed above. Anatomical differences 

in the radula, foregut glandular system and feeding ecology between Drupa ricinus 

(Rapaninae) and Morula granulata (Ergalataxinae) were first described by Wu 

(1965), and the new subfamily Ergalataxinae was introduced by Kuroda et al. (1971). 

In a cladistic analysis of anatomical characters, Kool (1993a) recovered a derived 

clade composed of the genera Cronia and Morula within the Rapaninae, and 

considered the possibility of assigning these genera to the subfamily Ergalataxinae. 

Houart (1994, 1995, 2004) and Vokes (1996a) accepted the distinction of these 

subfamilies and assigned further genera to the Ergalataxinae. However, in the 

morphological phylogenetic analyses of Vermeji and Carlson (2000) the 

Ergalataxinae were polyphyletic. In a recent molecular phylogeny (Claremont et al., 

2008) the two groups were recovered as distinct clades and this is confirmed by our 

results. Within Ergalataxinae we obtained indications of polyphyly of the genera 

Morula and Muricodrupa, as commonly conceived, which should be tested with 

denser taxon sampling.

Clade F – Muricinae sensu stricto. Our analyses indicate that Muricinae, as 

traditionally conceived, are polyphyletic, and suggest that the species belonging to the

genera Pterynotus, Pterymarchia, Attiliosa and Dermomurex should be excluded from

this subfamily (classification of these genera is discussed below). This result was 

foreshadowed by Vokes’ (1971) placement of these genera in a different ‘clan’ from 

the typical muricines, and lately Merle (1999) argued on the basis of shell characters 
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that there may be more than one lineage in the traditional Muricinae. Clade F 

represents the main muricine group (corresponding to Muricinae s. s.), including the 

type genus Murex, and the genera Naquetia, Siratus, Vokesimurex, Chicomurex, 

Haustellum and Chicoreus. Vokes (1965) and Houart (1992) regarded Siratus as a 

subgenus of Chicoreus, but Merle and Garrigues (2008) suggested that the sculptural 

pattern was distinct from that of Chicoreus and more similar to Vokesimurex. Our 

result supports both the full generic status of Siratus with respect to Chicoreus, and its

close relationship with Vokesimurex. Muricinae have long been considered as the 

most ‘primitive’ representatives of muricids, both from an anatomical (Harasewych, 

1984) and a radular point of view (Herbert et al., 2007). While our results do not 

support a basal position for this restricted group of Muricinae, some species may 

retain characters of the plesiomorphic Bauplan of the Muricidae.

Clade H – Muricopsinae. The subfamily Muricopsinae was established based on 

shell and radular characters (Radwin and D’Attilio, 1971). Little attention has been 

given to this subfamily, except for the work on the re-evaluation of shell characters of

fossil and living muricid species carried out by Merle (1999) and Merle and Houart 

(2003). In our analyses muricopsine species of the genera Favartia and Muricopsis 

formed a highly supported monophyletic clade (Clade H). These two genera share the 

three-dimensional rachidian tooth morphology that is characteristic of the subfamily, 

but this is also found in ocenebrines and in juveniles of some members of other 

subfamilies (Herbert et al., 2007). The genus Homalocantha, traditionally included in 

this subfamily, represents a separate lineage with unresolved affinities, and should not

be classified in the Muricopsinae (see below).

Clade I – Ocenebrinae and Trophoninae. The Ocenebrinae and Trophoninae were 

originally defined on the basis of opercular characters (Cossmann, 1903). More 

recently the muricopsine-like radula was also recognized as a distinctive character of 

Ocenebrinae (Radwin and D’Attilio, 1971), and Kool (1993a, b) defined the 

anatomical features of the clade (although with inclusion of Haustrum). The 

molecular analysis by Marko and Vermeij (1999) of eastern Pacific species supported 

a monophyletic Ocenebrinae, as recovered here. The enigmatic Vitularia has 

sometimes been classified within Ocenebrinae (Vokes, 1996b), but this placement 

was not supported. We found a sister relationship between a group of trophonines and
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the ocenebrine clade (Clade J), in agreement with the cladistic relationship shown by 

Kool (1993b) for Trophon, Nucella and Ocenebra. Trophoninae are a group of 

predominantly cold-water species with some taxa living in tropical waters but only at 

great depths; the group has already been suggested to be polyphyletic by Ponder 

(1971, 1972), Kool (1993b) and Tan (2003). Several Antarctic species have 

previously been included in the genus Trophon due to shell and radular similarities, 

but Pastorino (2002) identified differences in radular, anatomical and shell characters 

which supported their separation (probably together with Arctic and boreal species) 

from the species of Trophon s. s. in Patagonia. This hypothesis is supported by our 

results, because the Antarctic species Trophon shackletoni falls outside the 

Trophoninae clade. However, the boreal Nipponotrophon echinus is a member of 

Trophoninae.

