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Introduction

Host-parasite associations provide very useful models to study adaptive processes. We investigated the interaction between carnivorous marine gastropods, the Ovulidae or egg-cowries, and their cnidarian food targets. Ovulidae (Fleming, 1828), is a family of specialized carnivorous caenogastropods that feed by browsing on octocorals (Anthozoa: Octocorallia: Malacalcyonacea and Scleralcyonacea) or, to a much lesser degree, on antipatharians (Anthozoa: Hexacorallia: Antipatharia) and Stylasteridae (Hydrozoa: Hydroidolina: Anthoathecata). Very scanty information is available on the phylogenetic relationships and the degree of specificity of the relationship with the cnidarians of this corallivorous lineage, especially for deep-water taxa.





Methods

To assess taxonomic identifications and investigate cnidarian/ovulid relationships in the context of their evolution, we generated an extensive molecular dataset comprising two mitochondrial (cox1 and 16S rDNA) and one nuclear gene (28S rDNA) from 524 specimens collected worldwide. The coral hosts of the ovulid species have been identified by integrating literature data with new records, employing morphological and/or molecular (the mitochondrial 16S rDNA and mtMSH, and the nuclear ITS2) markers.





Results

We obtained a molecular phylogenetic framework for the Ovulidae, time-calibrated with nine reliable fossil records. An ancestral state reconstruction allowed to identify Hexacorallia or Hydroidolina as the most likely ancestral cnidarian host for the Ovulidae.





Discussion

Our phylogenetic hypothesis revealed the existence of groups that do not completely correspond to the currently employed subfamilial arrangement. Concerning trophic ecology, while only pediculariines (Pedicularia and allied) are associated with hydrozoans (Stylasteridae), our results suggest that some ovulid lineages shifted independently between octocorals and hexacorals.
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Introduction

The egg-cowries comprise a group of specialized parasitic caenogastropods that feed by browsing on octocorals (Anthozoa: Octocorallia: Malacalcyonacea and Scleralcyonacea) or, to a much lesser extent, on hexacorals (Anthozoa: Hexacorallia: Antipatharia and Scleractinia) (Tazioli et al., 2007) or stylasterid corals (Hydrozoa: Hydroidolina: Anthoathecata: Stylasteridae) (Lorenz and Fehse, 2009). Egg-cowries are predominantly tropical, with only few species inhabiting temperate areas (Zvonareva et al., 2020). Most species live in shallow waters, between 10 and 50 meters, but some are collected as deep as 1100 m (Lorenz and Fehse, 2009). Their shells can be pyriform, ovate, cylindrical or lanceolate with a slit-shaped aperture (Schiaparelli et al., 2005); in living specimens of most species the shell is almost entirely covered by the mantle, that camouflages the gastropod on its cnidarian host, and a few species have aposematic colorations (Rosenberg, 1992) (Figure 1). Egg-cowries are mostly classified in the family Ovulidae Fleming, 1828; however, the species of the genus Pedicularia differ from the remaining egg-cowries by not covering their shell with the mantle (Lorenz and Fehse, 2009) and in their radular morphology (Simone, 2004). Due to these features, Pedicularia and a few additional taxa are currently classified in a separate family Pediculariidae Gray, 1853 (Fehse, 2007; Lorenz and Fehse, 2009).




Figure 1 | Living specimens on host analyzed in this work. (A) Prosimnia semperi (MNHN-IM-2013-4178) on Melithaeidae, Papua New Guinea. (B) Dentiovula dorsuosa (MNHN-IM-2013-4461) on Siphonogorgiidae, Papua New Guinea. (C) Aclyvolva coarcata (MNHN-IM-2013-11745) on Ellisellidae, Papua New Guinea. (D) Crenavolva traillii (Ov-QL-1361) on Paramuriceidae, Vietnam. (E) Habuprionovolva sp. (MNHN-IM-2013-17977) on Neptheidae, Papua New Guinea. (F) Naviculavolva kurziana (MNHN-IM-2019-8310) on Isididae, New Caledonia. (G) Pseudosimnia carnea (MNHN-IM-2019-18135) on Alcyoniidae, Corse. (H) Pedicularia pacifica (male and female, Ov-NT-1736 and Ov-NT-1737) on Stylasteridae, Vietnam. (I) Phenacovolva rosea (Ov-NT-1733) on Acanthogorgiidae, Vietnam. Photograph credits: (A–C, E, F), Laurent Charles (MNHN); (D, H, I), Elena Mekhova (IEE); (G), Gilles Devauchelle (MNHN).



