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In the marine clam family Cardiidae, two closely related subfamilies (Tridacninae 

and Fraginae) exhibit divergent morphological responses to a similar selective pressure- 

light capture for photosymbiosis. All giant clams maximize light capture via a similar 

suite of morphological characters, including mantle hypertrophy, pronounced valve 

gaping, and expansion of the posterior area.  In contrast, the more diverse but poorly 

characterized Fraginae have travelled a much different route.  Photosymbiotic taxa have 

responded to the same selective pressure of maximizing light capture by assuming a wide 

diversity of morphologies, including modifications to shell shape, shell size, shell 

microstructure and behavior. Three mitochondrial (16S, COI, CytB) and one nuclear 

(28S) gene regions were assembled to understand the relationships among over thirty 

photosymbiotic and non-photosymbiotic Fraginae taxa and key characters were then 

mapped onto this phylogeny.  

 



1 

CHAPTER 1 
GENERAL INTRODUCTION 

Symbioses, loosely defined as one organism living in intimate association with 

another (Cowen 1983, Futuyma 1998), are a pervasive and enduring theme in the history 

of life (Endosymbiotic Theory, Margulis 1998, but see Gray et al. 1999). What are some 

of the features of these relationships? Host and symbiont are taxonomically diverse with 

representation in all three domains (Beckage 1998, Bourtzis and O'Neill 1998, Distel 

1998, McFall-Ngai & Ruby 1998, Meeks 1998, Moran and Telang 1998). Symbioses 

span the range from loosely to more tightly coupled affiliations. In these latter tightly 

coupled symbioses, energy sources are directly translocated between an animal host and 

protist symbiont, and thus represent a trophic level interaction (trophosymbiosis).  The 

recent discovery of symbiont chloroplast genes in the host opisthobranch genome 

exemplifies the intimacy of these associations (Mujer et al. 1996).  

Symbioses are evolutionarily significant events as they impart host and symbiont 

with previously unrealized and therefore novel capabilities. Evolutionary novelties, or 

key innovations (Mayr 1963: p.602), are implicated in most of the adaptive 

diversification events known (for a review, see Givnish 1997). They involve a synergistic 

interaction between a synapomorphy (novelty or innovation), and ecological opportunity, 

the result of which is the diversification or radiation of a clade (Richardson 2001). This, 

in turn, often allows for the occupation and exploitation of a wide range of environments, 

including marginal ones (Corliss et al. 1979, Reid 1990). 
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As such, they may engender taxa with capabilities that allow adaptation to dynamic 

environmental conditions, especially important considering impending global and 

regional climate warming (e.g., "adaptive" bleaching hypothesis of Buddemeier and 

Fautin 1993). These aspects of symbioses make them important to identify and 

understand. 

One of the best-characterized symbiotic relationships, documented among diverse 

host taxa in equally diverse habitats, is chemosymbiosis. In these associations, the host 

houses chemosynthetic bacteria, which are able to exploit the chemical bond energy 

contained in sulfide or other reductive (e.g., methane) sources. The chemical bond energy 

is released in biologically useful forms, such as ATP and NADPH, via a series of 

complex enzymatic reactions. These energy sources are used to drive reductive steps in 

carbon dioxide fixation and nitrate reduction. Carbohydrates and amino acids are 

produced and, in part, eventually translocated to the hosts' tissues (Felbeck et al. 1983). 

Hydrothermal vents host a diverse chemosymbiotic fauna (Corliss et al. 1979). Host 

chemosymbiotic taxa are distributed across at least three invertebrate phyla, including 

bivalve and gastropod molluscs, vestimentiferan, pogonophoran as well as nematode 

worms (Distel 1998). This chemosymbiotic fauna breaks down the sulfide energy source 

flowing from the vents via oxidative reactions, permitted by the high oxygen 

concentrations of the cold, ambient seawater (Felbeck et al. 1983). The hot vent biota is 

believed to be extremely ancient and prokaryotes in this community may represent early 

life forms (Corliss 1979, Distel 1998). 

Chemosymbiotic hot vent taxa provide new and exciting evidence of the 

importance of the symbiotic life strategy. However, a more pervasive animal-protist 
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trophic interaction has long been known in a diverse assemblage of tropical 

photosymbiotic taxa (Yonge 1936). Although a common theme in reef communities, 

nowhere are these affiliations more diverse than in the tropical Indo-west Pacific (IWP), 

the largest marine biogeographic region on Earth (Paulay 1997). Algal- or photo-

symbiosis is an association between a heterotrophic host, and one or more unicellular 

algal taxa or autotrophs (Cowen 1983). A great diversity of host taxa are known, 

including representatives from Foraminifera, Porifera, Platyhelminthes, Cnidaria, 

Mollusca and Chordata (Zann 1980, Cowen 1983, Mujer 1996). A common theme among 

shallow water scleractinian corals is the obligate association with zooxanthellae or 

dinophytes (Douglas 1994, Veron 2000, Richardson 2001); more than 60 coral genera 

harbor symbionts (Cowen 1983). Most of the research on photosymbioses have focussed 

on the host; however a great diversity of algal symbionts have been documented, 

including cyanobacteria, chlorophytes, diatoms, rhodophytes, chrysophytes and even 

"free" chloroplasts (Zann 1980, Rutzler 1990, Lee and Anderson 1991).  

Recent work on scleractinian corals has revealed a huge genetic diversity within the 

most common and abundant dinoflagellate symbiont, Symbiodinium (Rowan and Powers 

1992, Rowan 1998). Spatially and temporally variable, these host-symbiont associations 

yield "optimal" combinations for myriad environmental and ecological conditions, thus 

demonstrating the adaptive potential of these associations (Rowan et al.1997). What are 

the benefits to host and symbiont? Photosymbionts produce photosynthates, specifically 

glycerol and alanine, some of which are translocated to the host (Muscatine 1967, Goreau 

et al. 1973). These are thought to be critical for host nutrition in the highly oligotrophic 

tropical environments (Cowen 1983). Similarly, the symbionts are thought to provide 
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foraminiferan hosts with a means of recycling metabolic waste products (Richardson 

2001). The symbionts are believed to gain access to a steady supply of normally limiting 

nutrients (N, P and Fe) due to tightly coupled nutrient cycling with the host (Cowen 

1983, Douglas 1995, Rowan 1998, Richardson 2001). For example, Yonge (1936) found 

that there was little leakage of phosphorus in giant clam-zooxanthellae associations, but 

that large amounts of metabolic phosphorus were released from large tridacnines without 

symbionts. 

Most photosymbiotic taxa, including corals and shell-less opisthobranch molluscs, 

have exposed soft tissues and large surface areas that facilitate exposure of symbionts to 

light (Cowen 1983). However, other taxa such as bivalve molluscs that have opaque, hard 

shells covering much of their body are clearly not “preadapted” for photosymbiosis, yet 

many are photosymbiotic. Given the obvious constraints, how do these taxa facilitate 

light penetration to photosymbionts? All but five known examples of photosymbiosis in 

bivalves occur in tropical representatives of the cockle family Cardiidae. The freshwater 

bivalves Anodonta cygnea and Unio pictorum harbor zoochlorellae photosymbionts, 

which are reported to reside in tissues that receive maximum illumination (Jones and 

Jacobs 1992). Only two non-cardiid photosymbiotic marine bivalves are known, 

Fluviolanatus subtorta, a bizarre putatively trapezid clam from shallow, tropical 

Australian seas (Morton 1982) and Placoplecten magellanicus, a temperate scallop 

reported to harbor zoochlorellae as mantle endosymbionts. Within the cardiids, only one 

photosymbiotic taxon is known from temperate regions, Clinocardium nuttalli, a 

relatively large cockle with zoochlorellae symbionts (Jones and Jacobs 1992). All of 

these associations are purportedly facultative and not likely trophic, unlike those known 
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for tropical cardiids. However, as yet, these affiliations remain relatively poorly 

characterized in comparison to symbioses with zooxanthellae (Jones and Jacobs 1992).  

The giant clams or tridacnines (Tridacna and Hippopus) are the best-known 

subfamily of photosymbiotic cardiids and are found throughout the shallow tropical IWP 

(Yonge 1936, 1981, Rosewater 1965, Schneider and Ó Foighil 1999).  All tridacnines 

possess a similar suite of morphological and behavioral features attributed to the 

symbiotic lifestyle (Rosewater 1965, Yonge 1936, 1981). Zooxanthellae reside primarily 

in the hypertrophied posterior mantle region. To allow for the expansion of the posterior 

region, the anterior region of the animal has been concomitantly reduced. Traditionally, it 

was thought that zooxanthellae resided in the hemal spaces of the hypertrophied mantle 

(Yonge 1936). However, it was later suspected (Mansour 1946), and has since been 

confirmed (Norton et al. 1992), that zooxanthellae are housed intercellularly in an 

elaborate network of primary, secondary and tertiary zooxanthellar tubes. Although this 

elaborate duct system has not yet been described for any other photosymbiotic bivalves 

besides Corculum (Janssen 1991), it is similar to those described for other molluscan taxa 

(opisthobranchs), and is intimately associated with the digestive system of the host 

(Trench 1979, Norton et al. 1992). Zooxanthellar transmission is horizontal in giant 

clams; larvae acquire zooxanthellae anew from the ambient environment at about 2-9 

days after metamorphosis (Fitt and Trench 1981). Veligers without photosymbionts do 

not survive, suggesting an obligate photosymbiotic association and rigorous selection for 

the acquisition of photosymbionts (Cowen 1983).  

Posterior valve gaping behavior, where the shells are widely opened to allow 

maximum mantle exposure, and an epibenthic existence enhance, irradiance levels to 
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photosymbionts. Enhanced exposure of soft tissues may allow for increased predation 

pressure, relative to the more typical narrowly cracked gape and reduced soft tissue 

exposure typical of most other bivalves. To combat this threat, it is widely believed that 

Tridacna has evolved special defensive structures that include a sensitive optical sensory 

system, very rapid shell closure (via the large anterior adductor muscle) and directed 

water jetting from the siphon. Morton (1978) has shown that the defensive system of 

tridacnines is in operation during the day when valves are widely opened to expose 

photosymbionts to maximal irradiance (Cowen 1983). A fully functional gut, coupled 

with the added nutrition provided by the symbionts, has resulted in the large size of all, 

and the truly massive size (~1 m across) of some species (e.g., Tridacna gigas) 

(Schneider 1998).  

In stark contrast to other well-known trophosymbiotic bivalve lineages, are the 

photosymbiotic heart cockles in the subfamily Fraginae. Whereas other photosymbiotic 

taxa exhibit similar morphologies, such as the morphologically rather uniform 

Tridacninae and chemosymbiotic taxa, which exhibit convergences in many anatomical 

features even though they are from phylogenetically diverse stocks, photosymbiotic 

fragines exhibit a striking diversity of hypothesized morphological adaptations to 

enhance light exposure to symbionts (Kawaguti 1950, Watson and Signor 1986, Ohno et 

al. 1995, Carter and Schneider 1997, Persselin 1998, Schneider and Carter 2001).  What 

are some of the morphological features exhibited by photosymbiotic Fraginae taxa? All 

Corculum species exhibit a similar suite of apomorphic characteristics that appear to be 

photosymbiotic adaptations (Gould and Lewontin 1978).  A feature of Corculum unique 

among the Fraginae is a strictly epifaunal existence. Corculum lies posterior-side up and 
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is often extremely cryptic, as it is similar in color to the surrounding dead coral rubble 

environments it inhabits. The shell is thin, especially in the exposed, posterior region and 

is greatly flattened antero-posteriorly (Kawaguti 1950, Gould and Lewontin 1978, 

Watson and Signor 1986). This shape greatly enhances the surface area of the shell 

exposed to light.  

Another modification shared by all Corculum, but unreported thus far for all but 

three other fragines, is the presence of well-developed "window" shell microstructure 

(Watson and Signor 1986, Seilacher 1990, Carter and Schneider 1997, Persselin 1998, 

Schneider and Carter 2001). Corculum shell microstructure grossly resembles other 

fragines, but differs most significantly in having: 1) less pigment, 2) microstructural 

windows formed on the posterior slope by the incursion of the fibrous prismatic (FPL) 

and dissected crossed prismatic (DCP) into the middle and inner branching crossed 

lamellar (BCL) and inner complex crossed lamellar (CCL) shell layers and 3) a 

planoconvex shape of the inner surface of posterior windows. Seilacher (1990) proposed 

that the transparent shell microstructure functioned as a fiber optic system to disperse 

light to the zooxanthellae situated within the mantle of Corculum. However, reanalyses of 

microstructure by Carter and Schneider (1997, see also Schneider and Carter 2001) 

revealed that the shell microstructural adaptations more likely function as light 

condensing lenses. This finding is consistent with zooxanthellae placement in Corculum. 

Instead of being housed in the mantle tissue that lies flush against the inner surface of the 

exposed posterior part of the shell, as in other fragines, zooxanthellae are most abundant 

in the inner surface of the extremely flattened anterior surface of the valves (Watson and 

Signor 1986, Ohno et al. 1995, Carter and Schneider 1997). Although uncommon in other 
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fragines, light condensing shell microstructure was documented in a putative 

photosymbiotic fossil cardiid, Protocardia (Pachycardium) stantoni (Schneider and 

Carter 2001). 

Members of the genus Lunulicardia are less-studied relatives of Corculum, but 

studied taxa possess a different array of morphological adaptations for photosymbiosis 

compared to other fragines. Well-developed keels create a flattened posterior and provide 

light capture surfaces ("solar panels") that facilitate maximal light exposure to 

photosymbionts through the shell (G. Paulay, pers. comm.). Additionally, some taxa have 

deeply involuted lunules, creating a pronounced concavity near the umbo; this is 

suspected to increase posterior valve gaping ability by shifting the hinge axis from the 

anteroventral to posterodorsal (G.P. pers. comm.). Increased posterior valve gaping 

ability is hypothesized, in turn, to allow increased exposure of the mantle and thus of the 

symbionts. Well-developed window formation, similar to Corculum, was reported in an 

undescribed "juvenile" species of Lunulicardia (L. sp. 1) but was not found in studies of 

adult L. retusa by Persselin (1998) or Schneider and Carter (2001).  Window shell 

microstructure in the "juvenile" L.sp.1 of Persselin (1998) included: 1) fibrous prismatic 

(FP) and dissected crossed prismatic (DCP) shell microstructure, 2) a reduction/absence 

of pigmentation, 3) slight convexities on the inner window surface. 

Most of the little-studied Fraginae taxa occur in the genus Fragum , clearly the 

most species-rich group, exhibiting the widest range of putative adaptive morphologies.  

Taxa possess singly or in concert, window shell microstructure, well-developed keels, 

posterior valve gaping behavior, some degree of soft-body exposure and allometric 

change in shell shape that increases the relative area available for light capture. Fragum  
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nivale and F. mundum have fully developed windows and well-developed keels, as 

reported in "juveniles" of Lunulicardia sp.1 (Persselin 1998). Fragum  fragum  combines 

enhanced posterior valve gaping and well-developed keels with intermediate window 

formation (Persselin 1998). Fragum  unedo and Fragum  loochoanum exhibit posterior 

valve gaping behavior and all three of these taxa exhibit some degree of mantle splaying 

behavior. The photosymbiont-packed mantle is exposed along the posterior valve edges, 

similar to behavior exhibited by tridacnines, thus facilitating light exposure (Ohno et al. 

1995). Perhaps more notable than mantle splaying behavior in F. fragum  and F. 

loochoanum is the dense packing of zooxanthellae in the siphonal tentacles, also 

observed in F. mundum.  

Finally, the enigmatic Fragum  erugatum, endemic to the hypersaline waters of 

Shark's Bay, Western Australia, has recently been the subject of an extensive functional 

morphological study by Morton (2000). This photosymbiotic species reaches maturity in  

approximately 1 year and is the dominant infaunal component of Shark's Bay, but 

photosymbiotic morphological attributes are little known. Like F. erugatum, putative 

photosymbiotic adaptations are poorly understood in F. carinatum and F. scruposum, 

however none of these taxa have obvious window microstructure. 

The main focus of this dissertation research is to produce a comprehensive, fully 

resolved phylogeny of the relationships among extant Fraginae taxa. A species-level 

phylogeny based on sequence data from multiple gene regions, including nuclear and 

mitochondrial markers, forms the framework to: 1) pinpoint the origin of photosymbiosis 

and 2) track morphological evolution related to a photosymbiotic lifestyle in the 

Fraginae. 



10 

CHAPTER 2 
MOLECULAR PHYLOGENETICS 

Introduction 

In the marine clam family Cardiidae, two closely related subfamilies exhibit 

different morphological responses to a similar selective pressure: light capture for 

photosymbiosis. While one group (the Tridacninae or giant clams) has responded with a 

similar suite of morphological adaptations, the other (the Fraginae or heart cockles) has 

responded in strikingly divergent ways. All tridacnines maximize light capture via an 

analogous suite of morphologies and behaviors, including pronounced mantle 

hypertrophy and valve gaping, an epifaunal existence and expansion of the posterior area 

and scutes (shell extensions that “prop” up the mantle)(Yonge 1936, 1981) (see Fig. 2-1 

for shell adaptations).  In contrast, the more diverse but poorly characterized fragines 

have traveled a much different route, with photosymbiotic taxa exhibiting a wide 

diversity of morphological strategies for light capture (Bartsch 1947, Kawaguti 1950, 

1968, 1983, Seilacher 1990, Watson and Signor 1986, Ohno et al. 1995). Fragines display 

multiple morphological solutions to the problem of light capture with modifications to 

shell shape, shell size, shell transparency, mantle hypertrophy and tissue exposure 

(Kawaguti 1950, Watson and Signor 1986, Ohno et al. 1995, Carter and Schneider 1997, 

Persselin 1998, Morton 2000, Schneider and Carter 2001) (see Fig. 2-1 for shell 

adaptations).  
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Figure 2-1 Schematic diagram of some shell adaptations in photosymbiotic Tridacninae and Fraginae. A. Tridacna squamosa, B. 

Fragum  unedo, C. Fragum  loochoanum, D. Fragum  fragum , E. Lunulicardia hemicardia and F. Corculum cardissa. 
Dark circles denote the ligament, dashed line indicates sediment surface, arrows indicate incident light and hatched circles 
represent windows. 
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Although several morphological adaptations in this group appear to have developed in 

parallel, others are widely divergent, providing evidence for the importance of historical 

contingency in the evolution of form (Gould and Lewontin 1978). 