Clade K – Haustrinae. The endemic Australasian genera Haustrum, Lepsiella and 

Lepsithais have been classified as thaidines or rapanines, but the placement of these 

species has been debated because of the dubious value of shell characters and because

of the isolation and endemism of many Australian and New Zealand fauna. Kool 

(1993a) demonstrated that Haustrum haustorium is morphologically more related to 

the Ocenebrinae than to any ‘thaidid’ group. Subsequently, Tan (2003) defined 

synapomorphies of anatomy, radula and operculum, which distinguished this group 

from all other muricids, and supported the erection of a new subfamily. The 

monophyly of the Haustrinae is highly supported by our study (Clade K), as is their 

relationship with a trophonine species (Trophon shackletoni), as also obtained by Tan 

(2003). Whether the Antarctic trophonines should be incorporated into Haustrinae, or 

recognized as a distinct new subfamily, remains to be investigated. 

Clade L – Typhinae. Typhines are defined by a clear diagnostic character, the 

development of an anal tube on the subsutural ramp of the shell and its preservation 

on all teleoconch whorls. Their monophyly is highly supported in our analysis (Clade 

L), and is consistent with the traditional concept of the subfamily. Radwin and 

D’Attilio (1971) considered the anal tube to be an adaptive response to borrowing in 

mud or soft substrata, but also included in Typhinae the tubeless genera Aspella and 

Dermomurex, suggesting that shell differences were explained by contrasting habitats.

The inclusion of these two genera within Typhinae is rejected by our results (see 
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below). In our trees, the Mediterranean Typhinellus shares a more recent ancestor 

with Eastern Pacific species than with the Indo-West Pacific Siphonochelus. Although

a wider taxonomic coverage is needed to test biogeographic patterns, this relationship 

is in agreement with the hypothesis – based on palaeontological data – that the 

Typhinellus lineage spread from Europe to the Eastern Pacific throughout the Isthmus 

of Panama before its closure (Vella, 1961).

 Genera of doubtful classification
Six of the taxa included in our phylogenetic analyses did not show clear 

relationships with any of the subfamilial clades recovered: Homalocantha, Vitularia, 

Pterymarchia, Pterynotus, Attiliosa and Dermomurex.

Homalocantha has been traditionally considered to belong to Muricopsinae (Vokes,

1996b) or Muricinae (Radwin and D’Attilio, 1976), but our results do not support 

either hypothesis. This genus is characterized by a distinctive shell with frondose 

varices, and the siphonal canal is usually sealed (Vermeij, 2007; but see also Merle, 

1999, where the siphonal canal for Homalocantha is coded as “opened”); the shell 

sculpture of this genus would fit the definitions of either muricines or muricopsines, 

but a sealed siphonal canal is not observed in muricopsines. A muricine-like radula 

has been described for the genus, but differences were observed in “the shortness and 

the bluntness of its cusps” (Radwin and DAttilio, 1976). The phylogeny and 

classification of this genus (which includes 15 Recent species) require further study.

Vitularia is another genus with controversial affinity, having been included by 

Radwin and D’Attilio (1976; also Herbert et al., 2007) in the muricopsines on the 

basis of radular similarity, although often placed in ocenebrines because of 

similarities in the operculum and the sealed siphonal canal (Vokes, 1996b). Recent 

studies of the anatomy (Simone et al., 2009) and behaviour (Herbert at al., 2009) of V.

salebrosa have revealed several peculiarities that are unusual among muricids. 

Among these are its facultative ectoparasitic habit and alimentary modifications 

associated with suctorial feeding, both shared with Coralliophilinae. In our ML 

analysis of the combined dataset (Fig. 3) Vitularia was placed within major clade A, 

as sister to Coralliophilinae (although without significant support in either case). 

However, we believe that the similarities are convergent; unlike Coralliophilinae, 

Vitularia possesses the accessory boring organ and an anal papilla (Simone et al., 
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2009). Furthermore, cladistic analysis of some morphological characters suggested a 

possible sister relationship with Ocenebrinae (Herbert et al., 2007: details not 

reported), which are included in our major clade B.