Ovulids and pediculariids reside permanently on their cnidarian host or in its close vicinity, feeding on polyps and their secretions. Certain species seem to favor a single cnidarian host while others have a more varied diet including hosts of different species, genera, and even families of Cnidaria (Lorenz and Fehse, 2009). However, little information is available on ovulid-cnidarian interactions (e.g. Reijnen et al., 2010; Zvonareva et al., 2020). We use the parasite-host categorization for all relationships between the ovulids and their cnidarian food targets. However, ovulids that feed on colonial cnidarians may be regarded as parasites of the colony, and as predators of the single polyps, still behaving as carnivorous grazers (see e.g. Schiaparelli et al., 2011).

The taxonomy of Ovulidae and Pediculariidae has been restructured several times (e.g. Schilder, 1932; Fehse, 2001; Lorenz and Fehse, 2009). The families as currently conceived encompass 292 accepted species (274 Ovulidae and 18 Pediculariidae: MolluscaBase, 2023), although Schiaparelli et al. (2005) suggested that the actual number of living species could be reduced to a more reasonable estimation of c. 100. According to Rosenberg (1992) the reason for this profusion of nominal taxa is the remarkable variation in their mantle color and shell shape.

We have here generated the largest molecular dataset so far for egg-cowries, including one nuclear (28S rDNA) and two mitochondrial (cox1 and 16S rDNA) molecular markers, from 524 specimens collected worldwide, to provide a robust molecular phylogenetic framework for taxonomic and evolutionary studies of ovulids and pediculariids. We aim to i) gather all available knowledge on trophic associations between egg-cowries and cnidarians and integrate it with new data including cnidarian identification through DNA-barcoding; ii) reconstruct the evolution of trophic ecology for egg-cowries within a robust phylogenetic framework; iii) analyze the relationship between trophic specialization and phyletic diversification.





Material and methods




Material examined

The dataset consisted of 524 specimens, morphologically ascribed to species belonging to 36 of the 39 accepted extant genera of Ovulidae and Pediculariidae (MolluscaBase, 2023); specimens from tropical, subtropical and temperate areas were included (Figure 2, created using QGIS Geographic Information System. http://qgis.org). A total of 60 specimens were collected by the authors (MO, SSZ, DP) or kindly provided by Paolo Mariottini of the University of Roma Tre. A significant proportion of the samples (197 specimens) were collected during several scientific expeditions by the Muséum national d’Histoire Naturelle (MNHN — www.expeditions.mnhn.fr). Samples were collected from 0 m to approximately 800 m depth and specifically fixed in the field for molecular analyses. Specimens collected after 2012 were processed with a microwave oven to facilitate removal of soft tissue from the shell (Galindo et al., 2014). Whole specimens were almost invariably preserved in 95-98% ethanol. The majority of shells were kept intact for identification and deposited as vouchers in the MNHN, Australian Museum (AM) and Biologia Ambientale e dell’Uomo (BAU) collections. In some cases, ovulid samples have been collected with their host and stored together. In the lack of preserved host, when the ovulid whole body was available, the stomach and foregut were dissected and processed for the amplification of cnidarian DNA directly from the snail’s digestive system (Oliverio et al., 2009a) using cnidarian primer sets (see below).




Figure 2 | Global map featuring sampling locations of the ovulids dataset created using QGIS. See Table S1 for corresponding locality identifiers.



Sequences (total: 558 of gastropods, 57 of cnidarians) were produced at the Muséum national d’Histoire Naturelle (20 of gastropods), the A.N. Severtsov Institute of Ecology and Evolution, Moscow, Russia (19 of gastropods, 2 of cnidarians), and the remaining at the Molecular Systematics Laboratory of the Department of Biology and Biotechnologies ‘Charles Darwin’, Sapienza University of Rome, Italy (517 of gastropods, 55 of cnidarians). Sequences of 273 additional specimens were obtained from GenBank, including the sequences from the six species used as outgroup [Surrepifungium costulatum (Kiener, 1838), Epitoniidae; Lamellaria latens (O. F. Müller, 1776), Velutinidae; Trivia arctica (Pulteney, 1799), Triviidae; Alvania angioyi Van Aartsen, 1982, Rissoidae; Littorina littorea (Linnaeus, 1758), Littorinidae; and Tonna galea (Linnaeus, 1758), Tonnidae]. For details on samples and GenBank accession numbers see the Supporting Materials (Tables S1).