Reconstructing the evolution of photosymbiosis in the Fraginae involves mapping 

putative adaptations, which in turn requires a phylogenetic framework.  However, current 

phylogenetic appraisals that include fragines have largely been constructed to answer 

higher-level systematic questions of bivalves. As such, sampling strategies have targeted 

wide coverage of many groups with more limited sampling effort within lineages (e.g., 

Giribet and Distel (2003) for the bivalvia; Keen (1980) and Schneider (1998) for 

cardiids). This approach, referred to as the exemplar approach (Wheeler et al. 1993), 

contrasts with a more comprehensive approach where many extant taxa of a higher-level 

grouping (e.g., all or most species in a genus) are sampled (Meyer 2003, 2004).  

Although both approaches are useful, the exemplar approach is of limited utility in 

the Fraginae for at least three reasons. First, exemplars are often chosen based on 

availability and because of this limitation, type species, although the most appropriate 

representatives, are often not obtained. A related but somewhat different issue arises in 

unrevised groups, where many little-known members lead to underestimates of variation 

and overly “narrow” taxonomic boundaries. This, in turn, influences exemplar choice and 

subsequent phylogenetic analyses. Second, even if all species were known and readily 

available, high levels of morphological variation can make exemplar choice difficult. 

Which member is best representative of the speciose and morphologically diverse fragine 

genus, Fragum ? Third, single exemplars do not test for generic monophyly. 
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Phylogenetic concerns aside, missing species (and missing character states) may lead to 

an incorrect understanding of patterns in studies of morphological evolution.  

In order to pinpoint the origin and track the development of photosymbiosis in the 

Fraginae, construction of a new phylogeny is required due to insufficient taxon sampling 

of the group in existing phylogenetic appraisals. This chapter provides the most 

comprehensive molecular phylogenetic hypothesis of the subfamily to date. Nuclear and 

mtDNA sequence data from four gene regions were sampled from multiple 

representatives of all recognized genera and subgenera, as well as cardiid outgroups from 

numerous subfamilies. The focus of this study was to briefly review previous systematic 

treatments of cardiids and fragines to facilitate comparisons with the new phylogenetic 

findings presented here. The evolution of photosymbiosis is treated separately 

(Kirkendale, Chapter 2).  

Higher-Level Systematics of the Cardioidea and Cardiidae 

The marine bivalve superfamily Cardioidea is composed of a single well-known 

family, the Cardiidae, known from the Late Triassic to Recent (Coan et al. 2000, Morton 

2000, Schneider and Carter 2001). The approximately 200 members are distributed 

worldwide in nearshore to deep-sea environments, although the bulk of species are 

known from shallow tropical habitats (Poutiers 1992, Morton 2000, Vidal 1994, 1997a, b, 

1999, Hylleberg 2004). Traditionally comprising six subfamilies, cardiid membership and 

subfamilial relationships have varied considerably among authors (e.g., the six members 

have not always been consistent; compare Figs. 2-2 A&B). Schneider (1995) recently 

reorganized higher-level cardiid diversity into three clades with tested representatives 

distributed among eleven subfamilies (Fig. 2-2C). 
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Figure 2-2 Recent cardiid (A-C) and fragine (D) phylogenies. Dashed lines indicate 
extinct taxa. Clades 1-3 in C refer to major cardiid clades outlined by 
Schneider (1995). The repeated occurrence of Fragum  in D refers to the 
equivocal position of this taxon. The major difference between Schneider 
(1998) and Persselin (1998) is the position of Fragum . Persselin places the 
genus as sister to Lunulicardia and Corculum (Fragum * in D), not in a 
trichotomy.  Both scenarios are presented by Schneider (1998).  
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Fraginae Monophyly 

The subfamily Fraginae was first delineated by Stewart (1930) and originally 

included five genera and two subgenera, grouped together because they shared two shell 

characters: 1) a marked umbonal ridge and 2) subequal cardinals (Table 2-1). Although 

several studies have been published since then, these largely followed Stewart’s original 

circumscription (e.g., Kafanov and Popov 1977, Keen 1980).  In contrast, the most recent 

and comprehensive phylogenetic treatment of the subfamily Fraginae recognized eleven 

extant genera (and one extinct genus, Goniocardia) united by five morphological 

synapomorphies: 1) small labial palps (less than one-fifth the length of animal), 2) lack of 

a perisiphonal suture, 3) presence of a functional byssus in adults, 4) poorly organized 

fibrous prismatic shell microstructure, discontinuous with underlying shell layers and 5) 

distinct right posterior cardinal tooth shape (Table 2-1, Fig. 2-2 D) (Schneider 1998). 

Small European cardiids from the genera Parvicardium and Papillicardium were 

recovered as Fraginae genera, in contrast with the bulk of previous work that placed these 

genera elsewhere (e.g., in the Cardiinae or Cerastodermatiinae; see Table 2-1). Consistent 

with earlier circumscriptions of the Fraginae but in contrast with Schneider (1998), a 

recent, large-scale molecular analysis of the Bivalvia did not support Parvicardium 

exiguum as closely related to other sampled fragines (Corculum + Fragum ) (Giribet and 

Distel 2003).  

The Fraginae have not been the subject of a comprehensive systematic revision. 

This makes understanding taxonomic boundaries and controversies in the subfamily 

difficult. To familiarize the reader with current systematic problems, a review of 
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Table 2-1 Membership in the subfamily Fraginae. Alternate placements of genera are 
stated where appropriate. 

Genera Stewart, 1930
Keen 

(1980) 
Voskuil & Onverwagt 

(1989) 
Schneider 

(1998) 
Vidal 
(2001) 

Papillicardium Cardiinae?4 Cardiinae Cerastodermatiinae X X 
Cerastobyssum1     X  
Parvicardium Cardiinae?4 Cardiinae Cerastodermatiinae X X3 
Trigoniocardia X X X X X 
Apiocardia X X X X X 
Lunulicardia X X X X X 
Corculum X X X X X 
Fragum  X X X X X 
Microfragum   X X X X 
Ctenocardia X X X X X 
Americardia X X X X X 
Afrocardium   X X Cardiinae X 
Goniocardia2    X  
1 Cerastobyssum is considered a subgenus of Parvicardium by most authors  
(e.g., van Aartsen and Goud 2000). 
2 Goniocardia is the only entirely extinct taxon. 
3 Papillicardium is considered a subgenus of Parvicardium 
4 The question marks reflect Stewart's uncertainty with placing Parvicardium in the 
Cardiinae. 
 
presently recognized genera and species, broken down into three major groups, is 

outlined below. 

Parvicardium and Papillicardium: Sister to all other Fragines? 

Conflicting views exist regarding the earliest diverging Fraginae genera.  Although 

Parvicardium and Papillicardium are supported as sister to all fragines by some authors, 

these same lineages are not considered fragines and are placed in entirely different 

cardiid subfamilies by others (e.g., compare Keen 1980 with Voskuil and Onverwagt 

1991 and Stewart 1930 with Schneider 1998, Table 2-1). Moreover, membership in, and 

relationships among, the earliest diverging fragine genera are either controversial or ill 

defined.  For example, sampling of just two species by Schneider (1998) yielded a 
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paraphyletic Parvicardium, with P. siculum sister to Cerastobyssum hauniense and P. 

exiguum sister to all remaining fragines. 

Although Papillicardium is generally considered monotypic (the sole 

representative being P. papillosum), a number of species are recognized in the genus 

Parvicardium sensu stricto (this notation will be used throughout the remainder of this 

paper to refer to species in the subgenus Parvicardium only, thus excluding 

Papillicardium)(Table 2-2). All but two of these (Parvicardium turtoni from South 

Africa and P. pinnulatum from the temperate west Atlantic) are distributed in nearshore 

temperate regions of Europe, with the greatest diversity found in the Mediterranean. 

Based on analysis of internal and external shell characters, Voskuil and Onverwagt 

(1989) and van Aartsen and Goud (2000) considered Parvicardium sensu lato 

(Parvicardium + Papillicardium) to be composed of eight species. The latter study is the 

most recent and thorough treatment of small European cardiids, with comparisons among 

conspecifics facilitated by SEM analysis of prodissoconchs.  
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Table 2-2 Species and distribution of recognized Fraginae with asterisks denoting types. 
Taxa Authority/year Distribution 
Fragum  fragum * (Linné, 1758) IWP 
Fragum  scruposum (Deshayes, 1855) IWP 
Fragum  loochoanum Kira, 1959 IWP 
Fragum  carinatum (Lynge, 1909) IWP 
Fragum  mundum (Reeve, 1845) IWP 
Fragum  nivale (Reeve, 1845) Indian ocean 
Fragum  unedo (Linné, 1758) IWP 
Fragum  erugatum (Tate, 1889) Western Australia 
Fragum  sueziense (Issel, 1869) IWP 
Lunulicardia retusa (Linné, 1767) IWP 
Lunulicardia hemicardia (Linné, 1758) IWP 
Lunulicardia aequale (Deshayes, 1855) IWP 
Corculum cardissa (Linné, 1758) IWP 
Corculum dionaeum (Broderip & Sowerby, 1829) IWP 
Corculum monstrosum (Chemnitz 1782) IWP 
Corculum obesum (Bartsch, 1947) IWP 
Corculum humanum (Chemnitz, 1782) IWP 
Corculum laevigatum (Bartsch, 1947) IWP 
Corculum aselae (Bartsch, 1947) IWP 
Trigoniocardia granifera* (Broderip & Sowerby, 1829) East Pacific 
Trigoniocardia antillarum (d’Orbigny in Ramon de la Sagra, 1846) Caribbean 
Trigoniocardia ceramidum (Orbigny, 1842) Caribbean 
Apiocardia obovale* (Sowerby, 1833) East Pacific 
Americardia biangulata (Sowerby, 1829) East Pacific 
Americardia media* (Linné, 1758) Caribbean1 
Americardia speciosa (Adams & Reeve, 1850) St. Helena Island 
Americardia planicostata (Hertlein & Strong,1947) East Pacific 
Ctenocardia fornicata (Sowerby, 1841) IWP 
Ctenocardia victor (Angas, 1872) IWP 
Ctenocardia translatum (Prashad, 1932) IWP 
Ctenocardia perornata Iredale, 1929 IWP 
Ctenocardia symbolica* Iredale, 1929 IWP 
Ctenocardia fijianum Vidal & Kirkendale, in press IWP 
Ctenocardia gustavi Vidal & Kirkendale, in press IWP 
Microfragum  subfestivum Vidal & Kirkendale, in press IWP 
Microfragum  festivum (Deshayes, 1855) IWP 
Parvicardium minimimum (Philippi, 1836) Mediterranean 
Parvicardium exiguum* (Gmelin, 1791) Mediterranean 
Parvicardium scriptum (Bucquoy, Dautzenbery & Dollfus, 1892) Mediterranean 
Parvicardium vroomi Van Aartsen, Menkhorst & Gittenberger, 1984 Mediterranean 
Parvicardium trapezium Cecalupo & Quadri, 1996 Mediterranean 
Papillicardium papillosum (Poli, 1795) Mediterranean 
Parvicardium scabrum (Philippi, 1844) Mediterranean 
Parvicardium pinnulatum (Conrad, 1831) East Atlantic 
Parvicardium turtoni (Sowerby, 1894) South Africa 

1 type locality as Habana, Cuba selected by McLean 1839 pg. 167 and not Indian ocean, as stated originally by Linné. 
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The name Parvicardium has also been applied to some Indo-west Pacific (IWP) species 

(e.g., Oliver 1992 for sueziense), but it is now widely accepted that tropical IWP 

representatives belong in the genus Fragum .  Inclusion of P. turtoni from South Africa 

brings the total number of species in the genus to nine (Table 2-2).  

The “Trigoniocardia” and “Ctenocardia” groups 

Two other subclades recognized in the Fraginae are: 1) the “Trigoniocardia” group 

that includes species in the genera Trigoniocardia sensu stricto, Apiocardia (recognized 

as a subgenus of Trigoniocardia most recently by Keen (1980) and Vokes (1989)) and 

the fossil taxon Goniocardia, and 2) the “Ctenocardia” group composed of the genera 

Ctenocardia sensu stricto, Americardia and Microfragum  (the latter two are recognized 

as subgenera of Ctenocardia by Voskuil and Onverwagt 1989 and Keen 1980, 

respectively) (Schneider 1998, Persselin 1998). 

The “Trigoniocardia” group, united by four synapomorphies, was recovered as a 

well-supported sister clade to the remaining fragines (Lunulicardia + Corculum, Fragum  

and the “Ctenocardia” group) (Fig. 2-2D) by Schneider (1998). Trigoniocardia sensu 

lato includes four recognized species with distributions in the East Pacific and western 

Atlantic/Caribbean (Table 2-2). The “Ctenocardia” group, supported by three 

morphological synapomorphies, is the most diverse genus of fragines with three 

recognized subgenera and thirteen species (Table 2-2). The bulk of representatives are 

restricted to the IWP except for one subgenus, Americardia, known from the Americas. 

Ctenocardia sensu lato was recovered in a trichotomy with Fragum  and Lunulicardia + 

Corculum (Fig. 2-2D) by Schneider (1998). Members of this genus have a wide depth 

range, with many species found in much greater depths than known for any other fragine 
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(e.g., both C. victor and C. fornicata are often found on steep fore-reef slopes at depths of 

100 m or more).  

In contrast with Schneider (1998) and Voskuil and Onverwagt (1989), the bulk of 

earlier taxonomic work (Stewart 1930, Clench and Smith 1944, Keen 1951, 1980, Olsson 

1961 and Popov 1977) recognized Americardia as a subgenus of Trigoniocardia. These 

appraisals do not unite morphologically similar groups from disjunct locales (e.g., 

Ctenocardia from the IWP and Americardia from the Americas) but instead group 

geographically proximate but highly divergent forms (e.g., Apiocardia and 

Trigoniocardia with Americardia). 

Known Photosymbiotic Representatives: Fragum, Lunulicardia and Corculum 

Reef-associated species in the genera Fragum , Lunulicardia and Corculum include 

the most morphologically divergent cardiids, with many confirmed photosymbiotic 

members (Kawaguti 1950, 1968, 1983, Trench et al. 1981, Ohno et al. 1995). However, 

these fragines are generally poorly known (Corculum being the obvious exception), often 

with a sparse fossil record due to their occurrence in remote, little-studied settings in the 

tropical Pacific and Indian oceans. Maruyama et al. (1998) and Giribet and Distel (2003) 

both included three IWP fragines, Fragum  unedo, F. fragum  and Corculum cardissa, in 

their molecular phylogenetic analyses and recovered similar topologies, with C. cardissa 

sister to F. unedo + F. Fragum . Persselin (1998) proposed that a paraphyletic Fragum  

likely gave rise to Lunulicardia and Corculum and placed these three genera in a 

subclade within the Fraginae.  Schneider (1998) outlined a scenario that grouped 

Lunulicardia + Corculum based on five synapomorphies and excluded Fragum  (Fig. 2-

2D).   
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Although revisionary work in the fragines is generally sparse, one genus has 

received considerable attention. Corculum is the most widely studied fragine, both from a 

morphological and taxonomic standpoint, and has long been recognized as the "other" 

photosymbiotic clam (Bartsch 1947, Kawaguti 1950, Gould and Lewontin 1978, Watson 

and Signor 1986, Seilacher 1990, Ohno et al. 1995, Carter and Schneider 1997, Persselin 

1998, Farmer et al. 2001, Schneider and Carter 2001). Seven species are recognized and 

these are widely distributed throughout the IWP in shallow, coral rubble habitats 

(Bartsch, 1947) (Table 2-2). These species are differentiated on the basis of external shell 

characters: 1) whether the keel margin is smooth or denticulate, 2) whether the posterior 

or anterior side is concave or convex, 3) presence of pronounced ribbing and 4) size. 

Kawaguti (1950) challenged this division and suggested that Corculum represents one 

highly polymorphic species split into groups that follow an ontogenetic sequence. 

Although the sympatry of many Corculum species in the Philippines supports this latter 

contention, the diminutive C. dionaeum as well as a western Indian ocean form 

(mentioned briefly by Bartsch 1947: 223 and placed provisionally with C. cardissa), are 

geographically separated from the bulk of other Corculum. Due to the poor opportunities 

for connectivity given a short-lived larval stage (2 days in tested individuals; see 

Kawaguti 1950) these insular populations may be distinct (e.g., reciprocally 

monophyletic lineages or ESUs, Moritz 1994), similar to tested insular Pacific gastropods 

with limited larval dispersal capabilities (Kirkendale and Meyer 2004, Meyer et al. 2005).  

The most species-rich and poorly understood group, exhibiting the widest range of 

putative adaptive morphologies for a photosymbiotic lifestyle, is Fragum  (Ohno et al. 

1995, Persselin 1998). Although the genus has never been revised, a handful of 
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representatives have been included in molecular phylogenetic treatments (Giribet and 

Distel 2003, Maruyama et al. 1998) or have been the focus of microstructural analyses 

(Persselin 1998, Schneider and Carter 2001). Nine species are recognized (Table 2-2, 

following Hylleberg 1994, who in turn based it on Moore et al. (1969), Wilson and 

Stevenson (1977), Koyama et al. (1981), Oliver (1992) and Lamprell and Whitehead 

(1992)) with clear morphological differences among most recognized members. 

Boundaries among F. loochoanum, F. scruposum and F. carinatum, hereafter 

referred to as the “25-rib group”, are more confusing (J. Vidal and G. Paulay 

pers.comm.). This assemblage shares a number of characters that differentiate them from 

other IWP fragines, such as the presence of approximately 25 ribs, small adult size, 

consistent shell shape and relatively deep interribs. However, the presence (e.g., in the 

Museum National d’Histoire Naturelle, Paris) of a wide range of intermediates, that likely 

constitute a number of unrecognized species, makes sorting insular populations into 

consistent taxonomic groups difficult.  

The proper position of two species, F. sueziense and F. erugatum, has also been 

controversial. Although both are now generally accepted as members of the genus 

Fragum , F. erugatum has been placed in five different genera (see Hylleberg 2004:502), 

while F. sueziense has been allied with 6 different genera or subgenera (see Hylleberg 

2004:793). Fragum  representatives inhabit a diversity of shallow tropical microhabitats 

from high-energy, exposed outer reef flats to lower-energy, more protected inner reef 

flats to muddy sands in large, shallow, mangrove-lined bays to deep, often turbid 

lagoonal settings and even shallow hypersaline coral sand environments. 
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Lunulicardia, often considered a subgenus of Fragum  (Wilson and Stevenson 

1977), is a small but little-studied assemblage that has never been formally revised 

although members have been included in recent microstructural analyses (Schneider and 

Carter 2001, Persselin 1998). Wilson and Stevenson (1977) recognized two species in 

Australia: L. hemicardia and L. retusa (Table 2-2). Although sympatric and distributed in 

shallow, clean, coral sand environments throughout the IWP, L. hemicardia is more often 

recovered inshore of, and in slightly shallower habitats than, L. retusa. 