In the phylogenies constructed from mitochondrial genes (Suppl. Figs A–C, E–G) it

is striking that Coralliophilinae are characterized by long branches, and there is a 

suggestion of a similar trend in Vitularia. Possibly, the artefact of long-branch 

attraction might explain the clustering of Vitularia with Coralliophilinae in the ML 

analysis of the combined dataset (Fig. 3), while this effect is less pronounced in the 

Bayesian analysis (Fig. 4). Intriguingly, the convergent ectoparasitic lifestyle of these 

two groups could be connected with their elevated rate of evolution. Both 

coralliophilines (Oliverio et al., 2009) and Vitularia (Herbert et al., 2009) have a 

protandrous hermaphroditic life history, a common adaptation in sedentary species. 

Davison (2006) has argued that mutations in mitochondrial (and, to a lesser extent, 

nuclear) genes accumulate more rapidly in hermaphroditic than gonochoristic 

molluscs, and our data are consistent with this hypothesis (see also Williams et al., 

2003).

Pterynotus and Pterymarchia have traditionally been included in the Muricinae, but

the species sampled here do not show a relationship with Muricinae s. s. Furthermore,

Pterynotus appears to be polyphyletic. Houart (1995b) split the species classified in 

the genus Marchia between Pterynotus and the new genus Pterymarchia, assigning P.

elongatus (the type species of Marchia) to the former and ‘Marchia’ martinetana to 

the latter. We recovered a sister relationship between these two species. Harasewych 

and Jensen (1979) and Vokes (1992) have already pointed out that the species 

classified as Pterynotus display different shell morphologies. Supported by the 

position of P. fulgens in our topologies, we advance the hypothesis that at least two 

unrelated lineages have commonly been included in Pterynotus: a first group, closely 

related to Pterymarchia, includes P. elongatus and all the species with a scultural 

pattern similar to the type species of Pterynotus (P. pinnatus); and a second group 

including P. fulgens and probably some Western Atlantic species (R. Houart, 

unpublished data).

The genera Attiliosa and Dermomurex were included by Keen (1971) in the 

subfamily Aspellinae, along with the type genus Aspella. G.E. Radwin and A. 
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D’Attilio repeatedly rejected Keen’s opinion, maintaining Attiliosa in Muricinae, and 

placing Dermomurex first in Typhinae (Radwin and D’Attilio, 1971) and later in 

Muricinae (Radwin and D’Attilio, 1976). Based on radular features, Dermomurex and

Attiliosa are similar to muricines, with a flat pentacuspidate rachidian tooth, while the 

shell of Attiliosa is similar to that of the muricopsine Acanthotrophon (Rawin and 

D’Attilio, 1978). Our results give high support to a clade composed of Dermomurex, 

Attiliosa and the Muricopsinae (clade G), but the most appropriate subfamilial 

classification of the first two remains uncertain, because they are not retrieved as a 

monophyletic group. Aspella was missing in our dataset, but close similarity with 

Dermomurex is beyond dispute, and it is possible that its inclusion in future work 

might support the recognition of the Aspellinae.

Conclusion
We provide here the first large molecular phylogenetic framework for the diverse 

neogastropod family Muricidae, focusing at the subfamily level. In general there is 

agreement with previous analyses of morphological data, especially in the support for 

monophyly of groups previously defined by cladistic analyses of anatomical data 

(Rapaninae, Ergalataxinae, Ocenebrinae, Haustrinae). We have confirmed 

(Trophoninae) or newly identified (Muricinae, Muricopsinae) instances of polyphyly 

in some of the traditionally conceived subfamilies, previously defined mainly by the 

morphology of shell and radula. A wider taxonomic coverage (including 

representatives of the missing Tripterotyphinae) might help to resolve some of the 

remaining taxonomic problems, but meanwhile our phylogenetic hypothesis provides 

a robust framework for future studies on the biology and evolution of the muricids.

