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Supplemental Material for Olivera et al. article [Brain, Behavior and Evolution, Special Issue]

Section I. Species-level molecular phylogeny of fish-hunting Conus clades. 

There are eight different subgenera of fish-hunting cone snails; the known phylogenetic relationships of species within each clade are shown in this section of the Supplemental Material, in the five accompanying figures.

Figure S1. Pionoconus. The best-known group of fish-hunting Conus (and the first for which piscivory was established) is the subgenus Pionoconus. Puillandre et al., (2014) list 25 species assigned to this clade; those for which molecular phylogenetic data are available are shown. There are three subgroups within the subgenus, the Conus striatus clade (Conus striatus and gubernator), the Conus magus clade and the Conus circumscisus clade. All of the species in the subgenus Pionoconus are believed to be fish hunting, and as far as is known, use the taser and tether strategy. This is supported by the analysis of radular tooth morphology, as well as the characterization carried out to date of venom peptides present in each Pionoconus species. 


Figure S2. Textilia and Afonsoconus species in these two clades of piscivorous Conus live well offshore, and consequently far less is known about their biology. The top tow species, Conus kinoshitai and Conus bruuni have been assigned to the subgenus Afonsoconus. The other group shown on the figure are species in the subgenus Textilia, also a deep-water subgenus. One species, Conus bullatus has been much more extensively analyzed than any of the other species in these two subgenera. It clearly hunts fish using a taser and tether strategy, but there are unconfirmed reports that Conus bullatus will also feed on snails. 


Figure S3. Embrikana and Gastridium. One of these two groups, Gastridium, is represented by well-characterized species, Conus geographus, Conus tulipa and Conus obscurus. However, the other subgenus, Embrikana, is relatively poorly studied; the only species that has been examined at all is Conus pergrandis, found in very deep-water. Although Puillandre et al., assigned four additional rare and obscure species to Embrikena, we are skeptical that these are correctly assigned to this clade, and feel that in the absence of any molecular information, the assignment of these species should be regarded as highly speculative. 


Figure S4. The subgenus Phasmoconus. This is by far the most species rich of all piscivorous cone snail subgenera, but surprisingly, also one of the least well characterized with regard to the biology of species in this clade. One reason for this neglect is that species in this group generally have relatively narrow biogeographic distributions (in contrast to Pionoconus species, that can often be distributed across the entire Indo-Pacific region). The only species that has been observed to envenomate its prey is Conus flavus. However, there is less concrete evidence for piscivory of other species in the group; Conus parius, Conus lynceus and Conus radiatus will react to the presence of a fish, and Conus lynceus will engulf a small fish presented to it (but will not envenomate it). A peculiar feature is that in contrast to the large rostrum of most fish-hunting cone snails, Conus lynceus engulfs its fish prey with a very narrow rostrum, which a priori would seem more suitable for a vermivorous Conus species. Thus, there are aspects of the piscivory of Phasmoconus that clearly remain to be elucidated. 


Figure S5. Asprella and Chelyconus. Shown are two species (Conus sulcatus and Conus rolani) in the subgenus Asprella, and two species in the New World subgenus Chelyconus (Conus purpurascens and Conus ermineus). There are additional species assigned to Asprella, but in Chelyconus, no other forms are known. The relationship of these two subgenera to other groups of fish-hunting Conus are shown in the figure. 

Section II. Analysis of delta-conotoxin structure

A comparison of delta-contoxin structures was undertaken to look for signs reflecting pre-adaptive events that led to novel prey-hunting behavior.  The sequences of extant delta-conotoxins (mature toxins) were aligned using Clustal-Omega (UniProt server: www.uniprot.org/align/) and patterns and trends found in that alignment helped to define structural characters such as the size (number of residues) for connecting loops, the presence of polar or charged residues in loops, or the presence of certain residues with special properties such as glycine (least restrained residue).  Loop 4, which connects Cys 5 and Cys 6, was most frequently observed to contain 3 residues (ν = 0.73), but 4-residue and (very rarely) 6-residue loops were found among delta-conotoxins. The frequency of finding more than 3 residues in Loop 4 was higher for delta-conotoxins from fish-hunting clades than from worm-hunting clades, and higher still for delta-conotoxins produced by mollusc-hunters (p < 0.0001, chi-squared test), suggesting that an insertion in Loop 4 may have been advantageous for diversification of prey-hunting behavior. The frequency of observing a polar residue (Ser, Thr, Asn, Asp, His, Tyr etc.) among Loop 4 residues was also compared (ν = 0.16), but this trait did not seem to systematically vary with respect to prey hunted by the cone snails.

Figure S6. Molecular structures for delta-conotoxins. (A) The disulfide connectivity characteristic for delta-connotoxins is shown with the first and fourth cysteines disulfide bonded, the second and fifth cysteine residues bonded, and the third and sixth cysteine residues crosslinked. (B-D) Structures for three delta-conotoxins are shown as solvent-accessible surfaces with alpha-carbon trace. The sulfur atoms of cysteine residues are colored yellow, and these are also labeled (Arabic numerals printed on the atom). Also, positively charged amines contributed by lysine residues are colored blue, and negatively charged carboxylate oxygen atoms found in connecting Loop 1 and Loop 2 are colored red. (B) Structure of delta-conotoxin amadis2766 as determined by NMR spectroscopy (protein data bank id 1YZ2). Of the three delta-conotoxins shown here, amadis2766 is the smallest with six residues in Loop 2 (connects Cys2 and Cys3) and three hydrophobic residues in Loop 4 (connects Cys5 and Cys6). (C) Structure of delta-conotoxin TxVIA as determined by NMR (protein data bank id 1FUR). With four hydrophobic residues in Loop 4, TxVIA is somewhat larger than amadis2766, but otherwise the structural characters of ammadis2766 and TxVIA are highly comparable; both have an ion pair in Loop 1 and both have six residues in Loop 2, one of which is negatively charged. (D) Structure of delta-conotoxin EVIA as determined by NMR (protein data bank id 1G1Z). Of the three delta-conotoxins with known molecular structures, EVIA is the largest (probably the consequence of a single-residue insertion in Loop 1 and a three-residue insertion in Loop 2). Charged residues in Loops 1 and 2 of EVIA comprise exclusively positively charged Lys residues (there are negatively charged Asp residues in the tails –– the residues preceding Cys 1 and following Cys 6).

Section III. Videos of cone snails capturing their fish prey. Three distinct prey capture behaviors are illustrated in the accompanying videos. 

Videos #1a and #1b illustrate what we call the “taser and tether strategy”. Video 1a shows Conus catus envenomating a fish; this provides a clear illustration of the tetanic paralysis observed in the envenomated prey a few seconds after the cone snail strikes. The immobilized prey, which has been tethered through the radular tooth, is engulfed by the rostrum of the snail where predigestion takes place. In Video 1b, another sequence is shown for Conus consors. Both Conus consors and Conus catus are species in the Pionoconus clade (see Figure S1 in Section 1 of the supplemental material). 


The net engulfment strategy for prey capture is illustrated in Videos 2a and 2b. Conus geographus is shown in video 2a engulfing its prey; Video 2b shows Conus tulipa, its characteristic ciliated rostrum edges that are a unique feature of this species. The net engulfment strategy is discussed in detail in the text of the article. Both species are in the subgenus Gastridium.


The strike and stalk strategy is shown in Video 3, for Conus flavus, a species in the Phasmaconus clade. 
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Figure S5.
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Video 1a
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Video 1b.
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Video 3.