Molecular analyses and sequence alignment

Whole gastropod genomic DNA was extracted from tissue samples with the Macherey-Nagel NucleoSpin 96 Tissue Kit following the manufacturer’s protocol (at the Service de Systématique Moléculaire of the MNHN), or with a ‘salting out’ protocol (modified from Aljanabi and Martinez, 1997, following Fassio et al., 2023) (at Sapienza University of Rome), or finally following Zvonareva et al. (2020) (at the A.N. Severtsov Institute of Ecology and Evolution). For cnidarians, the ‘salting out’ protocol was used, but the calcareous skeleton, when present, was broken with a sterile pestle, and tissues were incubated overnight on a thermo-block shaker at 54°C with 430 μL of PK buffer and 20 μL of proteinase K (20 mg/mL).

Two mitochondrial and one nuclear marker were amplified for gastropods. A 658 bp region of the mitochondrial cytochrome oxidase subunit 1, cox1, was amplified using several different primer pairs: LCO1490 and HCO2198 (Folmer et al., 1994) and CoxAF and CoxAR (Colgan et al., 2003). When amplification of this region failed, possibly due to DNA degradation, a shorter “minibarcode” region of ~350 bp was amplified, replacing the forward primer with the internal primer mlCOIintF (Leray et al., 2013). A ~700 bp region of the mitochondrial 16S rDNA gene was amplified with the primers 16SA (Palumbi et al., 1991), and CGLeuR (Hayashi, 2003) or 16SH (Espiritu et al., 2001). A ~800 bp region of the nuclear 28S rDNA gene was amplified with the primers C1 and D2 (Jovelin and Justine, 2001). For cnidarians and gut contents, two mitochondrial and one nuclear marker were amplified A ~700 bp region of the mitochondrial 16S rDNA gene was amplified with the primers 16SHA and 16SHB (Cunningham and Buss, 1993) and a ~800 bp region of the mitochondrial mtMSH gene was amplified with the primers ND42599F (France and Hoover, 2002) and Mut3458R (Sánchez et al., 2003). A ~350 bp region of the nuclear second internal transcribed spacer (ITS2) was amplified with the primers 5.8S–436 and 28S-663 (Grajales et al., 2007).

Polymerase chain reactions were performed following Russini et al. (2023). The PCR conditions were as follows: initial denaturation (5 min at 94°C); 35 cycles of denaturation (30 s at 94°C), annealing (40 s at 48–50°C for cox1, 40 s 50-52 for gastropod 16S; 40 s at 56–60°C for 28S; 1.5 min 58°C for mtMSH and 40 sec 50-54 for ITS2°C) and extension (50 sec-1 min at 72°C); final extension (7 min at 72°C). For amplification of cnidarian 16S, protocol described by Cunningham and Buss (1993) was used; for amplification of the minibarcodes, the ‘touchdown’ profile described by Leray et al. (2013) was used following Chiappa et al. (2022).

The PCR products were purified using ExoSAP-IT (79 µL H20, 20 µL rAPid Alkaline Phosphatase, 1 µL Exonuclease I) or Exo/SAP Go PCR Purification Kit (Grisp, Portugal) and both strands were sequenced at Macrogen Europe, Inc or at the laboratory of molecular genetics, IEE RAS or at Eurofins Scientific.

The cox1, 16S and 28S sequences were aligned following Fassio et al. (2022), while the ITS2 sequences were aligned with MAFFT v.7 online (Katoh and Standley, 2013; Katoh et al., 2019) using the E-INS-i algorithm.





Gastropod species delimitation

To assess species diversity in our dataset of ovulid samples, we adopted an integrative taxonomy approach for large datasets (Puillandre et al., 2012). Primary species hypotheses (PSH) were proposed based on the examination of shell characters, coloration of the body, and morphology of the mantle, based on taxonomic literature, with special reference to Lorenz and Fehse (2009). Shell features were examined for each specimen and integrated with published data; when available, the coloration of the living animal was noted. Alcohol-preserved specimens were observed and dissected under a Wild M6 microscope. Shell photographs were taken at the MNHN molluscs molecular collection using the BK imaging system with a Canon 5DSr.

These morphological species hypotheses were validated by the analyses of molecular data in the framework of an integrative taxonomy approach (Barberousse and Samadi, 2010).

First a genetic distance approach was used through the program ASAP (Assemble Species by Automatic Partitioning) that implements an ascendent hierarchical clustering algorithm (Puillandre et al., 2021). ASAP analyses were conducted on the cox1 ingroup dataset after removal of 8 short minibarcode sequences (Kimura two-parameter substitution model, with other parameters as default). A first ASAP analysis was conducted to detect potential contaminations or individuals clearly misplaced based on morphological characteristics. Following the removal of contaminants and correction of any morphological discrepancies, a second ASAP analysis was carried out. The morphology-defined PSH were then compared to the partitions obtained with ASAP and discussed in the context of a phylogenetic tree derived from the combined genetic dataset (details provided below in the phylogenetic reconstruction section) and considering additional factors such as host associations, depth, and geographic range. This comprehensive assessment led to the proposal of Secondary Species Hypotheses (SSH).