Our results prompt a re-evaluation of the morphological characters traditionally 

used in muricid systematics at this level. Particularly, radular morphology and feeding

behaviour need to be reconsidered from an ontogenetic perspective. This may lead to 

an integration of functional anatomy and ecology within a phylogenetic framework 

and provide modern interpretations of the striking morphological variation that has 

accompanied the evolution of the Muricidae. 
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Figure Supplement A-D [overleaf] Maximum Likelihood analysis of each molecular partition: 12S 

(A), 16S (B), COI (C) and 28S (D). Expected-Likelihood Weights applied to Local Rearrangements of 

tree topology (LR-ELW values for 1000 replicates) are reported only for moderate to high support 

(≥70%).
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Figure Supplement E-H Bayesian analysis (107 generations, trees sampled every 1,000 generations) 

of each molecular partition: 12S (A), 16S (B), COI (C) and 28S (D). Stationarity was reached after 

2.4x107 (12S), 2.5x107 (16S), 3.4x107 (COI) and 3.6x107 (28S) generations, and burn-in at 2.5x107 

generations (12S and 16S) and 3.6x107 generations (COI and 28S) were selected. Numbers are 

Bayesian posterior probabilities from 7500 trees (12S and 16S) and 6400 trees (COI and 28S). 

Bayesian posterior probability values are reported only for moderate to high support (≥90%). 
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Appendix C. Description of new species Stramonita brasiliensis 
Claremont & Reid 

Stramonita brasiliensis Claremont & Reid, new species

(Figure 3.5E, F)

Purpura cruentata—Lamarck, 1822, p. 244 (not Buccinum cruentatum Gmelin, 

1791, nomen dubium).

Thais (Stramonita) cruentata—van Regteren Altena, 1975, pp. 46–47, pl. 3, figs 7, 

8 (egg capsules) (not Gmelin, 1791). Macsotay & Villarroel, 2001, pp. 78, pl. 13, figs 

20, 22 (not Gmelin, 1791).

Thais (Stramonita) haemastoma haemastoma—Clench, 1947, pp. 73–76, pl. 36, 

figs 1, 2, 6 (in part, includes S. haemastoma; not Buccinum haemastoma Linnaeus, 

1767).

Thais haemastoma—Rios, 1970, p. 82 (not Linnaeus, 1767). Calvo, 1987, p. 137, 

fig. 102 (radula) (not Linnaeus, 1767).

Stramonita haemastoma—Leal, 1991, pp. 146–148, pl. 19, fig. D (protoconch) (in 

part, includes S. haemastoma, S. canaliculata, S. floridana; not Linnaeus, 1767). Rios,

1994, p. 117, pl. 38, fig. 493 (in part, includes S. haemastoma, S. canaliculata, S. 

floridana; not Linnaeus, 1767). Vermeij, 2001a, pp. 700–701 (in part, includes S. 

haemastoma, S. canaliculata, S. floridana; not Linnaeus, 1767).

Thais haemastoma floridana—Rios, 1970, p. 82 (not Conrad, 1837). Green & Hill, 

1971, pp. 31–32, pl. 2 (not Conrad, 1837).

Thais (Stramonita) haemastoma floridana—Díaz & Puyana, 1994, p. 183, pl. 57, 

fig. 691 (not Conrad, 1837).

Taxonomic history: The first reference to this species appears to be Purpura 

cruentata, applied by Lamarck (1822) to a specimen from French Guyana. The author

of this name was Gmelin (1791), who in turn referred only to two figures of an 

unlocalized shell by Chemnitz (1780). These images are not adequate to permit 

identification, and even Chemnitz himself did not possess a specimen for comparison 

and was uncertain of its identity. The shell represented might be a Stramonita but, if 

Appendix C 287
____________________________________________________________________________________________________________________________________________________________________



so, the constricted anterior part and channelled suture suggest S. canaliculata. The 

name Buccinum cruentatum is here considered a nomen dubium. Following 

Lamarck’s usage, the name S. cruentata has been employed for the present species in 

the literature on molluscs from Surinam and Venezuela (van Regteren Altena, 1975; 

Macsotay & Villarroel, 2001), and has been listed in the Malacolog database. Shells 

from Brazil have generally been identified as S. haemastoma (Clench, 1947; Rios, 

1970; Leal, 1991; Rios, 1994). Having checked the original descriptions of all names 

listed as Stramonita species (see Appendix D) we believe that this species is 

undescribed.

Types: Holotype BMNH 20100324, São Paulo, Brazil.

Material examined: 23 dry lots, 1 wet lot in BMNH; 2 penes.