A number of specific systematic questions regarding the Fraginae are addressed in 

this study. Briefly, are the Fraginae monophyletic? If not, what members are included and 

what species/groups are excluded?  Are Parvicardium and Papillicardium sister to the 

remainder of the fragines? How are these two genera related and what is their 

membership? Generic monophyly is largely untested at this time; do recognized genera 

form well-supported clades? What are the relationships among genera, and how do they 

compare to previous taxonomic appraisals? Are sampled members of the American genus 

Americardia more closely related to morphologically similar species of Ctenocardia from 

the IWP or to other American fragines (e.g., Trigoniocardia and Apiocardia)? Is Fragum  

recovered in a polytomy with (Schneider 1998) or sister to, Lunulicardia and Corculum 

(Schneider 1998, Persselin 1998)? Comprehensive sampling of species and populations 

in little-known Fragum  will facilitate proper placement of this diverse and difficult 

genus. Are the enigmatic F. sueziense and F. erugatum supported as members of Fragum  

or more closely related to non-fragine cardiids?  Finally, little studied and suspected 

photosymbiotic species in the diverse IWP (e.g., members of the genera Fragum  and 

Lunulicardia) were targeted for geographic/population-level sampling to test species 
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boundaries. Morphologically divergent Corculum from a wide geographic range are 

included to test whether Corculum is comprised of numerous species (Bartsch 1947), or 

better described as a single, ecophenotypically variable one (Kawaguti 1950). 

Materials and Methods 

Specimen Acquisition 

Fraginae were collected worldwide, resulting in genetic material of almost 60% of 

ingroup species with representatives sampled from all extant genera and subgenera (as 

specified by Schneider 1998)(Tables 2-2 and 2-3). Outgroups included representatives 

from four cardiid subfamilies: Laevicardiinae, Protocardiinae, Cardiinae and 

Lymnocardiinae (Table 2-3). Two individuals were sequenced per species, where 

possible, for each of four gene regions: three mitochondrial (Cytochrome oxidase I 

(COI), 16S, Cytochrome B (CytB)) and one nuclear (28S rDNA). All samples were fixed 

in ethanol for molecular analyses, and all individuals (shells and unextracted tissues) are 

housed at the Florida Museum of Natural History (UF) (Table 2-3).  

DNA Extraction and PCR 

Total genomic DNA was obtained from ethanol-preserved muscle tissue (foot or if 

the animal was <1 cm, entire body) using DNAzol (Chomczynski et al. 1997) 

methodologies at one-half suggested volumes with extended digestion times (1 day-1 

week)(Molecular Research Center, Inc.). Primers D1F and D6R were used to amplify and 

sequence the D1-D3 domains of 28S rDNA for most species, but occasionally D2F was 

used in place of D1F (Park and Ó Foighil 2000; Table 2-4).  Universal primers were used 

for COI (Folmer et al. 1994), 16S (Palumbi 1996) and CytB (Kocher et al. 1989), with 

specific COI primers designed to target taxa in the genera Fragum , Lunulicardia and 

Corculum (Table 2-4). PCR cocktails included 1 µL of genomic DNA template, 5 µL of  
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Table 2-3 Sampling localities and voucher information for a subset of Fraginae 
representatives sequenced for the “core” phylogeny. Numbers following 
names denote the unique genomic extraction number. 

Taxa Locality Accession numbers 

INGROUP   
Parvicardium exiguum Mediterranean from GenBank 
Parvicardium papillosum278 Mediterranean UF374115 
Parvicardium minimum194 Sweden UMICH265486 
Parvicardiumvroomi294 Mediterranean UF374116 
Parvicardium scriptum283 Mediterranean UF374117 
Parvicardiumsp. LaHerra299 Mediterranean UF374118 
Americardia media388 Caribbean UF347556 
Americardia biangulata331 Panama UF351615 
Trigoniocardia granifera334 Panama UF359687 
Apiocardia obovale398 Panama UF351671 
Ctenocardia victor3 Guam UF288935 
Ctenocardia fornicata18 Tanzania UF286471 
Ctenocardia gustavi311 Papua New Guinea UF351689 
Microfragum  festivum471 Northeastern Australia UF374119 
Fragum  sueziense56   New Caledonia UF299263 
Fragum  erugatum134 Western Australia UF299293 
Fragum  fragum 61  Rangiroa UF299282 
Fragum  unedo129 Western Australia UF299291 
Fragum  carinatum318 Papua New Guinea UF351691 
Fragum  loochoanum121 Guam UF299448 
Fragum  scruposum316 Northeastern Australia UF374114 
Fragum  aff. mundum377 Tuvalu UF348016 
Fragum  mundum78 Hawaii UF296894 
Corculum cardissa9 Sulawesi UF280389 
Lunulicardia retusa21 Western Australia UF291497 
Lunulicardia hemicardia136 Papua New Guinea UF299269 
OUTGROUP   
Laevicardium sp.79 Zanzibar UF285613 
Papyridea semisulcata80 Florida UF286647 
Fulvia australis110 Palawan UF286335 
Frigidocardiumsp.138 Florida UF294008 
Acanthocardia echinata204 Sweden UMICH265485 
Cerastoderma edule300 Europe UF374113 
Papyridea sp.336 Panama UF351597 
Microcardiumsp.341 Panama UF351592 
Cerastoderma glaucum lamarckiiSweden UMICH265488 
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Table 2-4 Primers used for phylogenetic reconstructions of Fraginae relationships.  
Primer name 
/gene region 

Sequence 

28S-D1F 5'-GGAACTACCCCCTGAATTTAAGCAT-3' 
28S-D2F 5'-TCAGTAAGCGGAGGAA-3' 
28S-D6R 5'-CCAGCTATCCTGAGGGAAACTTCG-3' 
LCO1490 5'-GGTCAACAAATCATAAAGATATTGG-3' 
HCO2198 5'-TAAACTTCAGGGTGACCAAAAAATCA-3' 
FRAG1-LCO 5'-TCA TTT AGW ATY ATK ATY CGW AC-3' 
FRAG2-LCO 5'-TCT TTT AGR RTW ATA ATY CGW AC-3' 
FRAG1-HCO 5'-GAC CAA AAA ATC ARA ANA RAT G-3' 
16Sar 5'-CGCCTGTTTATCAAAAACAT-3' 
16Sbr  5'-GCCGGTCTGAACTCAGATCACGT-3' 
CytB  5'-AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA-3' 

CytB 5'-AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA -3' 
 
10X buffer, 5 µL 10 mM dNTPs, 2 µL of 10 µM solution of each primer, 2-4 µL of 25 

mM MgCl2 solution, 0.2 µL TAQ, 2.5 µl DMSO brought up to a total volume of 50 µL 

with ddH20. Reactions were run for 35-40 cycles with the following parameters for the 

mitochondrial genes: an initial 1-2.5 min. denaturation at 95°C; further denaturation at 

94-95°C for 40 sec., annealing at 38-44°C (COI, CytB), 48-55°C (16S) for 35-45 sec. and 

extension at 72°C for 1-3 min. (with larger fragments requiring longer extension times).  

The 28S profile followed Park and Ó Foighil (2000) with 36 cycles: denaturation for 4 

min. at 94°C followed by 40 sec. at 94°C, annealing for 40 sec. at 55°C, and extension 

for 1.45 at 72°C and 10 min. at 72°C. The addition of a “hot start” step before PCR (10 

min. at 99°C) was used for trouble taxa and/or gene regions. The PCR product was 

electrophoresed, stained, and photodocumented. Multiple PCR products, indicated by 

double bands, were subjected to increased annealing temperatures during subsequent 

rounds.  Successful PCR products were cleaned for cycle sequencing using Wizard Preps 

(Promega) following described protocol and then visualized.  Approximately ninety-five 

percent of sequences were generated using an ABI Prism 377 automated sequencer 
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following manufacturers' recommendations and utilizing ABI Big Dye with 

DyeDeoxyTermination protocols (Perkin Elmer). A small subset of CytB sequences were 

generated with a Beckman CEQ 8000 (Beckman-Coulter) automated sequencer following 

manufacturer’s recommendations.  

Alignment & Molecular Analyses 

Sequences were initially aligned by eye during editing in Sequencher 3.1.1 (Genes 

Codes). COI and CytB sequences were aligned easily due to an absence of indels. Default 

parameters in Clustal X (version 1.81) were used to aid in alignment of the 28S gene 

region (Thompson et al. 1997). Two areas within hypervariable loop regions of 28S and 

16S (100 bp and 150 bp and 126 bp and 58 bp, respectively) were especially difficult to 

align among major clades, and topologies resulting from analyses with and without these 

regions were compared. Fine-scale resolution was lost among closely related species after 

the removal of hypervariable regions, while major lineages were not altered. Thus, 

variable sites in 28S and 16S were included in subsequent analyses. In all analyses, gaps 

were treated as missing and character states were unordered. Partition-homogeneity tests, 

implemented in PAUP* 4.0b10 (Swofford 2002), were run to test for significant 

differences among all four gene regions. Significant differences were detected among all 

tested gene regions and, as a result, topologies were generated and compared for each 

gene region to facilitate visual examination of possible conflicts. The single-locus 

mitochondrial datasets were congruent, differing mainly in resolution due to rate 

variation, thus these three datasets were combined into a single mitochondrial dataset for 

analysis. Full datasets are available from LAK upon request.  

Molecular analyses for phylogenetic reconstructions were performed using a two-

tiered approach. First, all gene regions sampled from all available Fraginae species, as 
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well as outgroup representatives, were assembled to construct an overall or “core” 

phylogeny, largely to test subfamily and generic monophyly.  These first-tier analyses 

were performed using maximum parsimony (MP) and maximum likelihood (ML) 

methods (the latter where possible) implemented in PAUP* 4.0b10 (Swofford 2002) and 

Bayesian analyses (with burnin excluded after runs) implemented in MrBayes 3.1.1 

(Ronquist & Huelsenbeck 2003). ML and Bayesian analyses were run at the UF 

Phyloinformatics High Performance Computing Cluster. These analyses were run on 

three datasets; mitochondrial, nuclear and combined nuclear and mitochondrial. 

Unordered and user-specified 3:1, 5:1 and 10:1 transversion biases were assigned in 

parsimony to correct for saturation. However, because resultant topologies from variable 

weighting schemes did not differ from those generated using equally weighted datasets, 

equal weighting was employed in later analyses. ModelTest 3.7 (Posada and Crandall 

1998) was used to determine the appropriate model of molecular evolution for all other 

analyses (all GTR+I+G for both AIC and LRT). Tree robustness was assessed using 

bootstraps (100-1000 replicates, MP and ML) and posterior probabilities (Bayesian). 

A second-tier of molecular analyses was performed to test generic and species 

boundaries in all sampled species of the IWP genera Fragum , Lunulicardia and 

Corculum included in core analyses (Table 2-3). Additional specimens (2-20 per species 

when available) were sequenced for the COI gene region (see author for full dataset) and 

neighbor-joining (GTR) and maximum parsimony analyses were performed in PAUP* 

with bootstrap values generated from 1000 replicates. The neighbor-joining method was 

chosen because the dataset was large and this reduced computation time. Congruence was 

established by comparison with the core phylogeny. 
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Results 

General Findings- Sequence Data 

The bulk of ingroup fragine species, with representatives sampled from all extant 

genera and subgenera, were sampled for core phylogenetic reconstructions.  Moreover, 

nine species from seven genera, representing four cardiid subfamilies, were included as 

outgroups for rooting purposes (Tables 2-2 and 2-3). Two individuals were sequenced per 

species, where possible, for each of four gene regions, resulting in a total genetic dataset 

of 3016 bp (1413 for 28S, 598 for 16S, 746 for COI and 400 for CytB). This final dataset 

contained 25 (roughly 60%) ingroup species; 72% of ingroup representatives (and 

multiple individuals of a species) had complete mitochondrial datasets, while 60% had 

nuclear representation. Moreover, COI from fifty-six individuals of IWP Lunulicardia, 

Corculum and Fragum  was sampled from available geographic endpoints to test for 

substructuring.  

General Findings- Phylogenetic Methods 

Bayesian methods provided the greatest resolution and support (via posterior 

probabilities) compared with other methods including maximum parsimony, neighbor-

joining and maximum likelihood. Although conflicting results were not generated for MP 

and ML analyses of datasets analyzed using Bayesian methods, support was notably 

lacking at deeper nodes (contrast posterior probabilities with bootstrap support in Figs. 2-

3 through 2-6) and resulted in poor resolution of certain groups. Due to concerns with 

elevated posterior probabilities (Suzuki et al. 2002), additional Bayesian runs (3-5) and 

longer generations (5000000 + 10000000) for core phylogenetic reconstruction were run 

to test whether major clades were consistently recovered and well-supported. However, 

even with the increased resolution at deep phylogenetic levels provided by Bayesian 
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analyses, incongruent topologies were recovered for the three datasets (28S, 

mitochondrial and combined).  Not surprisingly, this occurred at poorly supported nodes 

(Figs. 2-3 through 2-6). For example, Clades II and III were recovered as sisters in the 

mitochondrial dataset, which was, in turn, sister to a clade of outgroup species with both 

Clades I and II more distantly related (Figs. 2-3 and 2-5). However, in the combined 

dataset a deep polytomy of four clades (Clade I, Clade II, Clade III and an outgroup 

clade), sister to Clade II, was best supported given extremely low posterior probabilities 

(52, 54, Figs. 2-3 and 2-6). Poor resolution at deeper phylogenetic levels was a result of 

four main issues: 1) alignment uncertainty, 2) incomplete taxon sampling, 3) highly 

divergent sequences of certain species and 4) poor signal/marker choice for higher level 

reconstructions.  Given these concerns, phylogenetic inference was restricted to well-

supported nodes in comprehensively sampled combined and mitochondrial phylogenies 

analyzed by Bayesian methods. The 28S dataset is presented for comparison with the 

other two phylogenies, however poor taxon sampling, coupled with alignment difficulties 

in some groups, limit the utility of this gene region for robust phylogenetic 

reconstruction. 

Higher-Level Phylogenetic Findings 

Four major clades of fragines were well supported in Bayesian analyses of 

mitochondrial and combined datasets (Figs. 2-3 through 2-6). These four main clades 

correspond to: 1) a group that includes the majority of tested members from the genus 

Parvicardium, including P. exiguum (Clade I), 2) Schneider’s (1998) “Trigoniocardia” 

and “Ctenocardia” groups (Clade II) except C. victor, 3) all species in the genera Fragum 

, Corculum and Lunulicardia (Clade III) and 4) two highly divergent representatives of 

Parvicardium and Papillicardium (Clade IV) (Figs. 2-3 through 2-6).  
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Fraginae Monophyly 

The four major clades (Clades I-IV), comprising all sampled members of the 

subfamily Fraginae, were not recovered as monophyletic in any analyses of the core 

dataset (Figs. 2-3 through 2-6). Two species of Parvicardium sensu lato (Papillicardium 

papillosum and Parvicardium minimum) were highly divergent from all other tested 

ingroup and outgroup cardiids (Clade IV). Ctenocardia victor was similarly divergent 

and consistently fell with distantly related outgroup species instead of with congeners. 

 
Figure 2-3  Overview of major clades and support (posterior probabilities) of A. 28S + 

mtDNA (16S, COI, CytB) and B. mtDNA only Bayesian phylogenies. 
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Figure 2-4  Bayesian 50% majority topology for the 28S gene region. Posterior 

probabilities above branches, likelihood/parsimony bootstrap values below 
branches.  
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Figure 2-5  Bayesian 50% majority topology for the mitochondrial (16S, COI, CytB) 

dataset. Posterior probabilities above branches,maximum parsimony bootstrap 
values below branches. 



34 

 

100

100
100

100

100

54

52

100
99 98

100

100

98

99

90

100
100

100
100

100

100 86

100

100
100

100
51 99

95

94
100

99
100

100

100
100

86
100

99

100
100

100 86

100

100

93
100

100
100

100

100
100

100

100
88

96 100

100
100

100 100

100
100

100

100
100

OUTGROUP

   CLADE II
Trigoniocardia 
+ Ctenoca rdia
   

CLADE III

Fragum, Co rculum 
+ Lunulica rdia

Parvicardium sp.
Parvicardium vroomi
Parvicardium scriptum

Papillocardium papillosum

Fulvia australis

Papyridea spp.

Fragum sueziense

Fragum scruposum

Fragum loochoanum

Fragum carinatum

Fragum fragum

Fragum unedo

Fragum aff. mundum

Fragum mundum

Corculum cardissa
Corculum monstrosum

Lunulicardia hemicardium

Americardia biangulata

Americardia media

Ctenocardia gustavi

Nemocardium sp.

Parvicardium minimum

Ctenocardia fornicata

Microfragum festivum
Trigoniocardia granifera

Apiocardia obovale

Fragum erugatum

Lunulicardia retusa

Ctenocardia victor

Laevicardium sp.
Frigidocardium sp.

Cerastoderma edule
Cerastoderma glaucum

Acanthocardia spp.

Parvicardium sensu stricto 

Ctenocardia victor  

Parvicardium vroomi

Laevicardium sp.

56

84

86
96

100

100

78 61

50

88
94

57 93
100

99

100

98

97

100

99 99
86

100

100

100

63
60

100

94

50
55

90 99

64
99

98

90
100
100

92
99

100
100

84

100

Parvicardium exiguum
  CLADE I

  CLADE IV
Papillicardium + P. minimum

OUTGROUP

 
Figure 2-6 Bayesian 50% majority topology for the mitochondrial (16S, COI, CytB) and 

28S datasets. Posterior probabilities above branches, maximum parsimony 
bootstrap values below branches. 