Cnidarian host identification

Cnidarians (for a few of which field observation and/or photographs were also available) were observed under a Wild M6 dissection microscope for the examination of polyps arrangement and distributions, and calcareous skeleton when present, and identified following Fabricius and Alderslade (2001) and Grasshoff (1999).

All 16S, MSH and ITS2 cnidarian nucleotide sequences were matched with sequences available in Genbank with the NCBI BLAST web interface (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Molecular taxonomic classifications were determined using the BLAST taxonomy lineage report, taking in consideration all IDs with percent of identity ≥ 87% and e-value ≤ 6e-43. Preliminary taxonomic identifications were checked for consistency with morphology (when the host sample was available), geographical range and cnidarian host information available in the. Cnidarian identification was conducted to the lowest taxonomic level possible (ideally the species), at least to the family level. For details on samples and GenBank accession numbers see Supporting Material (Table S2).

Due to the high phenotypic plasticity of ovulids and cnidarians, literature records of ovulid-coral associations were considered reliable only when supported by morphological (on actual specimens or field photographs) or genetic identification pertaining to both gastropods and cnidarians. For ovulid species for which no such data were available, field observations by the authors or communicated by colleagues were taken into consideration.





Phylogenetic reconstruction

Phylogenetic analyses were performed on the three single-gene datasets (cox1 partitioned by codon, 16S and 28S) and on the combined dataset (cox1 partitioned by codon + 16S + 28S) with both maximum likelihood (ML) and Bayesian inference (BI). Some samples for which only 16S and/or 28S sequences were present in the GenBank database (no cox1 available), but the identification was not consistent with the phylogenetic results, were discarded from all analyses. All the specimens with the cox1 data were kept in the combined dataset; when the cox1 was missing, only the specimens with both the 28S and the 16S were retained in the combined dataset. The cox1 alignment was partitioned by codon position using PAUP V4.0 (Wilgenbusch and Swofford, 2003). The best fitting nucleotide substitution model for each partition was chosen with jModelTest 2.1.6 (Darriba et al., 2012) on the CIPRES portal (www.phylo.org, Miller et al., 2010), using the Bayesian information criterion (BIC; cox1, 1st codon position of the open reading frame=SYM+I+G; cox1, 2nd codon position=HKY+G; cox1, 3rd codon position=GTR+G; 16S=HKY+I+G and 28S=GTR+I+G). Maximum likelihood analyses were done using IQ-TREE (Trifinopoulos et al., 2016), with 10,000 ultrafast bootstrap replicates for node support. Bayesian analyses were performed using MrBayes v. 3.2.3 [(Ronquist and Huelsenbeck, 2003) for 2 x 108 generations, trees sampled every 1,000 generations, 25% burn-in] on the CIPRES Science Gateway (Miller et al., 2010). Convergence of MCMC was analyzed with Tracer 1.7.2 (Rambaut et al., 2018) and was assumed to have occurred when the effective sample size was >200. Only nodes with ultrafast bootstrap values (UfB) ≥95 or posterior probabilities (PP) values ≥0.95 were considered to be supported. Phylogenetic trees were visualized using FigTree v.1.4.4 (Rambaut et al., 2018).





Temporal calibration of the phylogenetic framework

We identified 14 reliable fossil first occurence of egg-cowries in the literature. Among them, we selected nine records that were suitable for calibration of relevant nodes in our time-calibrate phylogenetic reconstruction (Table 1). The ovulids are a relatively young gastropod group from a geological point of view. The first representatives are known from the Early Eocene (47.8–56 mya) of Western Europe, but their diversity exploded in the Plio–Pleistocene. Since shell morphology of the first representatives of the family hardly differs from some of their extant descendants, the first appearance record of this caenogastropod lineage is particularly reliable (Fehse, 2001). Concerning the genus Pseudocypraea F. A. Schilder, 1927, the oldest known record is from the Middle Eocene (37.8–41.2 mya) with Pseudocypraea dolini, (Pacaud, 2003). The first certain appearance of Pedicularia Swainson, 1840 was during the Late Eocene (33.9–37.8 mya) (Ladd, 1977). The first appearance of the genus Pellasimnia Schilder, 1939 was in the Late Eocene (33.9–37.8 mya) with Pellasimnia maxwelli (Beu and Marshall, 2011). The fossil record of Cyphoma Röding, 1798 dates back to the early Miocene (15.97–23.44 mya) with Cyphoma intermedium (G.B. Sowerby I, 1828) (Woodring, 1973). Fossils belonging to the genus Primovula Thiele, 1925 are common in the Pliocene (2.58–5.3 mya) with the earliest known species Primovula beckeri G.B. Sowerby III, 1900 (Ladd, 1977). The first certain appearance of Volva Röding, 1798, is Late Pliocene (2.58–3.6 mya) fossils of Volva javana Martin, 1899 (Schilder, 1932). The Pleistocene records of Diminovula margarita G. B. Sowerby I, 1828 and Simnia spelta Linnaeus, 1758 provided the upper bound at 2.5 mya (Schilder, 1932) for those species.