Diagnosis: Stramonita with the shape of a Purpura s.s., with or without shoulder 

nodules, with orange to cream aperture; from Brazil, Guyanas and the southern 

Caribbean. COI sequences: FR695738-FN695743; FR695772-FR695773; FR695814-

FR695819; FR695825- FR695826; FR695843- FR695844; FR695846

Description: Shell height to 66 mm; mean (st. dev.) height:width ratio 1.60 (0.06); 

mean shell height:aperture length ratio 1.40 (0.08) (n = 20). Shell may lack exterior 

nodules, but commonly develops a single row of nodules at shoulder (10-14 on final 

whorl), sometimes a weaker row at periphery and rarely a third row below. Surface 

smooth with silky sheen of adherent periostracum, sculptured with regular spiral 

grooves corresponding to the crenulations at apertural margin. Aperture with 20–35 

marginal crenulations (median 25; Figure 3.6; Table 3.1) that continue as weak lirae 

for a short distance within; occasionally 8–15 of the lirae develop into denticles. 

External colour cream with irregular pale to dark brown pattern; aperture orange to 

dark cream, bordered with brown pattern in juveniles. Penis of uniform width (2.3 by 

6.3 mm in specimen of shell height 34.4 mm) with barely visible terminal papilla at 

exit of sperm duct; with annular wrinkles and mostly covered with dark pigment. 

Radula: figured by Calvo (1987).

Appendix C 288
____________________________________________________________________________________________________________________________________________________________________



Range (Figure 3.1): Continuous distribution from Uruguay to Venezuela (Clench, 

1947; Rios, 1970; Leal, 1991) and Lesser Antilles (Trinidad, Tobago, Dominica, St 

Thomas); range elsewhere in Caribbean unknown; Brazilian Atlantic islands of 

Fernando de Noronha and Trindade (Leal, 1991).

Habitat: Intertidal rocky shores on continental coastlines even in estuarine 

conditions at mouths of the Amazon (Rios, 1970) and other rivers (van Regteren 

Altena, 1975); on mangroves and driftwood in Surinam (Green & Hill, 1971); also 

oceanic islands of Fernando de Noronha and Trindade (Leal, 1991). In Dominica it 

occurs on the sheltered, more productive, Caribbean side of the island and not on the 

Atlantic coast (D.G. Reid, personal observation). 

Remarks: We discriminated this species first by molecular phylogenetic analysis, 

which revealed a clade of specimens from Brazil, Venezuela and Dominica in both 

the COI and 12S analyses, and restriction of a unique genotype of the nuclear 28S 

gene to the same clade. It is not sympatric with either of its phylogenetically closest 

taxa, S. floridana or S. biserialis, so its status as a biological species cannot be 

determined unequivocally. It is broadly sympatric with S. rustica throughout much of 

its range and with S. haemastoma at one known locality in Venezuela (Figure 3.1). 

Leal (1991) has suggested that hybridization may occur between the present species 

(as S. haemastoma) and S. rustica in northeastern and eastern Brazil, on the basis of 

intermediate shell types. However, we have no evidence for genetic introgression at 

the site of sympatry in Venezuela, and suggest that the striking intraspecific variation 

in Stramonita (Figure 3.5) may give the impression of hybrid forms.

Morphologically, the shell of S. brasiliensis is most similar to those of S. 

haemastoma and S. floridana (Figure 3.5, Table 3.2, Appendix F). Stramonita 

haemastoma is generally slightly broader and often has three rows of nodules (usually

one or none in S. brasiliensis), whereas S. brasiliensis has a slightly more patulous 

outline (similar to that of a Purpura species, see Clench, 1947, pl. 36, figs 1, 2, 6) and

a more silky sheen to the surface. These two species are readily separable in our 

material from Venezuela where they are sympatric. In the Guyanas, Venezuela and 
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Lesser Antilles S. brasiliensis attains smaller size (to 42 mm) than in Brazil and 

nodules are weak or absent; this small, smooth form is common on mangroves and 

driftwood on the sedimentary coast of the Guyanas (Green & Hill, 1971; van 

Regteren Altena, 1975). These smoother shells have often been identified as S. 

floridana (see Synonymy above). While shells of S. floridana are generally slightly 

narrower, with less regular spiral sculpture and often a minutely lamellose surface 

(Figure 3.5, Appendix F), no diagnostic morphological difference has been 

discovered. The identity of records from the Greater Antilles (e.g. Clench, 1947), 

which lie between the ranges of S. brasiliensis and S. floridana, remains unknown. 

Despite their morphological similarity, these two are reciprocally monophyletic 

clades in our gene trees, with a genetic distance comparable to that of other species in 

the S. haemastoma complex (see text and Figure 3.4).