Sequence quality and alignments were verified for multiple individuals of these three 

aberrant species, confirming that highly divergent sequences were not artifacts. Although 

the Fraginae were found to be polyphyletic, circumscribing a new Fraginae was 

complicated by poor resolution at deeper nodes that yield incongruent mitochondrial and 

combined topologies.  For example, an outgroup cardiid assemblage was sister to the 

fragine Clades II and III, not other fragines (e.g., either Clade I or IV), in analyses of the 
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mitochondrial dataset (Fig. 2-5). In contrast, Clade III was recovered as the poorly 

supported sister to Clades I and II in the combined dataset (Fig. 2-6).  

The Genus Parvicardium sensu lato:  Clades I and IV 

Bayesian mitochondrial and combined phylogenies consistently recovered high 

support for two clades of members from Parvicardium sensu lato (Clades I and IV in Fig. 

2-4 & 2-5). Clade I was composed of four species of Parvicardium: an undescribed but 

divergent taxon known from one individual (P. sp. 1), P. vroomi, P. scriptum and P. 

exiguum. Species boundaries between P. vroomi and P. scriptum were unclear; although 

P. vroomi was recovered as monophyletic based on mitochondrial analyses (Fig. 2-4), 

Bayesian analysis of the combined datasets suggested a paraphyletic P. vroomi (Fig. 2-5). 

The two Parvicardium species from Clade IV, Parvicardium minimum and 

Papillicardium papillosum, were extremely divergent from all ingroup and outgroup 

cardiids, and from each other for all gene regions tested.  

The “Ctenocardia” and “Trigoniocardia” groups:  Clade II 

Clade II was recovered as a well-supported fragine subclade in combined and 

mitochondrial phylogenies, composed of all Ctenocardia and Trigoniocardia group members, 

except for the abbarent C. victor that consistently fell with outgroups (Figs. 2-4 & 2-5). In both 

mitochondrial and combined Bayesian analyses, representatives of Americardia were more 

closely related to sampled members of Trigoniocardia, not included conspecifics. Generic 

monophyly of Ctenocardia and Trigoniocardia was not supported because of a polyphyletic 

Ctenocardia (Figs. 2-4 & 2-5). Trigoniocardia granifera, Apiocardia obovale and Americardia 

biangulata clustered to the exclusion of Americardia media in combined and mitochondrial 

Bayesian analyses. Thus, Americardia was not supported as monophyletic. Boundaries in 
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Apiocardia and Microfragum  could not be tested; only one representative of each was included 

in the study. 

Fragum, Lunulicardia and Corculum:  Clade III 

Clade III, composed of the IWP photosymbiotic genera Fragum , Lunulicardia and 

Corculum, is the largest subclade and consistently highly supported and well resolved in 

all analyses (Figs. 2-3 through 2-6). Within this clade, three well-supported subclades 

were recovered in combined and mitochondrial phylogenies: 1) a subclade of earliest 

diverging members; F. sueziense and F. erugatum, 2) the “25-rib” subclade and 3) a 

subclade uniting Fragum  mundum, Corculum, Lunulicardia, F. fragum  and F. unedo. 

Within the latter subclade, two additional subclades were resolved in the combined 

dataset: 1) F. Fragum  and F. unedo and 2) a group including F. mundum and Corculum, 

which was in turn sister to Lunulicardia (Fig. 2-6).  

The second major Fragum  complex recovered, the “25-rib” group, includes F. 

loochoanum, F. scruposum, F. carinatum and F. aff. mundum. F. aff. mundum was sister 

to F. carinatum, which was in turn, sister to the remaining 25-rib members.  Corculum 

and Lunulicardia were supported as monophyletic in all analyses, while Fragum  was 

paraphyletic (Figs. 2-3 through 2-6). The mitochondrial topology differed only slightly 

from combined analyses with respect to relationships in Clade III. F. unedo and F. 

fragum  were not recovered as sisters, as supported by combined analyses. Instead, F. 

unedo was sister to all other members of its subclade (compare Fig. 2-3 A, B). 

Species’ Boundaries in IWP Corculum, Lunulicardia and Fragum  

Population-level COI specific analyses recovered all Fragum  species (Table 2-2) 

as reciprocally monophyletic lineages (Fig. 2-7). Because of the difficulties with species 

recognition using morphological characters, the 25-rib group was targeted for intense 
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molecular scrutiny (n=25). A deep and well-supported split occurred uniting specimens 

identified as F. scruposum from Papua New Guinea and Australia (n=7), to the exclusion 

of a group provisionally recognized as F. loochoanum from Okinawa, Papua New Guinea 

(PNG), Tuvalu, French Polynesia and Micronesia (n=17) (Fig. 2-7). Population-level 

sampling in the western and central Pacific revealed geographic structuring in four other 

species in the genus Fragum: F. unedo, F. fragum , F. sueziense, F. mundum.  

To test species concepts within Corculum, COI sequence data from C. cardissa, C. 

aselae and C. monstrosum were analyzed. Individuals identified as C. aselae and C. 

monstrosum from the Philippines and Palau interdigitated and were also very close to C. 

cardissa from Sulawesi (Fig. 2-8).  In contrast, a specimen from PNG identified as C. 

cardissa differed by >5% in COI implying that morphology does not correspond with 

mtDNA boundaries in this clade. Within the genus Lunulicardia, two species that 

correspond to L. retusa and L. hemicardia were resolved (Figs. 2-5 & 2-6), and the 

inclusion of additional samples of the former species revealed considerable structuring 

within this lineage (e.g., between individuals from Tanzania and Western Australia, Fig. 

2-7).  
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Figure 2-7 COI phylogram (NJ, GTR model) of species’ boundaries and geographic 

substructuring in Fragum  (pale blocking) and Lunulicardia (dark blocking). 
Numbers following names are sample sizes and bootstrap values (1000 reps) 
where >90% are indicated below branches. 
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Figure 2-8 COI phylogram (NJ, GTR model) of species’ boundaries in Corculum.  
Bootstrap values (1000 reps) >90% are indicated below branches. Blocking 
delineates similar geographic locales. 

Discussion 

Monophyly of the Cardiid Subfamily Fraginae? 

These results support the original Fraginae circumscribed by Stewart (1930) and 

are in almost complete agreement with the subfamilial delineation of Keen (1980) and 

Voskuil and Onverwagt (1989) (see Table 2-1). Circumscriptions differ in that both Keen 

(1980) and Voskuil and Onverwagt (1989) included the genus Afrocardium in the 

Fraginae (excluded from the subfamily in these analyses) and Ctenocardia victor is best 

supported as a distantly related cardiid by this study and not a fragine (Figs. 2-3 through 

2-6). The present results contrast significantly with the Fraginae as circumscribed by 

Schneider (1998), largely because of the high levels of sequence divergence that resulted 

in very different placement of Parvicardium sensu lato representatives. These analyses do 
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not support the inclusion of divergent P. minimum and Papillicardium papillosum (Clade 

IV) in the Fraginae.  That Clade IV is distantly related to all tested fragines is supported 

by the recovery of one of the tested outgroup clades as more closely related to fragine 

lineages (Clades I-III) than P. minimum + Papillicardium papillosum (Fig. 2-6). 

However, although it is apparent that Clade IV is distantly related to the originally 

circumscribed subfamily (Clades II and III), it is equivocal whether the remainder of 

sampled Parvicardium (Clade I) will be well-supported subfamilial members.  

There is weak support for a clade comprised of some Parvicardium species, 

including P. exiguum (Clade 1), Ctenocardia + Trigoniocardia (Clade II) and Fragum , 

Lunulicardia and Corculum (Clade III), but this node is only recovered in the Bayesian 

analysis of the combined dataset and support is low (posterior probability=54, Fig. 2-6). 

Excluding Parvicardium entirely from the Fraginae was supported by a recent large-scale 

molecular analysis of the Bivalvia. Parvicardium exiguum was recovered as sister to 

Fulvia mutica + Vasticardium flavum which was in turn, sister to three IWP fragines in 

the genera Corculum + Fragum  (Giribet and Distel 2003). However, the inclusion of 

additional species of Parvicardium but, more importantly, appropriate molecular markers 

for resolution at deeper phylogenetic levels is necessary before circumscribing a new 

Fraginae. 

The lack of a perisiphonal suture results in confluence of the incurrent siphonal 

aperture and pedal gape, and is the strongest of the morphological synapomorphies 

uniting the Fraginae. As stated firmly by Schneider (1998: 326), “all fragines and only 

fragines lack a persiphonal suture”.  However, live fragines effectively have a separate 

incurrent aperture, as they hold the two mantle edges together muscularly at the ventral 
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margin of the incurrent aperture.  Similar separation of incurrent or excurrent apertures is 

common in many lineages of bivalves (e.g., mytilids, thyasirids: Bernard 1972, Payne 

and Allen 1991, respectively). The absence of mantle fusion at the ventral margin of the 

incurrent aperture is clearly secondary in fragines, as it is present in all other cardiids, as 

well as almost all members of the Heterodonta, the order to which cardiids belong.  Only 

a few other heterodonts lack mantle fusion around the incurrent or excurrent apertures, 

most notably members of the Galeommatoidea.  The absence of such mantle fusion in 

galeommatoids was thought to be plesiomorphic, but new work suggests that 

galeommatoids may be secondarily simplified from higher heterodonts (Giribet and 

Wheeler 2002), implying that they may also have lost mantle fusion.  Loss of mantle 

fusion may be related to miniaturization in these tiny clams, a hypothesis that also 

resonates in the Fraginae.  Another morphological feature of fragines is a decrease in the 

complexity of their digestive system (e.g., gut simplification in Trigonicardia and 

Apiocardia from Type V to Type IV, reductions in crystalline style and style sac in 

Corculum and the loss of ridges on the labial palps of Microfragum ), a trend attributed 

by Schneider (1998) to acquisition of photosymbiosis, but negated by the aposymbiotic 

condition of the majority of fragine genera (Persselin 1998).  An alternative hypothesis 

for digestive simplification is that it is also indicative of a history of miniaturization in 

fragine ancestry.  Indeed, some of the Fraginae, including Parvicardium and some 

Fragum  species, are among the smallest cardiids.   

The Early Diverging Fragine genus Parvicardium:  Clades I and IV 

Schneider (1998) recognized the distinctiveness of Papillicardium and recovered a 

paraphyletic Parvicardium. Generic support of Papillicardium was novel and based on 

three morphological synapomorphies of Parvicardium that Papillicardium did not 
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exhibit: 1) distinct positioning of dorsalmost siphonal tentacles to beyond the top 

adductor muscles, 2) single egg attachment by a double mucous membrane and 3) a 

trigonal shell shape (Schneider 1998). This placement contrasted with earlier works by 

Kafanov and Popov (1977), Keen (1980), Voskuil and Onverwagt (1989, 1991) and Van 

Aartsen and Goud (2000) who considered Papillicardium to be a subgenus of 

Parvicardium. The findings presented here support Papillicardium as distinct from all 

other shallow-water Mediterranean Parvicardium sampled in this study (Clade I). 

Although Papillicardium papillosum is recovered as sister to Parvicardium minimum, 

this may be due to long-branch attraction; both taxa were highly divergent for all gene 

regions sequenced.  P. minimum is a deep-water species and the sample included from 

this study was from Sweden, geographically disjunct from other small Parvicardium and 

P. papillosum, which were hand-collected from the Mediterranean (Spain+France) (Table 

2-3).  

Clade I is composed of three recognized species and one highly differentiated taxon 

(based on a single individual from La Herra, Spain) (Figs. 2-3 through 2-6).  As P. 

exiguum, considered the type species in the most recent and comprehensive review of the 

Mediterranean Parvicardium (van Aartsen and Goud 2000, but also Hylleberg 2004 and 

others), is a member of this clade, the nomen Parvicardium should be restricted to this 

group. These preliminary results suggest that small European cardiids, presently allied to 

Parvicardium sensu lato, are highly divergent lineages. Given these findings, 

geographically disjunct but presently unsampled Parvicardium species (P. turtoni from 

South Africa and P. pinnulatum from the west Atlantic) are not expected to fall within 

this clade, which is currently restricted to morphologically-similar species from relatively 
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shallow Mediterranean habitats (Table 2-2). However, although P. turtoni is considered a 

member of the genus Parvicardium, the close morphological resemblance between P. 

turtoni and Papillicardium papillosum suggests that these two may be sisters (Kilburn 

and Rippey 1982, Plate 40:7).  The equivocal findings generated by this study call 

attention to the need for a comprehensive systematic revision of the earliest diverging 

fragine genera, Parvicardium and Papillicardium.  

The “Ctenocardia” and “Trigoniocardia” groups:  Clade II 

The genera Trigoniocardia and Ctenocardia were recovered as a well-supported 

clade in Bayesian analyses of both mitochondrial and combined datasets (Figs. 2-4 & 2-

5). This contrasts with Schneider (1998), who split these genera into two divergent 

fragine subclades (Fig. 2-2D) and recovered the Trigoniocardia group as sister to all 

fragines (other than Parvicardium sensu lato). The genus Americardia is most 

morphologically similar to Ctenocardia not Trigoniocardia, as recognized recently by 

Schneider (1998) as well as Voskuil and Onverwagt (1989), who synonymized 

Americardia with Ctenocardia because of phenetic similarity. However, in contrast with 

Schneider (1998) and Voskuil and Onverwagt (1989), but consistent with the present 

analyses, is the bulk of earlier taxonomic work (Stewart 1930, Clench and Smith 1944, 

Keen 1951, 1980, Olsson 1961 and Popov 1977) that recognized Americardia as a 

subgenus of Trigoniocardia. The present molecular phylogenetic findings, along with 

these older works, suggest that Clade II may be composed of separate IWP (Ctenocardia-

Microfragum ) and American (Americardia-Trigoniocardia) radiations. This pattern is 

encountered again at lower taxonomic levels within American lineages of Clade II (Figs. 

2-5 & 2-6). Combined and mitochondrial datasets support a subclade of morphologically 

divergent East Pacific species: Trigoniocardia granifera, Apiocardia obovale and 



44 

 

Americardia biangulata to the exclusion of Americardia media from the Caribbean (Fig. 

2-9). These findings resonate with recent studies of Caribbean reef corals (Fukami et al. 

2004) that recovered multiregional genera as polyphyletic, thus supporting intraregional 

morphological radiation and interregional convergence.  However, the inclusion of 

Caribbean T. antillarum, morphologically similar to T. granifera from the East Pacific, 

will likely falsify the hypothesis of strict intraregional radiation in the Americas. 

 Within the large Ctenocardia clade, C. victor falls consistently within either a 

clade of outgroup species or in a deep unresolved polytomy, clearly not closely related to 

other Ctenocardia (Figs. 2-3-2-6).  The morphological disparity of C. victor, relative to 

other Ctenocardia, has long been appreciated. Wilson and Stevenson (1977) did not 

support placement of C. victor in Ctenocardia; instead this species was allied to the 

genus “Cardium” because of significant differences in hinge morphology relative to other 

conspecifics (C. victor has a single right posterior lateral tooth, whereas all other 

Ctenocardia species have two posterior lateral teeth). The high levels of sequence 

divergence in all four gene regions reported here for multiple individuals, coupled with 

the morphological disparity observed by others, confirm the distinctiveness of this 

species.  A new genus will be erected for C. victor in a forthcoming publication revising 

Ctenocardia and allies. 

Relationships among the IWP genera Fragum, Corculum and Lunulicardia:  Clade III 

Clade III includes the bulk of shallow-water IWP species and all known 

photosymbiotic fragines, and is composed of members of the genera Fragum , 

Lunulicardia and Corculum. In all analyses, Fragum is strongly supported as 

paraphyletic and in combined and mitochondrial datasets is composed of three subclades 

(Figs. 2-5 & 2-6).  Schneider (1998) was uncertain of the position of Fragum  (Fig. 2-2 
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D) and placed this genus in a trichotomy with Corculum + Lunulicardia and 

Microfragum  + Ctenocardia + Americardia (1998:354) or as sister to a clade of 

Corculum + Lunulicardia. Persselin (1998) favored the latter topology and suggested that 

Fragum  was likely paraphyletic, as supported by the results of this study.  

The taxonomic affinities of F. erugatum and F. sueziense have been long debated, 

with both species allied to no fewer than five different genera (see Hylleberg 2004).  The 

results of this study unite these two as sisters, sister to all other tested Fragum, 

Lunulicardia and Corculum species (Figs. 2-5 & 2-6).  F. erugatum is endemic to Shark’s 

Bay, Western Australia, where it is the dominant faunal component in many of the 

hypersaline reaches (e.g., Shell Beach). It is a morphologically variable species, with 

conspecifics exhibiting differences in shell shape, dentition and features of the hinge 

often recovered among different classes of bivalves (LK pers. obs.& unpubl. data). 
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Figure 2-9 Geographic signature of major Fraginae groups overlaid on combined 
phylogeny.  

In contrast, F. sueziense is more morphologically conservative than F. erugatum, but 

more widespread geographically (e.g., throughout IWP based on collections made in this 

study).  F. sueziense, like F. erugatum, occupies a unique environment compared to all 

other known Fragum  species; F. sueziense is entirely restricted to relatively turbid, 

subtidal environments typical of lagoons and large bays throughout its range.     

Like all other tested fragine species, F. aff. mundum from Tuvalu is reciprocally 

monophyletic. Initially thought to be a variant of F. mundum following preliminary 

morphological examination, F. aff. mundum was recovered as a member of the 25-rib 

clade and sister to F. carinatum (Figs. 2-3 through 2-6). Fine-scale habitat differences 

between F. aff. mundum and F. mundum provide a good means of differentiating between 
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these two entities in the field. The former inhabits protected inner reef habitats, very 

different from the highly exposed outer reef microhabitat typical of F. mundum. Formal 

description, including discussion of diagnostic yet subtle morphological characters 

evident upon microscropical examination, as well as ecological preferences, is currently 

underway.  

Preliminary findings support Corculum cardissa as a single species, with 

morphological variability better explained in the context of ontogeny or local adaptation 

to environmental conditions (Kawaguti 1950) (Fig. 2-8).  However, the single divergent 

sample from Loloata Island in southern PNG hints at allopatric differentiation in the 

genus. The biology of Corculum supports allopatric speciation as well, given that studied 

individuals possess a short larval stage that would hinder, if not prevent, regular long-

distance dispersal. Tests of allopatric species formation would be best tested via inclusion 

of Corculum from remote insular localities, including C. dionaeum from central Pacific 

islands as well as an Indian-ocean morph (Bartsch 1947). Moreover, if length of the 

larval stage is similar to those previously documented in Corculum (Kawaguti 1950), 

fine-scale differentiation among morphologically similar insular populations would also 

be expected.   

