Additional file 3. Morphological and ecological accounts for each clade within Galeommatoidea. Our study revealed that Galeommatoidea comprises at least six major clades. Below, we give accounts on the morphology, host association, and ecological adaptation to symbiotic life of the members constituting each of the major clades.

Clade 1
Clade 1 comprises mainly free-living species, most of which attach to the undersurfaces of rocks in the intertidal zone [1] (Figure 1A, C). According to the classification of Bieler et al. (2010), most members of Clade 1 belong to Galeommatidae [2]; however, the free-living species of genera belonging to Lasaeidae (i.e., Kellia, Lasaea, Melliteryx, Parabornia, and Pythina) are also included in this major clade. Some galeommatid species gape their valves widely and are limpet-like (Figure 1A, B). Our phylogenetic analysis suggested that these limpet-like species (Ephippodonta gigas, Galeomma sp., Pseudogaleomma sp. and Scintilla rosea) comprise a monophyletic group (Figure 2). Arthritica japonica (Figure 1D), Divariscintilla toyohiwakensis, and E. gigas (Figure 1B) were exceptional in being symbiotic with crustaceans; the first species lives on the body surface of intertidal crabs [3] (Table 1) and the other two in the burrows of thalassinidean shrimps and mantis shrimps, respectively [1,4] (Table 1). As previously reported [3,4], the host species of A. japonica and D. toyohiwakensis are Xenophthalmus pinnotheroides and Acanthosquilla acanthocarpus, respectively. The host of E. gigas was reported to be a thalassinidean shrimp in Phuket [1], and, in this study, the host was found to be Callianidea typa (Table 1).
Clade 2
Clade 2 includes both free-living and symbiotic species. Mysella aff. bidentata (Figure 1T) and Nipponomysella oblongata are free-living species that inhabit sand (Goto, Ishikawa & Hamamura, unpublished data), Nipponomontacuta actinariophila (Figure 1U) and Montacutona sp. live on the body surface of sea anemones [5], and Curvemysella paula (Figure 1S) lives inside the shell carried by hermit crabs [6]. The close relatedness of Nipponomontacuta and Montacutona suggests an identical origin of their association with sea anemones. The host of N. actinariophila was recorded as Halcampella maxima [5]. However, we found N. actinariophila associated with Telmatactis sp.

The shell shape of C. paula is markedly curved (Figure 1S) and differs from that of Mysella (Figure 1T) or Nipponomysella, genera considered to be closely related to Curvemysella [6]. Thus, the unique shell of Curvemysella has been considered as an adaptation to symbiotic life in the shells carried by hermit crabs [6]. In this study, we confirmed the close relationship between Curvemysella, Nipponomysella, and Mysella, which supports the morphology-based assumption described above.

Clade 3
Clade 3 includes only bivalves belonging to the genus Basterotia, all species of which live within echiuran burrows (Figure 1V) [7,8]. Basterotia bivalves differ morphologically from other galeommatoids in having posterior inhalant and external siphons [7]. On the basis of these characteristics, Basterotia has often been included in Cyamioidea [9,10]. However, a recent study of the molecular phylogeny of heterodont bivalves suggested that Basterotia belongs to Galeommatoidea [11]. Also, a recent morphological and ecological assessment of this bivalve genus supported the inclusion of the genus in Galeommatoidea [7]. Our molecular phylogenetic analysis found that Basterotia comprises a monophyletic clade within Galeommatoidea (Figures 2). The unique morphological characteristics of Basterotia bivalves can be considered adaptations to symbiotic life within echiuran burrows [7]. However, we did not determine whether such unique characteristics are a basal or derived condition within Galeommatoidea because the relationships among the major clades were not well resolved (Figure 2).

Clade 4
Clade 4 comprises only symbiotic bivalves that are associated with various invertebrate hosts, such as crustaceans, holothurians, sipunculans, and echiurans (Figure 1E–K). Of the seven species, three live in the host burrow (holothurian and echiuran), whereas five directly attach to the host body (mantis shrimp, upogebid shrimp, intertidal crab, and sipunculan) (Figure 3). This range of hosts suggests that interphylum host switches occurred frequently in this major clade, in addition to frequent host-use switches. Because of low branch support, it is not clear how many times symbiotic associations with each animal group and each host-use pattern originated in this clade (Figure 3). The host of each bivalve species matched those previously recorded (see Additional file 4).

Peregrinamor, bivalves that attach to the abdomen of upogebid shrimps (Figure 1H), has been placed in Mytiloidea because of their oblong shell that differs from that of other galeommatoideans (Figure 1H) [9]. However, it was suggested that Peregrinamor belongs to Galeommatoidea based on their anatomy and ecology [12]. Our results also show that Peregrinamor is grouped within Galeommatoidea (Figure 3), which supports their hypothesis.
Clade 5
Neaeromya rugifera attaches to the abdomen of the upogebid shrimp Upogebia pugettensis [13,14] (Figure 1R).
Clade 6
Most members of Clade 6 are commensal bivalves that attach directly to the host body (Figure 1L–Q), although Entovalva has the intriguing habit of living inside the host esophagus. The hosts of this major clade are sipunculans, holothurians, and echinoids (Figure 3), suggesting that host switching between distantly related taxa has occurred frequently in this major clade.

Three bivalves species associated with the sipunculans have different modes of host utilization [15-17]. Salpocola philippinensis attaches to the skin near the anus via strong byssus threads [15], whereas Litigiella pacifica either attaches to the skin or lives inside the host burrow [16], and Nipponomysella subtruncata attaches to the skin near the mid-body of the host [17] (Figure 1M–O). These three species have differing shell shapes and sizes [15-17]. Therefore, it is possible that different commensal lifestyles cause different morphological and ecological adaptations to the sipunculan host. The former two species are associated with Sipunculus nudus, and the latter with Siphonosoma cumanense (Table 1).

Devonia, Anisodevonia, and Entovalva are associated with the holothurians (Table 1; Figure 1P, Q) [18-20]. The former two species attach to the host body surface (Figure 1P, Q), whereas the latter lives inside the host esophagus. It was suggested that the endosymbiotic species (Entovalva) evolved from ectosymbiotic species based on their morphological and ecological characteristics [20]. Our molecular phylogenetic analyses supported this hypothesis.
Scintilla stigmatica lives among the spines on the ventral surfaces of the heart urchin Brissus lateracarinatus [21,22] (Figure 1L).
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