Working with the uniformly small, smooth form from the Guyanas, van Regteren 

Altena (1975) concluded that it was specifically distinct from S. haemastoma, and 

employed the name S. cruentata (Gmelin, 1791), as earlier used by Lamarck (1822) 

for the same form. We argue above that Buccinum cruentatum Gmelin, 1791 is a 

nomen dubium. In addition van Regteren Altena (1975) remarked that the egg 

capsules were slightly different from those reported for S. floridana, so this character 

might repay further study. Vermeij (2001a) also noted that shells of the S. 

haemastoma complex from the eastern coast of South America were distinctive, 

noting more numerous marginal crenulations in specimens from Venezuela and Brazil

(this was not supported by our results), and larger, more patulous shells from southern

Brazil and Uruguay (as also observed here). His implication (Vermeij, 2001a, p. 701) 

was that these might prove to be two taxa distinct from each other and from others in 

the S. haemastoma complex. So far, our limited molecular sampling suggests that 

these northern and southern shells types are conspecific. 
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Appendix D. Taxonomic notes on Recent Stramonita species 
In previous systematic works (e.g. Kool, 1993; Vermeij, 2001) the morphological 

definition of Stramonita has not been sufficiently precise to determine the number of 

included taxa, so the limits of the genus have remained unclear. Extensive 

synonymies of Stramonita species were given by Clench (1947). The most recent 

listing of species and their synonyms is that of R. Houart (World Register of Marine 

Species, accessed 15 June 2010; http://www.marinespecies.org). Here we review this 

list and give our views on validity and synonymy of species, and discuss other 

members of Rapaninae that have been erroneously placed in Stramonita by recent 

authors. Although some recommendations are made, we refrain from changing any 

established names. The original descriptions and figures of all names listed by Houart 

have been seen.

Stramonita bicarinata (Blainville, 1832)

This has been considered an endemic species (Vermeij, 2001) or subspecies of S. 

rustica (Clench, 1947) restricted to the South Atlantic islands of Ascension and St 

Helena. Based on the presence of 4–5 denticles within the outer lip, it has recently 

been proposed that this, together with three fossil species (S. quadridentata, S. 

semiplicata, S. penelaevis), forms a subsidiary group of Stramonita, separate from all 

the other living species (including S. rustica) that are characterized by lirae (and 

sometimes denticles) in the aperture (Vermeij, 2001; Vermeij & Herbert, 2004). Our 

observations suggest that lirae are simply an expression of the marginal crenulations 

characteristic of all Stramonita species, and that they are most evident in juvenile and 

thinner-shelled adults. When marginal growth ceases and the adult shell becomes 

internally thickened, some or all lirae may become thickened to form denticles and 

their number is highly variable within species and therefore not a reliable guide to 

relationships. While S. bicarinata is often relatively large and thick-shelled, its shell 

traits fall within the range displayed by S. rustica from the Caribbean and Brazil (with

4–8 denticles), and we propose that it is a synonym of that species (as also concluded 

by Leal, 1991: 146-148). Our distributional data (Figure 1) and field observations in 

the Caribbean suggest that S. rustica is a widely dispersed oceanic species that occurs 

on either side of (but not within) the Amazon Barrier, which is consistent with its 
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occurrence on the oceanic islands of the South Atlantic.

Stramonita biserialis (Blainville, 1832)

Valid species. Although published with no locality, the original figure of Purpura 

bicostalis Lamarck, 1816 suggests that this is an earlier name for the present species. 

Purpura peruviana Eydoux & Souleyet, 1852 and Thais peruensis Dall, 1909 should 

be removed from the synonymy and added to that of S. delessertiana.

Stramonita blainvillei (Deshayes, 1844)

This name was introduced as a replacement for Purpura callaoensis Blainville, 

1832 (non Gray, 1828), and is a strongly nodulose form of S. delessertiana.