Geographic structuring was evident among all tested Fragum species (see Figs. 2-7 

& 2-8) targeted for intensive population-level sampling. For example, individuals from 

Okinawa of F. loochoanum, F. unedo and F. mundum were consistently recovered as 

well-supported, reciprocally monophyletic lineages compared with populations sampled 

from all other locales.  However, relatively large sample sizes (e.g., at least 10 

individuals/locale) are generally necessary to conclusively establish reciprocal 
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monophyly (Kirkendale and Meyer 2004). As demonstrated in this study, reciprocal 

monophyly breaks down with increased population-level sampling of F. loochoanum 

from Tuvalu and F. sueziense from Papua New Guinea. Preliminary evidence of fine-

scale geographic structuring, coupled with poor dispersal capabilities (e.g., for tested 

Corculum from Palau, Kawaguti 1950), suggests that this group is a good bivalve 

candidate for future phylogeographic initiatives in the insular IWP (Paulay and Meyer 

2002, Kirkendale and Meyer 2004, Meyer et al. 2005. 
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CHAPTER 3 
CHARACTER TRAIT EVOLUTION 

Introduction 

Symbioses, loosely defined as one organism living in intimate association with 

another (Cowen 1983, Futuyma 1998), are a pervasive and enduring theme in the history 

of life (Margulis and Fester 1991, Margulis 1998, but see Gray et al. 1999). Extant 

partnerships may impart members with novel capabilities often referred to as key 

innovations and are widely distributed phylogenetically with representation in all three 

“domains” (e.g., Eukarya, Archaea, Eubacteria; Norris 1986, Beckage 1998, Bourtzis and 

O'Neill 1998, McFall-Ngai 1998, Meeks 1998, Moran and Telang 1998, Richardson 

2001). The regular discovery of new symbiotic associations (e.g., shelled 

gastropods/endozoic algae (Berner et al. 1986), sponge/cyanobacteria (Thacker and 

Starnes 2003), and marine isopods/cyanobacteria (Lindquist et al. 2005)) at increasingly 

fine-scales (e.g., symbiont genes in host genomes (Mujer et al. 1996)), coupled with the 

impact that symbionts can have on host reproduction and fitness (e.g., Wolbachia 

(Telschow et al. 2005)), attests to their functional importance as well as to the 

evolutionary insight offered by their study. 

Symbioses are considered facultative or obligate, with the latter most often typified 

by nutrient exchange between partners. When across trophic levels, these associations are 

referred to as “biotrophic symbioses” (Smith & Smith 1990, Jumpponen & Trappe 

1998a). One type of biotrophic symbiosis, chemosymbiosis, forms the basis for one of the 

most recently discovered deep-sea faunas, the hot vent community (Corliss 1979, Distel 
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1998).  A diverse assemblage of marine invertebrates serve as hosts in these associations, 

including bivalve and gastropod molluscs, vestimentiferan, pogonophoran, as well as 

nematode worms.  

Among bivalves, chemosymbiosis has been found to be common both 

phylogenetically and ecologically (Reid 1990, Distel 1998); not less than 5 bivalve 

families include chemosymbiotic members (Williams et al. 2004). The best studied, 

oldest and most diverse of these is the Lucinidae, with approximately 50 living genera 

widely distributed from the deep-sea (where species are often massive; see Bouchet and 

von Cosel 2004) to shallow-water sandy habitats adjacent to coral reefs (Oliver 1986, 

Glover and Taylor 1997, 2001; Taylor and Glover 1997a, b, 2002). Morphological 

adaptations for bivalve chemosymbiosis can be extensive and may include: 1) reductions 

in the gut (as it is little used), 2) cooption and enlargement (also thickening) of the gills 

for storage and processing of endosymbiotic bacteria and 3) a long and vermiform foot 

that is used to probe the sediments for sulphur-rich layers (Reid 1990, Distel 1998, Taylor 

and Glover 2000, Williams et al. 2004). 

Chemosymbiotic status and putative adaptations among bivalves have been well 

documented (e.g., Reid 1990, Distel 1998, Taylor and Glover 2000, Dufour and Felbeck 

2004) and support multiple, independent origins of chemosymbiosis among distantly 

related bivalve lineages. However, the exact number of independent origins is still being 

worked out, as new research suggests that some chemosymbiotic families that were 

thought to be sisters (e.g., Lucinidae, Thyasiridae) are not (Williams et al. 2004). These 

findings provide insight into the evolution of complex characters, suggesting that some 
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are less subject to phylogenetic inertia than previously thought (e.g., mode of 

development in calyptraeid gastropods, Collin 2004).  

In contrast to the relatively recent discovery of chemosymbiotic partnerships, 

photosymbioses, pervasive in shallow-water tropical environments, have been known for 

centuries. A description of the association between corals and photosymbionts (Dana 

1846) was followed by description of photosymbioses in giant clams (Cardiidae: 

Tridacninae, Yonge 1936). Just five years later, Kawaguti (1941, 1950) described 

zooxanthellate photosymbionts in a second, but much smaller bivalve, Corculum cardissa 

(Cardiidae: Fraginae). Since accounts in C. cardissa, several other fragine species have 

been found to possess photosymbionts: F. fragum  and F. unedo (Kawaguti 1983 and 

Umeshita & Yamasu 1985, Yamasu 1988 a, b), F. loochoanum (Ohno et al.1995), 

Lunulicardia retusa (Schneider and Carter 2001), F. erugatum (Morton 2000) and L. sp. 

1, F. mundum, F. nivale, F. sueziense and F. sp. 11 (Persselin 1998). Based on observed 

digestive system simplifications in generic exemplars, coupled with the then ubiquitous 

occurrence of photosymbiosis in tested fragines, Schneider (1998) proposed that all 

members of the subfamily Fraginae were likely photosymbiotic. In contrast, Persselin 

(1998) was more conservative and suggested that photosymbiosis was restricted to 

Fragum , Corculum and Lunulicardia, but absent from most other fragine lineages. 

Most photosymbiotic species, including the hundreds of scleractinian coral species 

and other cnidarians, as well as didemnid ascidians and opisthobranch mollusks, have 

large areas of photosymbiont-packed tissue exposed to light (Cowen 1983, LK pers. 

obs.). In contrast, the thick, opaque shells and infaunal habit of bivalves are not 

conducive to high light exposure optimal for photosymbionts, yet many species are 
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photosymbiotic. Given these obvious constraints, how do these bivalves facilitate light 

penetration to photosymbionts? The giant clams (Tridacna and Hippopus) possess a 

similar suite of morphological and behavioral features that appear to be adaptations for a 

symbiotic lifestyle (Rosewater 1965, Yonge 1936, 1981, Schneider and Ó Foighil 1999). 

In giant clams, the posterior portion of the animal that lies upward has been greatly 

expanded at the expense of its anterior anatomy.  The mantle of this posterior region has 

greatly hypertrophied and is exposed to light between the valves that are habitually kept 

widely agape, and, in Tridacna (but not Hippopus), also extend beyond the shell margin. 

Unlike most other cardiids or heterodont bivalves, tridacnines are epibenthic and thus 

have moved out from the sediment into the sunshine. It is widely accepted that the added 

nutrition provided by photosymbionts (Trench et al. 1981, Fitt and Trench 1981, Fitt et al. 

1986, Fitt et al. 1993), coupled with a fully functional gut, has allowed giant clams to 

attain a large size compared to most other bivalves (adults always >10 cm, with the 

largest, T. gigas, up to 1 m across). The term adaptation used here follows Gould and 

Vrba (1982) to describe a feature that has evolved via natural selection for its present 

function. Two other terms are pertinent to this study: 1) exaptation refers to features that 

were co-opted for their present adaptive function and 2) aptation describes situations 

where the evolutionary context is unclear. 

Whereas all extant Tridacninae are photosymbiotic and exhibit a similar suite of 

adaptations, the closely related cardiid subfamily Fraginae has traveled a much different 

path. Not all fragines are photosymbiotic, but those that are exhibit a striking diversity of 

aptations to enhance light exposure to zooxanthellae (Kawaguti 1950, Ohno et al. 1995, 

Carter and Schneider 1997, Persselin 1988, Morton 2000, Schneider and Carter 
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2001)(Fig. 3-1). This is best illustrated by contrasting two of the best-studied 

photosymbiotic fragines, Fragum  unedo and Corculum cardissa. The photosymbiotic 

aptations of F. unedo are reminscent of giant clams, with individuals gaping their valves 

and splaying their hypertrophied mantles onto the sediment surface (Ohno et al. 1995).  A 

very different strategy typifies C. cardissa, where a thin and flattened shell, an epifaunal 

existence and translucent posterior shell regions are most suggestive of a solar panel-like 

habit (Ohno et al. 1995). The diversity of putative adaptations in fragines contrasts with 

the uniformity of response encountered in photosymbiotic tridacnines (Yonge 1980) and 

chemosymbiotic lucinoids (Taylor and Glover 2000). Although several morphological 

aptations within photosymbiotic fragines appear parallel, the fact that others are widely 

divergent provides evidence for the importance of historical contingency in the evolution 

of form (Gould and Lewontin 1978, Ohno et al. 1995).  

Although the bulk of documented photosymbiotic clams comes from these two 

cardiid subfamilies, five other species of bivalves have been found to host symbiotic 

algae. Fluviolanatus subtorta, a bizarre clam from shallow, tropical Australian seas 

tentatively assigned to the Trapezidae, has been reported to harbor zooxanthellae (Morton 

1982). Zoochlorellae have been reported from several bivalve species including the 

freshwater Anodonta cyngea and Unio pictorum (Pardy 1980), the marine giant scallop 

Placopecten magellanicus (Naidu & South 1970), and the temperate marine cardiid 

Clinocardium nuttalli (Hartman and Pratt 1976, Jones and Jacobs 1992). However, in 

these associations the relationship is typically facultative and the bivalves are little 

modified morphologically (although see Morton 1982 for F. subtorta and Pardy 1980 and 

Farmer et al. 2001 for Anodonta). 
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Figure 3-1 Schematic diagram of some shell adaptations in photosymbiotic Tridacninae 

and Fraginae. A. Tridacna squamosa, B. Fragum unedo, C. Fragum 
loochoanum, D. Fragum fragum , E. Lunulicardia hemicardia and F. 
Corculum cardissa. Dark circles denote the ligament, dashed line indicates 
sediment surface, arrows indicate incident light and hatched circles represent 
windows. 
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This is in contrast to the apparently obligate and intimate association with 

zooxanthellae confirmed for fragines and tridacnines (Farmer et al. 2001, Norton et al. 

1992), where nutritional exchange and/or abundant morphological and behavioral 

aptations have long been known (e.g., Kawaguti 1950, Yonge 1980, Trench et al. 1981, 

Fitt and Trench 1981, Fitt et al. 1986, Watson and Signor 1986, Janssen 1991, Fitt et al. 

1993, Ohno et al. 1995, Carter and Schneider 1997, Persselin 1998). 

Photosymbiotic status (Kawaguti 1950, Ohno et al. 1995, Schneider 1998, Persselin 

1998, Morton 2000), and putative morphological adaptations for photosymbiosis in 

fragines (Persselin 1998, Ohno et al. 1995, Carter and Schneider 1997, Schneider and 

Carter 2001) have been studied and documented for decades. However, comprehensive 

assessment of photosymbiotic status and formal scoring of aptive morphologies, behavior 

and habitat is lacking. Even given a well-delineated character matrix of putative 

morphological aptations, coupled with a thorough understanding of photosymbiotic 

status, it is impossible to place this information in an evolutionary context without a 

phylogeny. A comprehensive hypothesis of the relationships among subfamily members 

is necessary to pinpoint the origin of photosymbiosis in the group, and to begin tracking 

the evolution of morphological character traits hypothesized as aptive and adaptive for 

photosymbiosis. 

The specific aims of this study were threefold. First, as many Fraginae species as 

possible were collected and examined for symbiotic algae, to evaluate the taxonomic 

distribution of the photosymbiotic condition. Second, character traits judged to be potent 

aptations for a photosymbiotic lifestyle were compiled from the literature and character 

states for these traits were formally scored from both literature accounts and museum 
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specimens for a wide range of both photosymbiotic and non-photosymbiotic cardiids. 

Third, these two bodies of information were then placed in a phylogenetic context in 

order to understand the origin of photosymbiosis and the evolution of photosymbiotic 

aptations in the group. The fairly comprehensive Fraginae phylogeny available permitted 

this latter initiative (Chapter 1).  

Materials and Methods 

Specimen Acquisition  

Animals were collected by hand or dredging, and supplied by collaborators. 

Samples were fixed in ethanol for molecular analyses and, where possible, also in 5% 

seawater formalin for morphological study. Most studied samples (shells and tissues) are 

deposited in the Florida Museum of Natural History (Table 3-1). 

Determination of Photosymbiotic Condition 

Assessment of photosymbiotic status for sampled Fraginae was undertaken by 

examining the mantle, gill and foot of live collected animals in the field, under a 

microscope when available. A small piece of tissue was placed on a glass slide to check 

for zooxanthellar photosymbionts, the photosymbiont most common to shallow water 

IWP corals and giant clams. Zooxanthellae have a characteristic shape (completely 

spherical), color (dark or golden brown) and size (approximately 5-8 µm), cells that fit 

this description were considered zooxanthellae. The taxonomic identity of fragine 

symbionts was not directly determined (e.g., by genetic analyses). However, because 

most, if not all photosymbiotic zooxanthellae are dinoflagellates of the genus 

Symbiodinium, it is very likely that they all pertain to this algal genus. Live animals were 

photographed unrelaxed as well as relaxed (with magnesium chloride or Epsom salts) 

when possible. When a microscope was not available in the field, the color of animals 
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Table 3-1 Species, distribution and vouchers of sampled Fraginae (asterisks denote type 
species of genera, see Chapter 1 for authorities). Vouchers are representative 
samples used in morphological analyses, contact LAK for a complete list of 
sampled individuals. 

Species Distribution Vouchers 
Fragum  fragum * IWP UF299282 
Fragum  scruposum IWP UF374114 
Fragum  loochoanum IWP UF299448 
Fragum  carinatum IWP UF351691 
Fragum  mundum IWP UF296894 
Fragum  aff. mundum IWP UF348016 
Fragum  unedo IWP UF299291 
Fragum  erugatum IWP UF299293 
Fragum  sueziense IWP UF299263 
Lunulicardia retusa IWP UF291497 
Lunulicardia hemicardia IWP UF299269 
Corculum cardissa* IWP UF286449 
Trigoniocardia granifera* East Pacific UF359687 
Apiocardia obovale* East Pacific UF351671 
Americardia biangulata East Pacific UF351615 
Americardia media* West Atlantic UF347556 
Ctenocardia fornicata IWP UF286471 
Ctenocardia victor IWP UF288935 
Ctenocardia gustavi IWP UF351689 
Microfragum  festivum* IWP UF374119 
Parvicardium exiguum* East Atlantic UF374120 
Parvicardium vroomi East Atlantic UF374116 
Papillicardium papillosum East Atlantic UF374115 
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was assessed to see whether they had the dark, brownish tissue discoloration 

characteristic of photosymbiotic fragines.  These animals were then fixed in formalin for 

later, lab-based, microscopic confirmation of symbiont occurrence. Tentative 

photosymbiotic status of specimens supplied by collectors (Parvicardium exiguum by J. 

Vidal and Apiocardia obovale by R. Collin) was established via discussion, as ethanol 

preservation of these specimens precluded photosymbiotic verification. 

Morphological Character Trait Analyses 

Eight morphological and ecological characters, many previously considered to be 

photosymbiotic adaptations (Kawaguti 1941, 1950, Watson and Signor 1986, Janssen 

1991, Ohno et al. 1995, Carter and Schneider 1997, Persselin 1998, Schneider 1998), 

were scored from 11 non-photosymbiotic and 12 photosymbiotic fragines for character 

trait reconstruction (Table 3-1, bolded species). Measurement or assessment of: 1) 

window shell microstructure (WSM), 2) decreased pigmentation in posterior shell region 

or “pigment windows” (PIGW), 3) maximum observed adult height, the traditionally 

scored estimate of size in bivalves (SIZE)(Fig. 3-2A), 4) habitat (HAB), 5) exposure 

(EXP), 6) mean keel angle (KEEL)(Fig. 3-2C), 7) mean posterior shell flattening 

(FLAT)(Fig.3-2B) and 8) mean linearized surface area to volume ratios (SAV)(Fig.3-2D) 

was scored for adult individuals of each species. Below I define and discuss each 

character, and evaluate their adaptive status.  

Character Data 

Windows 

Window shell microstructure (WSM) is complex but is created by: 1) thinning of 

the outer fibrous prismatic (FP) layer, 2) incursion of the FP outer shell layer into middle 

shell regions and 3) passing of fibrous prisms into less translucent shell microstructural 
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layers (e.g., dissected crossed prismatic (DCP) that extend these “windows” toward the 

interior of the shell, Seilacher 1990, Carter and Schneider 1997, Persselin 1998, 

Schneider and Carter 2001). Initially thought to function as a fiber optic system to 

disperse light to the zooxanthellae situated within the mantle of Corculum cardissa 

(Seilacher 1990), later studies revealed that the shell microstructural adaptations more 

likely function as triangular light-condensing lenses, consistent with the often deep 

zooxanthellar placement in the mantle of C. cardissa (Carter and Schneider 1997). 

Because this feature results in increased shell translucency, and has only been reported 

from photosymbiotic fragines to date, it is widely considered an adaptation for 

photosymbiosis (Gould and Lewontin 1978, Watson and Signor 1986, Seilacher 1990, 

Carter and Schneider 1997).   