Stramonita canaliculata (Gray, 1839)

Valid species. There has been some confusion between the two species S. 

canaliculata and S. floridana in North America. Based on shell morphology (Figure 

5), taxonomists have believed S. canaliculata to be restricted to the Gulf of Mexico, 

and S. floridana to occur on the Atlantic coast of Florida, Cuba and the Yucatan 

Peninsula (e.g. Clench, 1947; Abbott, 1974; Liu et al., 1991; Harding & Harasewych, 

2007; in each case as subspecies of S. haemastoma). However, while S. floridana is 

more common on the Atlantic coast of Florida and S. canaliculata is more common in

the Gulf (Figure 1; Clench, 1947; Liu et al., 1991), it is now clear that, on a 

geographical scale, there is considerable overlap between them. Harding & 

Harasewych (2007) found molecular evidence for one species in the Gulf and another 

species on the Atlantic coast of Florida and in Chesapeake Bay, but our examination 

of their figures and reanalysis of their COI sequences with our own (data not shown) 

indicates that, contrary to their identification, they found S. canaliculata in Eastern 

Florida and Chesapeake Bay, and S. floridana in the Gulf. Both species have been 

confirmed with genetic evidence to occur in the Gulf (Figure 1; Liu et al., 1991).

‘Stramonita’ chocolata (Duclos, 1832)

Although often included in Stramonita (e.g. Keen, 1971; DeVries, 2005) our 

molecular results show that this species does not form a clade with the other members

of that genus, and a new generic name is required.
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Stramonita cruentata (Gmelin, 1791)

See Appendix C.

Stramonita delessertiana (d’Orbigny, 1841)

Valid species. See S. blainvillei above. Synonymized with S. biserialis by De Vries 

(2005).

Stramonita floridana (Conrad, 1837)

Valid species. See S. canaliculata above.

Thaisella forbesii (Dunker, 1853)

Valid species. This West African species was considered as a subspecies of S. 

haemastoma by Clench (1947; although his figure, pl. 36: fig. 7, is S. haemastoma 

s.s.) and listed as a synonym of S. haemastoma by Houart. A synonym is Thais langi 

Clench & Turner, 1948. DNA extraction from available specimens has so far been 

unsuccessful. Shell characters show that it is not a Stramonita. The large 

pseudumbilicus, sharp siphonal fasciole, four major spiral cords, and the sometimes 

wrinkled effect at the suture (growth lines corresponding to anal canal) all support 

classification in Thaisella. Its habitat on mangroves in brackish water is also typical 

of Thaisella.

Stramonita haemastoma (Linnaeus, 1767)

Valid species. Two synonyms should be removed from Houart’s list: Thais stellata 

Röding, 1798 refers to a figure of a shell from ‘Persia’ by D’Argenville that 

resembles a Mancinella; Purpura forbesii Dunker, 1853 is a valid species of 

Thaisella. One should be added: Purpura viverratoides d’Orbigny, 1839. Of the 30 

remaining names listed by Houart, all were described from the eastern Atlantic 

(including Mediterranean Sea) or without locality. None was described from the coast

of South America, or resembles S. brasiliensis new species. Several additional names 

are listed in the database of Western Atlantic Marine Molluscs (accessed 15 June 

2010; http://www.malacolog.org); only Fusus pyruloides De Kay, 1843 is from the 

western Atlantic; this is not a Stramonita, but probably a juvenile Melongenidae.
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Thaisella mariae (Morretes, 1954)

Valid species. This Brazilian species was placed in subgenus Stramonita by Rios 

(1994), but the shell shape, including the pseudumbilicus, indicate membership of 

Thaisella, and similarity to T. forbesii. 

Stramonita rustica (Lamarck, 1822)

Valid species. See S. bicarinata above. 
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Appendix E. Taxonomic notes on selected fossil species assigned to 
Stramonita

The fossil history of Stramonita was reviewed most recently by Vermeij (2001). 

Based on our observations and results, we make the following comments on some 

fossil species.

Stramonita berryi (Olsson, 1932)

This Late Miocene species from northern Peru was compared with ‘S.’ bifida by 

Vermeij (2001), but we concur with DeVries (2005), who pointed out similarity with 

S. biserialis. It is a probable member of the clade of S. biserialis, S. floridana and S. 

brasiliensis.

 ‘Stramonita’ bifida Vermeij, 2001

This was described from the Cantaure Formation of Venezuela as one of the two 

earliest members of the genus (Early Miocene). No other member of the genus 

possesses paired crenulations on the edge of the outer lip, or the contrasting major and

minor elements of spiral sculpture. We believe that these characters exclude the 

species from Stramonita, and suggest that there is a resemblance to ‘Thais’ capensis 

(Petit, 1852) from southern Africa, which may belong to Reishia.

Stramonita caloosana (Tucker & Wilson, 1933)

Although synonymized with S. rustica by Vokes (1989) and with S. canaliculata by

Vermeij (2001), we suggest that this Pliocene species from Florida is closest to S. 

floridana, based on shell outline and lack of a sutural channel.