Reduced shell pigmentation also increases shell translucency similar to window 

shell microstructure, however this can occur with or without microstructural alteration 

(Watson and Signor 1986, Carter and Schneider 1997, Persselin 1998). Like window 

shell microstructure, decreased shell pigmentation is most commonly observed in the 

posterior shell region that is incident to light. Because this feature increases shell 

transclucency, and has only been reported from photosymbiotic fragines to date, it is also 

considered an adaptation for photosymbiosis. Both microstructural and pigmentation 

windows were scored as absent (0), present (1) or uncertain (2).  Presence of 

microstructural and pigmentation windows was obtained almost exclusively from the 

literature (Carter and Schneider 1997, Persselin 1998). 
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Figure 3-2 Morphometrics used in this study to  quantify putative photosymbiotic 

attributes. Dotted lines indicate measured distances. A. Height (H; cm), B. 
Angle A (in degrees), the angle formed by the posterior shell margin “crest” 
and out to the keel of the left and right valve (to capture posterior shell 
flattening), C. Angle B (in degrees), the angle formed by the strongest keel rib 
to 4 ribs on either side (to capture the angle of the keel), D. Posterior surface 
area incident to light (shaded) measured for surface area to volume ratios. 
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However, the absence of window shell microstructure and/or reduced pigmentation 

is quite apparent from visual inspection of shells. Valves were examined under a 

microscope with a light source held incident to the posterior shell surface to establish the 

absence of small (approximately 1mm2, although even smaller regions were common in 

smaller specimens) zones of translucency, that when present are interspersed fairly 

regularly with more opaque shell regions. Moreover, comparison with a number of 

available windowed species (e.g., F. mundum, C. cardissa and F. nivale) aided in scoring 

absence in previously unexamined species. Analyses similar to those performed by Carter 

and Schneider (1997), Persselin (1998) and Schneider and Carter (2001) need to be 

conducted for confirmation of preliminary observations reported here. 

Maximum observed adult size  

Small size results in thinner shells that lead to increased shell translucency. This in 

turn, increases light penetration to the shell interior and is considered aptive for a 

photosymbiotic lifestyle. Moreover, small size also yields elevated surface area to 

volume ratios relative to larger shells of similar shape. Because increased surface area to 

volume ratios increase light exposure to photosymbionts, this character state is also 

considered aptive for a photosymbiotic lifestyle. Size was based on extensive 

examination of several museum collections (wet and dry material from Florida Museum 

of Natural History, University of Florida but also University of Michigan Museum of 

Zoology, Museum National d’Histoire Naturelle, Paris and the Museum of Comparative 

Zoology, Harvard), as well as new material collected during this study. Certain species 

were better represented than others in collections, and this influenced observed size data. 

Maximum observed adult size was scored from consideration of at least 10 specimens for 

each examined species (with hundreds observed for common species such as F. fragum ), 



62 

 

except F. aff. mundum (4 individuals), A. biangulata (2 individuals), A. obovale (3 

individuals) and C. gustavi (5 individuals). The largest individual per species was then 

chosen and recorded, and these data were broken down into eight, 1-cm increments: 1) 

0.1-1 cm through 8) 7.1-8 cm (Fig. 3-2A and Appendix A).  

Habitat 

Habitat and microhabitat were chosen to characterize ecology in the Fraginae. Five 

habitat categories: 1) inner reef flat, 2) outer reef flat, 3) lagoon, 4) reef slope and 5) non-

reef were recognized and scored for each species. Habitat captures depth (see Fig. 3-3 for 

reef-associated habitats), with reef flats the shallowest environment (0-2m), generally 

providing the highest light levels compared with all other reefal habitats (e.g., deeper 

lagoon and reef slope environments, >5 m)(Fig. 3-3). The shallowest depths, found in 

reef flat habitats, offer the highest light environments and are considered aptive for a 

photosymbiotic lifestyle. Habitat records, made during the duration of this study and 

throughout large expanses of sampled species’ geographic ranges, were the primary data 

source (now housed at the Florida Museum of Natural History, see LAK for full records). 

If not hand-collected during the duration of this study, habitats were based on museum 

records (most notably the extensive material at the Museum National d’Histoire 

Naturelle, Paris) from live-collected specimens. Although most species are habitat-

specific, those that were not were scored accordingly. This strategy was not followed 

where large population sizes of a given species were overwhelmingly from one habitat 

type, with a few outliers found in adjacent habitats (e.g., F.fragum  most commonly 

occupies inner reef flats but was also taken rarely from adjacent shallow lagoons). 



 

 

63

 
Figure 3-3 Habitat of reef-associated Fraginae included in this study. Stippling denotes sand. 
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The second ecological character scored was microhabitat. High levels of exposure, 

typical of an epifaunal existence, allow maximal light penetration to zooxanthellae for 

photosymbiotic taxa compared with a less exposed, infaunal existence. An exposed, 

epifaunal existence is unique to photosymbiotic fragines and is thus considered adaptive. 

To characterize exposure in fragines, two categories were scored: 1) infaunal and 2) 

epifaunal.  

The number of specimens examined for both ecological characters was similar to 

that described for maximum adult size, with at least 10 live-collected specimens surveyed 

per species, except for F. aff. mundum (4 individuals), A. biangulata (2 individuals), A. 

obovale (3 individuals) and C. gustavi (5 individuals) (Appendix A).  

Shell measurements 

The presence of a pronounced keel is considered aptive for a photosymbiotic 

lifestyle, as a strong keel minimizes burial depth; a shallow infaunal existence permits 

increased levels of irradiance to the posterior shell surface compared with a more deeply 

buried existence. Photosymbiotic species were expected to exhibit more pronounced 

keels (considered aptive) than non-photosymbiotic species. Keel angle was measured as 

the angle formed at the shell margin by the most pronounced keel rib (the angle was 

measured from the keel rib to the 4th rib on either side), with the smallest angle 

describing the sharpest keel (Fig. 3-2C). Mean values were calculated for each species 

and data were then split into five, 20° increments: 1) 40-60° through 5) 120-140°. Closely 

related to keel angle is posterior shell flattening, which also decreases burial depth and 

allows for increased levels of irradiance to the posterior shell region relative to light 

penetration possible with deeper burial. Photosymbiotic species were expected to exhibit 

more pronounced posterior shell flattening (considered aptive) than non-photosymbiotic 
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species. Posterior shell flattening was measured as the angle formed by the posterior crest 

(highest point of the posterior shell slope) out to the keel on each valve, with the largest 

angle describing the flattest posterior shell area (Fig. 3-2B). Mean values (per species) 

were broken down into seven, 10° increments beginning at 140-130° and ending at 90-

80°.  

Surface area to volume ratio is predicted to be elevated in photosymbiotic 

compared with non-photosymbiotic species, as this increases the light gathering surface 

incident to light. Higher surface area to volume ratios were thus considered aptive for 

photosymbiotic species. In order to test this hypothesis, mean linearized surface area to 

volume ratios were calculated. Volume was estimated by measuring the amount of water 

(µL) required to fill the two valves using a pipetter (Pipetteman brand). The posterior 

shell surface area was measured by: 1) photographing the posterior shell surface with a 

digital camera (Nikon Coolpics 3200 camera) and 2) estimating the surface area of this 

region (cm3) using ImageJ software (NIH freeware)(Fig. 3-2D). For photography, the 

posterior shell plane was set parallel to the surface of a table using cotton balls. Surface 

area to volume (cm3) ratios were linearized (cube root of volume and square root of 

surface area) to standardize for body size; these transformed data were plotted to 

visualize trends. Means were calculated for each species and these data were grouped into 

six, 20 unit increments: 1) 0.10-12 through 6) 0.20-0.22 (Appendix B). 

Surface area to volume ratios, keel and shell flattening measurements were 

compiled from a wide range of cardiid species, including photosymbiotic and non-

photosymbiotic species of fragines and non-fragines to test the hypothesis that 

photosymbiotic species would exhibit elevated surface area to volume ratios, keel angle 
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and posterior shell flattening relative to non-photosymbiotic species (Figs.3-2B-

D)(Appendix C). These three measurements were tested to examine if they were 

significantly correlated.  Analyses of variance (single factor ANOVA) were conducted on 

log-transformed data to test for significant differences between 23 photosymbiotic and 

non-photosymbiotic species, with mean and 95% confidence intervals plotted to examine 

these trends visually (SAS, Excel). Principal component analyses (PCA, SAS) were run 

to extract factors in the continuous dataset that explained variation among cardiids and to 

further document differences among photosymbiotic and non-photosymbiotic species.  

Character Trait Evolution 

Characters were mapped onto a subset of the fragine phylogeny (Chapter 1) to 

understand the pattern of character evolution and reconstruct ancestral character states of 

the photosymbiotic clade (MacClade v. 4.08 OSX, Maddison and Maddison 2000). While 

fragine species were generally well resolved by molecular methods, species boundaries in 

Corculum were not. The status of some species, delimited by the only review (Bartsch 

1947), was called into question by my molecular analyses. C. cardissa is used here for all 

Corculum taxa recognized by Bartsch (1947), except C. dionaeum. 

Results 

Photosymbiotic Status 

All tested representatives of 3 fragine genera (Corculum, Lunulicardia and 

Fragum) were entirely photosymbiotic, while no sampled members of the other 7 fragine 

genera (Trigoniocardia, Apiocardia, Americardia, Ctenocardia, Microfragum, 

Papillicardium and Parvicardium) were found to host photosymbionts (Table 3-2).  
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Character Trait States 

Windows 

Although microstructural windows have been reported from four photosymbiotic 

fragine species thus far (F. mundum, F. nivale, L. sp. 1 and C. cardissa, Carter and 

Schneider 1997, Persselin 1998), only half of these (F. mundum and C. cardissa) were 

included in the phylogenetic study (Table 3-3). Evidence of intermediate microstructural 

window formation was reported for F. fragum  (Persselin 1998). Pigment windows are 

presently documented from these same five species (Carter and Schneider 1997, Persselin 

1998) (Table 3-3).  

Additionally, translucent posterior shell regions were observed in all tested 

specimens of F. aff. mundum, and many smaller (e.g., juvenile) specimens of 

Lunulicardia hemicardia and L. retusa. However, it is uncertain whether these are due to 

microstructural alteration or decreased pigmentation, and these were scored as uncertain 

(Table 3-3).  No other tested photosymbiotic or non-photosymbiotic fragines possessed 

transclucent areas in the posterior slope of their shells based on gross examination. 

Maximum observed adult size 

Photosymbiotic fragines included several small species but also a wide diversity 

of sizes, running the continuum of sampled categories (Table 3-3). Three non-

photosymbiotic fragines, Papillicardium papillosum, Parvicardium vroomi and 

Microfragum festivum were also of the smallest size category. The two largest sampled 

fragine species, C. cardissa and F. unedo, were photosymbiotic.  
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Table 3-2 Photosymbiotic status of sampled Fraginae. 
Species Determination1-4 ~No. Photosymbionts 
Fragum  fragum  Field2 50 Present 
Fragum  scruposum Field2 20 Present 
Fragum  loochoanum Field2 20 Present 
Fragum  carinatum Lab3 13 Present 
Fragum  mundum Field2 3 Present 
Fragum  aff. mundum Lab3 3 Present 
Fragum  nivale Literature1  Present 
Fragum  unedo Field2 5 Present 
Fragum  erugatum Lab3 20 Present 
Fragum  sueziense Field2 6 Present 
Fragum  sp. 11 Literature1  Present 
Lunulicardia retusa Literature1  Present 
Lunulicardia hemicardia Lab3 2 Present 
Lunulicardia sp. 1 Literature1  Present 
Corculum cardissa Literature1 3 Present 
Trigoniocardia granifera Field2 10 Absent 
Apiocardia obovale Collaborator4  Absent 
Americardia biangulata Field2 2 Absent 
Americardia media Field2 3 Absent 
Ctenocardia fornicata Literature1  Absent 
Ctenocardia victor Literature1  Absent 
Ctenocardia gustavi Lab3 1 Absent 
Microfragum  subfestivum Lab3 3 Absent 
Microfragum  festivum Field2 10 Absent 
Parvicardium exiguum Collaborator4  Absent 
Parvicardium scriptum Field2 10 Absent 
Parvicardium vroomi Field2 10 Absent 
Papillicardium papillosum Field2 8 Absent 
1Status previously known (see text for references). 
2Microscopic examination of live animals. 
3Microscopic examination of formalin-fixed animals. 
4Microscopic examination of ethanol-fixed animals. 
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Table 3-3 Morphological character matrix for mapping traits of sampled Fraginae. 
Photosymbiotic species in bold. 

No Species WSM1 PIGW1 SIZE2 HAB3 EXP4 KEEL5 FLAT6 SAV7 
1 Fragum  fragum  2 1 5 1 1 3 3 3 
2 Fragum  scruposum 0 0 2 1 1 3 5 1 
3 Fragum  loochoanum 0 0 2 1 1 4 5 2 
4 Fragum  carinatum 0 0 1 1 1 4 4 2 
5 Fragum aff mundum 2 2 1 1 1 3 2 2 
6 Fragum  mundum 1 1 1 2 2 3 2 2 
7 Fragum  unedo 0 0 8 1 1 4 3 3 
8 Fragum  erugatum 0 0 2 5 1 4 6 1 
9 Fragum  sueziense 0 0 1 3 1 5 5 2 

10 Lunulicardia retusa 2 2 5 1 1 3 3 4 

11 
Lunulicardia 
hemicardia 2 2 5 1,5 1 3 2 3 

12 Corculum cardissa 1 1 6 1,2 2 1 1 6 
13 Americardia media 0 0 4 1,2,4 1 4 4 2 
14 Americardia biangulata 0 0 2 5 1 3 5 2 
15 Trigoniocardia granifera 0 0 2 5 1 3 6 2 
16 Apiocardia obovale 0 0 2 5 1 3 4 2 
17 Microfragum  festivum 0 0 1 1,2,3 1 5 4 1 
18 Ctenocardia fornicata 0 0 4 4 1 4 4 3 
19 Ctenocardia gustavi 0 0 3 4 1 4 3 2 
20 "Ctenocardia" victor 0 0 3 4 1 4 5 2 

21 
Papillicardium 
papillosum 0 0 1 5 1 5 4 1 

22 Parvicardium vroomi 0 0 1 5 2 4 4 1 
23 Parvicardium exiguum 0 0 2 5 2 4 3 1 

10) absent, 1) present, 2) uncertain 
2Maximum adult size (height in cm, Fig. 2A): 1) 0.1-1, 2) 1.1-2, 3) 2.1-3, 4) 3.1-4, 5) 4.1-5, 6) 5.1-6, 7) 6.1-7, 
8) 7.1-8. 
3Habitat: 1) protected, inner reef flat, 2) exposed, outer reef flat, 3) lagoonal, 4) reef slope, 5) non-reef 
4Exposure: 1) shallowly buried/infaunal, 2) exposed/epifaunal 
5Keel angle (Fig. 2C): 1) 40-60, 2) 60-80, 3) 80-100, 4) 100-120 and 5) 120-140 
6Posterior shell flattening (Fig. 2B): 1) 140-130, 2) 130-120, 3) 120-110, 4) 110-100, 5) 100-90 and 6) 90-80 
 

 
Habitat 

The most common habitat occupied by photosymbiotic fragines was the reef flat 

(Table 3-3).  However, two species occupied relatively divergent habitats: 1) F. 
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erugatum, endemic to Shark’s Bay, Western Australia, was the only photosymbiotic 

species from a non-reefal habitat, while 2) F. sueziense was restricted to turbid lagoonal 

settings. All but two photosymbiotic species, F. sueziense and L. retusa, were 

encountered in <2 m (several of the often tens to hundreds of specimens examined were 

encountered deeper, but are not considered typical of that depth) with only F. sueziense 

restricted to deeper depths (Table 3-3). Two tested photosymbiotic species, Corculum 

cardissa and F. mundum, and two non-photosymbiotic fragines, Parvicardium vroomi 

and Parvicardium exiguum, were epifaunal; all other species were infaunal.  

Shell measurements 

Significant differences were observed for single factor ANOVAs run among the 

three shell measurements (log keel angle, log posterior shell flattening and log linearized 

surface area to volume) for twenty cardiid species (p<0.0001 for all pairwise comparisons 

with raw data, available from LAK) (Fig. 3-4). Mean and 95% confidence intervals 

revealed that photosymbiotic species generally exhibited the greatest range of observed 

values for all three measurements, but that the bulk of species overlapped with non-

photosymbiotic species (Fig. 3-4). This latter point is best illustrated by comparison of 

keel angle for tested species, where photosymbiotic species overlapped with non-

photosymbiotic species almost entirely (Fig. 3-4A). Corculum cardissa was by far the 

most divergent morphotype and was significantly different than all other sampled species 

in keel angle and surface area to volume, overlapping only with a few species in posterior 

shell flattening confidence intervals (Fig. 3-4A-C). All three shell measurements were 

significantly correlated (Pearson correlation coefficients of p=0.0001 at ∝=0.05 for all 

pairwise comparisons). 
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Increased taxon sampling for surface area to volume ratios reinforced: 1) that the 

bulk of photosymbiotic fragines were little differentiated from non-photosymbiotic 

species and 2) that photosymbiotic species exhibited a wide range of shell forms (Fig. 3-

5). The least differentiated forms, exhibiting the most overlap with non-photosymbiotic 

fragines and non-fragine cardiids, were F. erugatum, F. scruposum, F. loochoanum and 

F. sueziense, with C. cardissa, L. hemicardia, L. retusa, F. fragum , F. unedo and F. 

mundum at the other end of the morphological continuum (Fig. 3-5).  

Principal component analyses were performed on log-transformed mean surface 

area to volume ratios, mean posterior shell flattening, mean posterior distance (as a proxy 

for posterior shell flattening) and mean keel angle for a subset of sampled species (see 

Appendices A & B).  Eigenvalues greater than one, coupled with a cumulative variation 

of 87%, indicated that the majority of observed variation was due to the first two 

principal components (Fig. 3-6).  These findings indicate that both photosymbiotic and 

non-photosymbiotic species become larger and more crested to similar degrees (second 

principal component, Fig. 3-6). However, only photosymbiotic species make it above a 

“threshold” of approximately 1 for the first principal component that described keel angle 

and posterior shell flattening (Fig. 3-6). This suggests that only photosymbiotic species 

become highly flattened and keeled, with this morphospace unoccupied by non-

photosymbiotic species. 
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Figure 3-4 Mean and 95% confidence intervals for three shell measurements (n=3+) for 
non-photosymbiotic and photosymbiotic cardiids. Photosymbiotic species are 
in yellow non-photosymbiotic species in black, with dotted lines denoting 
non-fragines. The y-axis units are log-transformed, surface area to volume 
ratios standardized for body size. 
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Figure 3-5 Significant differences among 33 species of cardiids, including 

photosymbiotic and non-photosymbiotic fragines for log-transformed surface-
area to volume ratios standardized for body size and plotted as means and 
95% confidence intervals. 
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Character Trait Evolution 

A phylogenetic hypothesis of Fraginae relationships (Chapter 1) allowed mapping 

of character trait data to explore the evolution of photosymbiosis in the subfamily. 

However, before character trait states are traced, relevant phylogenetic findings are 

briefly reviewed.  