Stramonita caracolensis DeVries, 2005

The smooth outline, four indistinct primary ribs and south Peruvian locality of this 

Late Pliocene species all recall a smooth form of S. delessertiana, with which it may 

be conspecific. 

‘Stramonita’ homogeneus Brunet, 1997

Described from the Upper Miocene of Argentina, this species was mentioned as a 

member of the S. haemastoma complex by Vermeij (2001). We believe it may be a 

member of the genus Chorus (Ocenebrinae).
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‘Stramonita’ huaricanganensis DeVries, 2005

The absence of prominent spiral ribs, the single row of spines and the calcitic outer 

layer place this Late Pliocene species from southern Peru close to, or conspecific 

with, ‘S.’ chocolata. As we have shown, ‘S.’ chocolata is not a member of 

Stramonita.

Stramonita penelaevis Vermeij & Herbert, 2004

Vermeij & Herbert (2004) described this species from the Late Pliocene 

Caloosahatchee Formation of Florida and compared it with S. bicarinata (here 

considered a synonym of S. rustica; Appendix D). The figured types fall within the 

range of Recent S. rustica (Appendix D).

Stramonita semiplicata Vermeij, 2001

This is the second member of the genus described from the Cantaure Formation of 

Venezuela. Vermeij (2001) pointed out its similarity to both S. bicarinata (here 

considered a synonym of S. rustica) and S. rustica. We concur that S. semiplicata 

closely resembles S. rustica and, based on our evaluation of the variation of marginal 

crenulations and apertural denticles (see main text, Figure 3.5, Table 3.2, Appendices 

D, F), are unable to discern diagnostic differences between them. For the same 

reasons, we suggest that S. quadridentata (Vokes, 1989) from the Late Miocene of the

Dominican Republic and Panama may not differ significantly from S. semiplicata. 

Vokes (1989) noted the resemblance of S. quadridentata to Miocene forms from Italy 

(Bellardi, 1882), so members of the ‘S. rustica clade’ may once have extended their 

range to the eastern Atlantic. Detailed morphometric comparisons of large series of 

Recent and fossil shells are required to test the affinities of these taxa.

Stramonita striolata (Bronn, 1831)

This species was classified as Thais (Mancinella) by Landau et al. (2007), who 

listed Pliocene records from Iberia and the Mediterranean. The genus Mancinella s.s. 

has not previously been recorded from the Atlantic, and the species has been assigned 

to Stramonita by Muñiz-Solís and Guerra-Merchán (1994). In our view the shells are 

very close to Recent S. haemastoma in their spiral sculpture and external nodules. 
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‘Stramonita’ zinsmeisteri DeVries, 2005

The low spire and apparently rounded outline of this Early Pliocene species from 

central Chile do not resemble known members of Stramonita, but are reminiscent of 

Thais callaoensis (Gray, 1828).
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Appendix F. Summary of shell morphological characters that are 
useful to discriminate species of Stramonita

Species

Max. 
length 
(mm)

Av. 
length/
width 
ratio

 Av. 
length/ 
aperture
length 
ratio

Number of 
apertural 
crenulations

Unique 
morphology

Inferred 
habitat 
preference

Geographical  
distribution

S. delessertiana 39 1.47 1.45 20-27 white 
aperture 
with rusty 
margin

continental Peru to Chile

S. biserialis 64 1.54 1.39 25-42 mixed Baja California 
to Ecuador and 
Galapagos Is

S. brasiliensis 66 1.62 1.42 16-35 continental S. Caribbean to 
Uruguay

S. canaliculata 76 1.72 1.50 27-31 channeled 
suture

continental Gulf of Mexico 
to Chesapeake 
Bay; scarce on 
Atlantic coast 
of Florida

S. floridana 59 1.63 1.42 21-32 mixed Atlantic coast 
of Florida, 
Cuba, Yucatan 
Peninsula; 
scarce in Gulf 
of Mexico

S. haemastoma 92 1.55 1.37 21-47 mixed Mediterranean 
to Namibia; 
Venezuela

S. rustica 39 1.59 1.47 17-29 white 
aperture, 
with  or 
without 
marginal 
brown spots

oceanic Caribbean, 
Brazil, South 
Atlantic islands

Appendix F 300
____________________________________________________________________________________________________________________________________________________________________