Four major fragine clades were resolved: 1) Clade I composed of all but one 

species in the genus Parvicardium, 2) Clade II comprised all sampled representatives 

from the genera Trigoniocardia, Apiocardia, Microfragum , Americardia and 

Ctenocardia, except Ctenocardia victor, 3) Clade III comprised all species in the genera 

Fragum, Corculum and Lunulicardia and 4) Clade IV included two species, 

Parvicardium minimum and Papillicardium papillosum, distantly related to the other 3 

clades (Fig. 3-4).  

Although poor resolution at deeper nodes made drawing inferences concerning 

subfamilial monophyly difficult, lower levels were consistently well resolved (Fig. 3-7). 

Three subclades were recovered within Clade III: 1) an earliest diverging subclade (F. 

sueziense, F. erugatum)(PSI), 2) a “25-rib” group (F. aff. mundum, F. carinatum, F. 

scruposum and F. loochanum)(PSII) and 3) a subclade uniting species from the genera 

Fragum, Lunulicardia and Corculum  (F. fragum, F. unedo, F. mundum, C. cardissa, L. 

retusa and L. hemicardia) (PSIII)(Fig. 3-7). Fragum, as currently defined, was recovered 

as paraphyletic, giving rise to Corculum and Lunulicardia. 

A single well-supported origin of photosymbiosis was supported with algal 

symbionts acquired at the base of Clade III (Fragum, Lunulicardia and Corculum) (Table 

3-2, Fig. 3-7).  
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Figure 3-6 Principal component analysis for four morphological characters (Flat, Keel, Height and Crest) for photosymbiotic 
and non-photosymbiotic cardiids. These two axes explain 87% of the variation in the tested dataset. 
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Figure 3-7 Origin of photosymbiosis traced onto Bayesian 50% majority topology for the combined dataset of Chapter 1. 
Posterior probabilities above branches, maximum parsimony bootstrap values below branches for major groups. 
Dashed boxes denote PSI, PSII and PSIII, the three photosymbiotic subclades of Clade III (Fragum , Lunulicardia 
and Corculum). 
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With regards to character trait evolution, a given character state was considered 

aptive for photosymbiosis if it enhanced light penetration to photosymbionts, relative to 

other states.Although putative aptions were often derived from the literature (Kawaguti 

1941, 1950, Watson and Signor 1986, Janssen 1991, Ohno et al. 1995, Carter and 

Schneider 1997, Persselin 1998, Schneider 1998), other aptations were based on field 

observations conducted during the course of this study and tested (e.g., surface area to 

volume). Photosymbiotic adaptations were determined by ancestral trait reconstruction. 

Unless discussed otherwise, synapomorphic character states uniting all or some 

photosymbiotic fragines were considered adaptations for photosymbiosis, while 

symplesiomorphic character trait states were scored as exaptations (Gould and Vrba 

1982).  

Windows 

The two species with confirmed window shell microstructure and phylogenetic 

representation (C. cardissa and Fragum mundum) were sister species, supporting a single 

origin of window shell microstructure (Fig. 3-8). However, considering window shell 

microstructure in a broader sense (e.g., including species with uncertain characters states, 

Table 3-3) alters this scenario. F. aff. mundum exhibits window-like shell transcluency in 

the posterior region, yet does not fall within windowed clade PSIII (Fig. 3-8) but instead 

is a well-supported member of PSII (the “25-rib” group) (Fig. 3-8). If window shell 

microstructure is confirmed in this new species, it would lend support to a dual origin of 

window shell microstructure. Inclusion of windowed F. nivale in the phylogeny would 

further test the “single microstructural window” hypothesis. Morphologically most 

similar to F. mundum, F. nivale is expected to fall in the PSIII subclade (Fig. 3-8) along 

with all other windowed species except F. aff. mundum. Documentation of window shell 
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microstructure in juvenile L. hemicardia, L. retusa and/or L. sp. 1 (Persselin 1998) from 

the PSIII subclade, coupled with the expected placement of F. nivale in this subclade, 

suggests that windows may have evolved in a common ancestor of PSIII (Fig. 3-9); all 

but F. unedo exhibit some degree of microstructural window formation. The evolution of 

pigment windows is similar to window shell microstructure, as all species that exhibit 

decreased pigmentation also possess microstructural windows (compare Figs. 3-8 & 3-9). 

The common ancestor of Clade III did not have pigment windows. An equivocal 

ancestral photosymbiotic state is recovered for microstructural windows. Windows 

evolved after the origin of photosymbiosis but are considered an adaptation for 

photosymbiosis because they: 1) increase light penetration to the shell interior and 2) are 

limited to a subset of photosymbiotic species (Watson and Signor 1986, Carter and 

Schneider 1997, Persselin 1998). 

Maximum observed adult size 

Small size was recovered as the most parsimonious ancestral character state for 

photosymbiotic fragines and all sampled fragines (Fig. 3-10). Small size affords 

increased shell translucency and surface area to volume ratios and, because of these 

benefits, was hypothesized as aptive for a photosymbiotic lifestyle. Small size is 

considered an exaptation for photosymbiosis because it was recovered in non-

photosymbiotic species (e.g., symplesiomorphic) and clearly preceded the evolution of 

photosymbiosis. 
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Figure 3-8 Origin of photosymbiosis (dark bar) and window shell microstructure (WSM) traced onto a subset of the Fraginae 
phylogeny shown in Figure 3-7 
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Figure 3-9 Origin of photosymbiosis (dark bar) and decreased shell pigmentation or pigment windows (PIGW) traced onto a subset of 
the Fraginae phylogeny shown in Figure 3-7. 
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Habitat 

Although the bulk of photosymbiotic species occupy a shallow, reef flat habitat, a 

deeper, non-reefal habitat was reconstructed as the most parsimonious ancestral character 

state for photosymbiotic fragines (as well as for all tested fragines, Fig. 3-11). Shallow 

reef flat habitats have the highest light intensity and these are considered aptive for 

photosymbiotic species. However, besides the bulk of photosymbiotic fragines, two 

geographically disjunct, non-photosymbiotic species also live in reef flat or reef flat-like 

environments, Microfragum festivum and A. media (Figs. 3-3 & 3-11). Because reef flat 

species were widely distributed phylogenetically (and geographically, given disjunct 

distributions of IWP M. festivum + photosymbiotic fragines, compared to west Atlantic A. 

media), it is likely that a shallow reef flat existence evolved independently in these three 

lineages/species. Exposure was reconstructed as shallowly infaunal for all nodes except 

that uniting: 1) photosymbiotic C. cardissa and F. mundum and 2) non-photosymbiotic P. 

vroomi and P. exiguum, the four epifaunal species (Fig. 3-12).  

Although an epifaunal existence is common to photosymbiotic and non-

photosymbiotic sister species, it has likely evolved independently in the two groups, 

given the large number of infaunal species separating them.  An epifaunal microhabitat is 

aptive because it allows increased light exposure relative to an infaunal lifestyle. 

Although it has evolved independently in a non-photosymbiotic fragine lineage, an 

epifaunal habitat is considered adaptive for C. cardissa and F. mundum because 1) it is 

also observed in the only other photosymbiotic cardiid lineage (Tridacninae) and 2) it is 

otherwise very rare in heterodont bivalves.  
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Figure 3-10 Origin of photosymbiosis (dark bar) and maximum adult size (cm) traced onto a subset of the Fraginae phylogeny 
shown in Figure 3-7. 
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Figure 3-11 Origin of photosymbiosis (dark bar) and habitat types (see Figure 3-3) traced onto a subset of the Fraginae 
phylogeny shown in Figure 3-7. 
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Shell measurements 

The most likely ancestral state of photosymbiotic fragines was the same as that 

reconstructed for the subfamily as a whole: a modest (Category 4:100-120°, Fig. 3-13) 

keel. Flattening was difficult to reconstruct due to the high variability exhibited, 

especially among Clade III members that ran the gamut of observed character state 

categories (Categories 1-6, Fig. 3-14).  Although the highest surface area to volume ratios 

were observed among photosymbiotic species, a relatively low surface area to volume 

ratio was supported as the most parsimonious ancestral character state among Clade III 

members, and also at deeper phylogenetic levels (Category 2: 0.12-0.14) (Fig. 3-15). As 

with posterior shell flattening, photosymbiotic species exhibited the highest and lowest 

surface area to volume ratios, with the most elevated ratios considered aptive for a 

photosymbiotic existence.  All but one incidence of elevated surface area to volume ratios 

(e.g., Categories 3-6) was specific to photosymbiotic fragines in the PSIII subclade (Fig. 

3-15), suggesting that this state is adaptive for photosymbiosis.  

Increased taxon sampling permitted additional insight into surface area to volume 

trends among photosymbiotic fragines (Fig. 3-5). Photosymbiotic species that exhibited 

the lowest surface area to volume ratios, overlapping extensively with non-

photosymbiotic species, were: 1) restricted to the earliest diverging and 25-rib subclades 

(Fig. 3-15, PSI & PSII) and 2) from the smallest size categories (Fig. 3-10, Categories 

1&2).  
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Figure 3-12 Origin of photosymbiosis (dark bar) and microhabitat (exposure) traced onto a subset of the Fraginae phylogeny shown in 
Figure 3-7.  
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Figure 3-13 Origin of photosymbiosis (dark bar) and mean keel angle (degrees) (see Figure 3-2C) traced onto a subset of the Fraginae 

phylogeny shown in Figure 3-7. 
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Figure 3-14 Origin of photosymbiosis (dark bar) and mean posterior shell flattening (degrees)(see Figure 3-2B) traced onto a subset of 

the Fraginae phylogeny shown in Figure 3-7 
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Figure 3-15 Origin of photosymbiosis (dark bar) and mean linearized surface area to volume ratios (see Figure 3-2D) traced onto a 

subset of the Fraginae phylogeny shown in Figure 3-7. 
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Discussion 

Photosymbiotic Status 

That all members of Fragum, Lunulicardia, and Corculum have algal symbionts, 

while all other fragine genera lack them, contrasts with Schneider’s prediction (1998) that 

all Fraginae would be photosymbiotic (Table 3-2). Schneider (1998) based this proposal 

on observed digestive simplifications, however these are clearly not good indicators of 

photosymbiotic status, as the bulk of fragines are not photosymbiotic. Therefore, these 

features need to be reconsidered (see below). The discovery of photosymbiosis limited to 

three fragine genera confirms Persselin’s hypothesis (1998) of a paraphyletic and 

photosymbiotic Fragum giving rise to Lunulicardia and Corculum. Placing 

photosymbiotic status into a phylogenetic context suggests a single and late acquisition of 

photosymbiosis in the Fraginae (Fig. 3-7). 

Character Trait Analyses and Evolution 

Windows 

The most interesting putative adaptation for photosymbiosis is window shell 

microstructure, relatively transclucent shell regions restricted to the posterior shell 

surface. Conservative estimates support a single origin of microstructural windows 

uniting Fragum mundum and Corculum cardissa. However, windowed F. nivale, 

(unavailable for phylogenetic reconstructions), and putatively-windowed F. aff. mundum 

have the power to falsify this initial finding.  The latter occurrence hints at multiple 

origins of window shell microstructure, or a deeper origin followed by loss in intervening 

window-less species.Confirmation of window shell microstructure (and similarly 

decreased shell pigmentation) via rigorous shell analyses (Carter and Schneider 1997, 

Persselin 1998) in juveniles of L. hemicardia and L. retusa would not only enlarge the 
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windowed subclade, but also provide an interesting twist to the evolution of window shell 

microstructure. Ontogenetic variation in microstructural and/or pigment windows 

suggested by preliminary observations in sampled L. hemicardia and L. retusa (and also 

Persselin 1998 for L. sp. 1) suggests that windows may be present at early life stages. 

Although not yet exhaustively sampled, adults of one of these (L. retusa, Carter and 

Schneider 1997) did not exhibit window microstructure, suggesting that windows can be 

lost/overgrown with age. Based on the findings of this study, it is hypothesized that a 

more rigorous and comprehensive analysis of these preliminary observations of 

microstructural and pigment windows in juvenile and adult photosymbiotic fragines will 

support: 1) a deeper origin of shell modifications to enhance shell translucency that unites 

photosymbiotic fragines in PSIII (Fig. 3-8) and also, 2) a dual origin due to the presence 

of windows in F. aff. mundum, a well-supported member of the 25-rib clade (Fig. 3-8 

PSII).  

Maximum observed adult size 

Ancestral reconstructions imply that the earliest photosymbiotic fragines were 

small (Category 1, 0.1-1 cm), suggesting a history of miniaturization in the origin of the 

group. The occurrence of distantly related non-photosymbiotic fragines of small size 

(e.g., Microfragum, Parvicardium and Papillicardium, 0.1-1 cm) suggests this condition 

is symplesiomorphic and points to a history of miniaturization at deeper phylogenetic 

levels. The observed digestive simplifications documented among generic representatives  

by Schneider (1998), instead of being interpreted as indicative of a photosymbiotic 

lifestyle, are here reinterpreted simply as a consequence of small size (as observed in 

other groups, such as galeommatoids (Giribet and Wheeler 2002)). Moreover, this 

interpretation is consistent with a single origin of photosymbiosis uniting a relatively 
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small subclade of fragines (Clade III, Fig. 3-7), in contrast to earlier suggestions of an 

entirely photosymbiotic subfamily (Schneider 1998). Small size may have been an 

exaptation that facilitated the evolution of photosymbiosis: small animals are more 

shallowly infaunal than large ones, and also have thinner and thus more transclucent 

shells facilitating light penetration. 

Habitat 

The most likely ecological attributes of an ancestral photosymbiotic fragine include 

a shallowly infaunal, non-reef habitat (Figs. 3-11 & 3-12). Only one photosymbiotic 

fragine, F. erugatum, occupies a non-reefal habitat, with all but one other species (F. 

sueziense from turbid, lagoonal settings) living on the reef flat (Fig. 3-3). This habitat is 

considered adaptive for a photosymbiotic lifestyle, as is an epifaunal existence, a 

microhabitat occupied by just two photosymbiotic fragines, Corculum cardissa and F. 

mundum (Fig. 3-12). 

Shell measurements 

In contrast to earlier studies that documented two very divergent morphological 

ends in photosymbiotic fragines, the “tridacna-like” strategy of Fragum  unedo 

juxtaposed against the “solar panel” strategy of Corculum cardissa (Ohno et al. 1995), 

this study provides evidence of a wide range of intermediate forms (Figs. 3-13 through 3-

15). Among these intermediate forms, surface area to volume ratios were little elevated 

and many species interdigitated with a broad sweep of non-photosymbiotic fragines and 

cardiids (Figs. 3-4C & 3-5).  These trends were also revealed for keel and posterior shell 

flattening measurements (that were found to be significantly correlated with surface area 

to volume ratio) and photosymbiotic species also exhibited a wide range of size 

categories, overlapping with sampled non-photosymbiotic species (Fig. 3-4A&B). 
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Principal component analyses among a broad suite of photosymbiotic and non-

photosymbiotic species revealed a “threshold” that separated all non-photosymbiotic 

from seven photosymbiotic species along principal component 1 (along which species 

became flatter and more keeled, see dashed line on Fig. 3-6).  This pattern suggests that, 

although many less flattened and less keeled non-photosymbiotic and photosymbiotic 

species co occur at below approximately 1, only photosymbiotic species moved beyond 

this threshold.  

Shell measurement trends highlight two important points regarding the evolution of 

form in photosymbiotic fragines. First, rapid morphological evolution in response to 

photosymbiosis has occurred in fragines, where forms little different from non-

photosymbiotic cardiids (e.g., F. sueziense) are closely related to extremely modified 

ones (e.g., C. cardissa).  This is best illustrated by examination of morphological patterns 

among photosymbiotic sister-species. For example, although both C. cardissa and F. 

mundum are windowed, the former is the second-largest sampled fragine, while the latter 

falls in the smallest size category. This suggests that, while the evolution of windows is 

conservative, size is highly labile.  

Second, because a wide range of photosymbiotic species is little differentiated in 

shell characters from non-photosymbiotic forms, these findings suggest that strategies for 

a photosymbiotic lifestyle besides shell modifications (e.g., as observed in C. cardissa) 

are important. The relatively small size (0.1-1 cm) of certain photosymbiotic species 

“naturally” affords elevated surface area to volume ratios, increased shell translucency 

and shallow infaunal burial (Figs.3-5, 3-10, 3-11 & 3-12). Anatomical and/or shell 

modifications that depart drastically from a basic bivalve bauplan are not necessary to 
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achieve an optimal light environment for zooxanthellar symbionts in small species. 

However, whereas small photosymbiotic clams are the least modified (F. carinatum, F. 

sueziense and F. erugatum, with F. mundum an obvious exception), large photosymbiotic 

clams have the most drastically altered and pronounced morphologies (F. unedo, C. 

cardissa, L. hemicardia and L. retusa). This suggests that being large and photosymbiotic 

necessitates major modifications to ecology, behavior and/or anatomy (both shell and 

tissues) in order to provide adequate light levels to photosymbionts, similar to trends 

observed in giant clams (Yonge 1936). 
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CHAPTER 4 
GLOBAL DISCUSSION 

Molecular phylogenetics 

These results support the original Fraginae circumscribed by Stewart (1930) and 

are in almost complete agreement with the subfamilial delineation of Keen (1980) and 

Voskuil and Onverwagt (1989). Circumscriptions differ in that both Keen (1980) and 

Voskuil and Onverwagt (1989) included the genus Afrocardium in the Fraginae 

(excluded from the subfamily in these analyses) and Ctenocardia victor is best supported 

as a distantly related cardiid by this study and not a fragine. The present results contrast 

significantly with the Fraginae as circumscribed by Schneider (1998), largely because of 

the high levels of sequence divergence that resulted in very different placement of 

Parvicardium sensu lato representatives. These analyses do not support the inclusion of 

divergent P. minimum and Papillicardium papillosum (Clade IV) in the Fraginae.  That 

Clade IV is distantly related to all tested fragines is supported by the recovery of one of 

the tested outgroup clades as more closely related to fragine lineages (Clades I-III) than 

P. minimum + Papillicardium papillosum. However, although it is apparent that Clade IV 

is distantly related to the originally circumscribed subfamily (Clades II and III), whether 

the remainder of sampled Parvicardium (Clade I) is supported as members of a divergent 

Fraginae is equivocal. The inclusion of additional species of Parvicardium but, more 

importantly, appropriate molecular markers for resolution at deeper phylogenetic levels is 

necessary before circumscribing a new Fraginae. 
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The lack of a perisiphonal suture results in confluence of the incurrent siphonal 

aperture and pedal gape. This strongest of the morphological synapomorphies uniting the 

Fraginae may be related to miniaturization, not a photosymbiotic lifestyle.  

Schneider (1998) recognized the distinctiveness of Papillicardium and recovered a 

paraphyletic Parvicardium. The findings presented here support Papillicardium as 

distinct from all other shallow-water Mediterranean Parvicardium sampled in this study 

(Clade I). Although Papillicardium papillosum is recovered as sister to Parvicardium 

minimum, this may be due to long-branch attraction; both taxa were highly divergent for 

all gene regions sequenced.  P. minimum is a deep-water species and the sample included 

from this study was from Sweden, geographically disjunct from other small 

Parvicardium and P. papillosum.  

Clade I is composed of three recognized species and one highly differentiated taxon 

(based on a single individual from La Herra, Spain) from the genus Parvicardium.  As P. 

exiguum, considered the type species in the most recent and comprehensive review of the 

Mediterranean Parvicardium (van Aartsen and Goud 2000, but also Hylleberg 2004 and 

others), is a member of this clade, the nomen Parvicardium should be restricted to this 

group. These preliminary results suggest that small European cardiids, presently allied to 

Parvicardium sensu lato, are highly divergent lineages, as recognized by others (e.g. 

Schneider (1998) supported generic status of Papillicardium papillosum). Given these 

findings, geographically disjunct but presently unsampled Parvicardium species (P. 

turtoni from South Africa and P. pinnulatum from the west Atlantic) are not expected to 

fall within this clade that is currently restricted to morphologically similar species from 

relatively shallow Mediterranean habitats. The equivocal findings generated by the 
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phylogenetic results of this study call attention to the need for a comprehensive 

systematic revision of members currently allied to the earliest diverging fragine genera.  

The genera Trigoniocardia and Ctenocardia were recovered as a well-supported 

clade in Bayesian analyses of both mitochondrial and combined datasets. This contrasts 

with Schneider (1998), who split these genera into two divergent fragine subclades and 

recovered the Trigoniocardia group as sister to all fragines (other than Parvicardium 

sensu lato).  The genus Americardia is most morphologically similar to Ctenocardia not 

Trigoniocardia, as recognized recently by Schneider (1998) as well as Voskuil and 

Onverwagt (1989), who synonymized Americardia with Ctenocardia because of phenetic 

similarity. However, in contrast with Schneider (1998) and Voskuil and Onverwagt 

(1989), but consistent with the present analyses, is the bulk of earlier taxonomic work 

(Stewart 1930, Clench and Smith 1944, Keen 1951, 1980, Olsson 1961 and Popov 1977) 

that recognized Americardia as a subgenus of Trigoniocardia. The present molecular 

phylogenetic findings, along with these older works, suggest that Clade II may be 

composed of separate IWP (Ctenocardia-Microfragum) and American (Americardia-

Trigoniocardia) radiations.  The morphological disparity of C. victor, relative to other 

Ctenocardia, has long been appreciated (Wilson and Stevenson). The high levels of 

sequence divergence in all four gene regions reported here for multiple individuals, 

coupled with the morphological disparity observed by others, confirm the distinctiveness 

of this species. 

Clade III is composed of members of the genera Fragum, Lunulicardia and 

Corculum. In all analyses, Fragum is strongly supported as paraphyletic and in combined 

and mitochondrial datasets is composed of three subclades. The taxonomic affinities of F. 
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erugatum and F. sueziense have been long debated, with both species allied to no fewer 

than five different genera (see Hylleberg 2004).  The results of this study unite these two 

as sisters, sister to all other tested Fragum , Lunulicardia and Corculum species.  Like all 

other tested fragine species, F. aff. mundum from Tuvalu is reciprocally monophyletic. 

Initially thought to be a variant of F. mundum following preliminary morphological 

examination, F. aff. mundum was recovered as a member of the 25-rib clade and sister to 

F. carinatum.  Preliminary findings support Corculum cardissa as a single species, with 

morphological variability better explained in the context of ontogeny or local adaptation 

to environmental conditions (Kawaguti 1950). 

Geographic structuring was evident among all tested Fragum species targeted for 

intensive population-level sampling. For example, individuals from Okinawa of F. 

loochoanum, F. unedo and F. mundum were consistently recovered as well-supported, 

reciprocally monophyletic lineages compared with populations sampled from all other 

locales. Preliminary evidence of fine-scale geographic structuring, coupled with poor 

dispersal capabilities (e.g. for tested Corculum from Palau, Kawaguti 1950), suggests that 

this group is a good bivalve candidate for future phylogeographic initiatives in the insular 

IWP (Paulay and Meyer 2002, Kirkendale and Meyer 2004, Meyer et al. 2005. 

Character trait evolution 

That all members of Fragum, Lunulicardia, and Corculum have algal symbionts, 

while all other fragine genera lack them, contrasts with Schneider’s prediction (1998) that 

all Fraginae would be photosymbiotic. Schneider (1998) based this proposal on observed 

digestive simplifications, however these are clearly not good indicators of 

photosymbiotic status, as the bulk of fragines are not photosymbiotic. Placing 
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photosymbiotic status into a phylogenetic context suggests a single and late acquisition of 

photosymbiosis in the Fraginae. 

The most interesting putative adaptation for photosymbiosis is window shell 

microstructure, relatively transclucent shell regions restricted to the posterior shell 

surface. Conservative estimates support a single origin of microstructural windows 

uniting Fragum mundum and Corculum cardissa.  Ontogenetic variation in 

microstructural and/or pigment windows suggested by preliminary observations in 

sampled L. hemicardia and L. retusa (and also Persselin 1998 for L. sp. 1) suggests that 

windows may be present at early life stages. Based on the findings of this study, it is 

hypothesized that a more rigorous and comprehensive analysis of these preliminary 

observations of microstructural and pigment windows in juvenile and adult 

photosymbiotic fragines will support: 1) a deeper origin of shell modifications to enhance 

shell translucency that unites photosymbiotic fragines in PSIII and also, 2) a dual origin 

due to the presence of windows in F. aff. mundum, a well-supported member of the 25-

rib clade (PSII).  

Ancestral reconstructions imply that the earliest photosymbiotic fragines were 

small, suggesting a history of miniaturization in the origin of the group. However, the 

occurrence of distantly related non-photosymbiotic fragines of small size suggests this 

condition is symplesiomorphic and points to a history of miniaturization at deeper 

phylogenetic levels. The observed digestive simplifications documented among generic 

representatives by Schneider (1998) are here reinterpreted simply as a consequence of 

small size. Moreover, this interpretation is consistent with a single origin of 

photosymbiosis uniting a relatively small subclade of fragines, in contrast to earlier 
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suggestions of an entirely photosymbiotic subfamily (Schneider 1998). Small size may 

have been an exaptation that facilitated the evolution of photosymbiosis: small animals 

are more shallowly infaunal than large ones, and also have thinner and thus more 

transclucent shells facilitating light penetration. 

The most likely ecological attributes of an ancestral photosymbiotic fragine include 

a shallowly infaunal, non-reef habitat This habitat is considered adaptive for a 

photosymbiotic lifestyle, as is an epifaunal existence, a microhabitat occupied by just two 

photosymbiotic fragines, Corculum cardissa and F. mundum. 

In contrast to earlier studies that documented two very divergent morphological 

ends in photosymbiotic fragines, the “tridacna-like” strategy of Fragum  unedo 

juxtaposed against the “solar panel” strategy of Corculum cardissa (Ohno et al. 1995), 

this study provides evidence of a wide range of intermediate forms. Among these 

intermediate forms, surface area to volume ratios were little elevated and many species 

interdigitated with a broad sweep of non-photosymbiotic fragines and cardiids. These 

trends were also revealed for keel and posterior shell flattening measurements (that were 

found to be significantly correlated with surface area to volume ratio) and photosymbiotic 

species also exhibited a wide range of size categories, overlapping with sampled non-

photosymbiotic species. Principal component analyses among a broad suite of 

photosymbiotic and non-photosymbiotic species revealed a “threshold” that separates all 

non-photosymbiotic from seven photosymbiotic species.  This pattern suggests that, 

although many less flattened and less keeled non-photosymbiotic and photosymbiotic 

species co occur at below approximately 1, only photosymbiotic species moved beyond 

this threshold.  
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Shell measurement trends highlight two important points regarding the evolution of 

form in photosymbiotic fragines. First, rapid morphological evolution in response to 

photosymbiosis has occurred in fragines, where forms little different from non-

photosymbiotic cardiids (e.g. F. sueziense) are closely related to extremely modified ones 

(e.g. C. cardissa).  This is best illustrated by examination of morphological patterns 

among photosymbiotic sister-species. For example, although both C. cardissa and F. 

mundum are windowed, the former is the second-largest sampled fragine, while the latter 

falls in the smallest size category. This suggests that, while the evolution of windows is 

conservative, size is highly labile.  

Second, because a wide range of photosymbiotic species is little differentiated in 

shell characters from non-photosymbiotic forms, these findings suggest that strategies for 

a photosymbiotic lifestyle besides shell modifications (e.g. as observed in C. cardissa) 

are important. The relatively small size of certain photosymbiotic species “naturally” 

affords elevated surface area to volume ratios, increased shell translucency and shallow 

infaunal burial. Anatomical and/or shell modifications that depart drastically from a basic 

bivalve bauplan are not necessary to achieve an optimal light environment for 

zooxanthellar symbionts in small species. However, whereas small photosymbiotic clams 

are the least modified (F. carinatum, F. sueziense and F. erugatum, with F. mundum an 

obvious exception), large photosymbiotic clams have the most drastically altered and 

pronounced morphologies (F. unedo, C. cardissa, L. hemicardia and L. retusa). This 

suggests that being large and photosymbiotic necessitates major modifications to 

ecology, behavior and/or anatomy in order to provide adequate light levels to 

photosymbionts, similar to trends observed in giant clams (Yonge 1936). 



 

 

APPENDIX A 
NUMBER OF INDIVIDUALS EXAMINED FOR SCORED CHARACTERS OF 

FRAGINAE 
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No Species WSM PIGW SIZE HAB EXP DEPTH KEEL FLAT SAV 
1 Fragum  fragum  P1998 P1998 10 10 10 10 3 3 5 
2 Fragum  scruposum 5 5 10 10 10 10 4 4 5 
3 Fragum  loochoanum P1998 P1998 10 10 10 10 3 3 5 
4 Fragum  carinatum 5 5 10 10 10 10 3 3 5 
5 Fragum aff mundum 2 2 4 4 4 4 2 2 2 
6 Fragum  mundum P1998 P1998 10 10 10 10 1 1 5 
7 Fragum  unedo P1998 P1998 10 10 10 10 4 4 7 
8 Fragum  erugatum 5 5 10 10 10 10 3 3 5 
9 Fragum  sueziense P1998 P1998 10 10 10 10 2 2 5 

10 Lunulicardia retusa CS1997 CS1997 10 10 10 10 3 3 5 
11 Lunulicardia hemicardia 5 5 10 10 10 10 3 3 5 
12 Corculum cardissa CS1997 CS1997 10 10 10 10 4 4 8 
13 Americardia media P1998 P1998 10 10 10 10 3 3 5 
14 Americardia biangulata 1 1 2 2 2 2 1 1 1 
15 Trigoniocardia granifera CS1997 CS1997 10 10 10 10 3 3 5 
16 Apiocardia obovale 2 2 3 3 3 3 2 2 2 
17 Microfragum  festivum P1998 P1998 10 10 10 10 3 3 5 
18 Ctenocardia fornicata P1998 P1998 10 10 10 10 3 3 4 
19 Ctenocardia gustavi 2 2 5 5 5 5 2 2 2 
20 "Ctenocardia" victor 4 4 10 10 10 10 3 3 4 
21 Papillicardium papillosum 5 5 10 10 10 10 3 3 5 
22 Parvicardium vroomi 5 5 10 10 10 10 3 3 5 
23 Parvicardium exiguum 5 5 10 10 10 10 3 3 5 

P1998 refers to Persselin 1998, CS1997 refers to Carter and Schneider 1997 



 

 

APPENDIX B 
PHOTOSYMBIOTIC STATUS, MORPHOMETRIC AND HABITAT DATA FOR 

MEASURED CHARACTERS 
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No Species size (cm) groups range (m)1
pref. depth 

(m) groups 
Mean 
Flat  groups 

Mean 
Keel  groups Mean SAV Groups

1 Fragum  fragum   4.2 5 0-10 1 1 113.83 6 88.17 3 0.149 2 
2 Fragum  scruposum  1.9 2 0-3 1 1 98.2 3 99.9 3 0.105 1 
3 Fragum  loochoanum  1.7 2 0-2 0.5 1 93.83 2 104 4 0.122 2 
4 Fragum  carinatum  0.5 1 0-1 0.3 1 107.3 5 102.83 4 0.131 2 
5 Fragum  aff mundum  0.8 1 0-2 2 1 124.5 7 97.5 3 0.135 2 
6 Fragum  mundum  0.6 1 0-1 0.5 1 126 7 86 3 0.136 2 
7 Fragum  unedo  7.9 8 0-5 0.5 1 114.63 6 105.25 4 0.147 2 
8 Fragum  erugatum  1.9 2 0-2 0.5 1 87.3 1 116.83 4 0.114 1 
9 Fragum  sueziense  0.6 1 15-20 18 2 99 3 123.25 5 0.125 2 

10 Lunulicardia retusa  4.2 5 0-10 3 1,2 113.3 6 96.17 3 0.171 3 

11 
Lunulicardia 
hemicardia  4.1 5 0-2 0.5 1 125.3 7 86.83 3 0.16 3 

12 Corculum cardissa  5.2 6 0-2 0.5 1 135 7 40.25 1 0.22 5 
13 Americardia media  3.6 4 ? 1 2,3 105 4 113.67 4 0.124 2 
14 Americardia biangulata  1.7 2 ? 30 2,3 96 3 92 3 0.124 2 

15 
Trigoniocardia 
granifera  1.2 2 0-30 1 1,2 87.3 1 96.7 3 0.126 2 

16 Apiocardia obovale  1.4 2 0-30 1 2,3 101.5 4 83.5 3 0.135 2 
17 Microfragum  festivum  1 1 0-5 5 1,2 100.33 4 126.33 5 0.119 1 
18 Ctenocardia fornicata  3.6 4 ? 25 2,3 105.5 5 116 4 0.151 3 
19 Ctenocardia gustavi  2.1 3 20-40 50 2,3 114.5 6 107.5 4 0.123 2 
20 Ctenocardia victor  2.5 3 30-100 100 3 93 2 119 4 0.131 2 

21 
Papillicardium 
papillosum 1 1 3-10 15 2   4   5   1 

22 Parvicardium vroomi  0.7 1 0-3 2 1 108.67 5 106 4 0.119 1 
23 Parvicardium exiguum  1.1 2 ? 1 1 113.3 6 102.83 4 0.12 1 

1 Taken from the literature, personal observation and museum collections 



 

 

APPENDIX C 
RAW LOGGED DATA FOR 95% CONFIDENCE INTERVAL PLOTS OF KEEL 

ANGLE, POSTERIOR SHELL FLATTENING AND LINEARIZED SURFACE AREA 
TO VOLUME RATIOS 
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Species Fraginae P/S mean keel upper keel lower keel mean flat upper flat lower flat mean sav upper sav lower sav 
Corculum cardissa Yes Yes 3.68392 3.95249 3.41535 4.9041 4.9934 4.81481 -1.515 -1.55971 -1.47029 
Fragum  erugatum Yes Yes 4.75783 4.99243 4.52323 4.46861 4.61277 4.32446 -2.17532 -2.25439 -2.09624 
Lunulicardia retusa Yes Yes 4.56343 4.78699 4.33987 4.72904 4.88344 4.57464 -1.76665 -1.8514 -1.6819 
Lunulicardia hemicardia Yes Yes 4.46366 4.54177 4.38555 4.83 4.96404 4.69597 -1.83357 -1.95215 -1.71499 
Fragum  fragum  Yes Yes 4.47918 4.50858 4.44978 4.73378 4.86755 4.60001 -1.90791 -2.04461 -1.77122 
Fragum  unedo Yes Yes 4.65075 4.84159 4.45992 4.73913 4.86999 4.60827 -1.92262 -1.99773 -1.84752 
Fragum  loochoanum Yes Yes 4.64211 4.84607 4.43815 4.54109 4.63015 4.45204 -2.11628 -2.34239 -1.89017 
Fragum  scruposum Yes Yes 4.60354 4.65293 4.55414 4.58621 4.64173 4.53068 -2.25435 -2.28131 -2.22739 
Fragum  carinatum Yes Yes 4.63211 4.76874 4.49548 4.67576 4.73388 4.61763 -2.02909 -2.05066 -2.00753 
Trigoniocardia granifera Yes No 4.57069 4.67409 4.46729 4.46878 4.60229 4.33527 -2.07066 -2.17405 -1.96727 
Ctenocardia victor Yes No 4.7386 4.83642 4.64078 4.53154 4.67108 4.392 -2.03315 -2.14208 -1.92422 
Microfragum  festivum Yes No 4.83769 4.98949 4.68589 4.60832 4.66513 4.55151 -2.1347 -2.33623 -1.93317 
Ctenocardia fornicata Yes No 4.75264 4.88496 4.62032 4.65823 4.75258 4.56389 -1.89349 -1.96339 -1.82359 
Papillocardium papillosum Yes No 4.82919 5.00994 4.64844 4.67564 4.74949 4.6018 -2.12278 -2.17501 -2.07056 
Parvicardium vroomi Yes No 4.66259 4.78822 4.53697 4.68779 4.7838 4.59178 -2.13262 -2.19156 -2.07368 
Americardia media Yes No 4.7327 4.83505 4.63035 4.70195 4.73029 4.67361 -2.0841 -2.14578 -2.02242 
Parvicardium exiguum Yes No 4.63274 4.71561 4.54987 4.72879 4.89824 4.55935 -2.12302 -2.17199 -2.07405 
Cerastoderma edule No No 4.75261 4.88804 4.61718 4.46929 4.5599 4.37868 -2.3121 -2.37755 -2.24665 
Vasticardium orbita No No 4.90763 4.95374 4.86151 4.49005 4.58187 4.39823 -2.06192 -2.24973 -1.87411 
Acanthocardia echinata No No 4.78709 4.83879 4.7354 4.53152 4.61647 4.44658 -2.35392 -2.43423 -2.27362 
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