Table 1 | Oldest fossil records for Ovulidae.



We selected a single exemplar (indicated by an asterisk in Table S1) for each SSH based on ASAP and combined tree results to create a new combined dataset comprising 73 samples (including the outgroup). This dataset was used to produce a time-calibrated tree to estimate the node ages of each clade, using the software BEAST 1.10.0 (Suchard et al., 2018). The heterogeneity of the mutation rate across lineages was set under uncorrelated lognormal distributed relaxed clocks for the six partitions mentioned above (except for SYM that is not implemented in BEAST), and the Yule process (Gernhard, 2008) was chosen. All other priors were set with default values. The nine calibration points were set under exponential prior (Ho and Phillips, 2009) following Fassio et al. (2021), with the major distributions within the boundaries of the relative stage age of identification. We performed two runs of 28 generations, sampled every 10,000 steps. Results were analyzed with Tracer 1.7.2 (Rambaut et al., 2018) and all runs were pooled and re-sampled using LogCombiner 1.10.4 (Rambaut et al., 2018), after 25% samples were discarded as burn–in. The maximum clade credibility tree was estimated with TreeAnnotator 1.10.4.





Diversification rates through time

Macroevolutionary dynamics of diversification were modeled across the phylogeny using the software Bayesian Analysis of Macroevolutionary Mixtures (BAMM) v.2.5.0 (Rabosky, 2013; Rabosky, 2014) on the Maximum Clade Credibility tree obtained in BEAST, after outgroup removal using TreeGraph2 (Stöver and Müller, 2010). Ten million generations of reversible jump Markov Chain Monte Carlo were run, drawing samples from the posterior every 10,000 generations following Modica et al. (2020). Priors were chosen using the setBAMMpriors command in the R package BAMMtools (Rabosky, 2014), except for the prior probability of rate shift, which has been shown to affect BAMM results (Moore et al., 2016). For this prior, we tested values ranging from 0.1 to 10 and chose the value leading to the highest Effective Sample Size (ESS) values for LogLikelihood and NumberOfShifts. After removing a 10% burn–in, we processed the output data using BAMMtools statistics and plotted diversification rate through time.





Ancestral state analysis

Ancestral state reconstruction was conducted using the Bayesian Binary MCMC (BBM; Ali et al., 2012) on RASP (Reconstruct Ancestral State in Phylogenies, version 4.2) (Yu et al., 2015). This software was chosen since it allows reconstructing ancestral states of multiple discrete characters: either the families or the subclasses (hexacorals, octocorals, or hydroidolinas) of cnidarian hosts exploited by each ovulid species were used as characters in two distinct analyses. The calibrated combined tree obtained by BEAST (after outgroup removal) was used as a species phylogeny. Analyses were based on 50,000 trees, sampling every 100 steps, of which 125 were discarded (number of discrete areas=3, Among– Site rate variation= Gamma +G; all other parameters set with default values). The families and the subclasses of the host cnidarians were chosen as prior for the states following Ploch et al. (2022). Since the host data for the genus Pseudocypraea, which are currently missing, may prove crucial to the ancestral state reconstruction, we conducted two ancestral state analyses using subclasses as priors: one with missing data for Pseudocypraea; the other with Hexacorallia as the cnidarian subclass associated with Pseudocypraea exquisita and P. adamsonii, assuming that the frequent observation of living specimens crawling amidst sponges (Pacaud, 2003; F. Lorenz, pers. comm; M.O., unpublished observation), may be suggestive of an association with sponge-associated Zoantharia (Gray, 1832).






Results




Integrative taxonomy

The molecular dataset was composed of 1158 sequences (454 cox1, 450 16S and 254 28S) for a total of 524 ovulids and pediculariids specimens. Out of them, three specimens were excluded from defining the PSH due to their juvenile shell, which made it challenging to identify morphologically. The dataset of the combined tree included sequences from 468 samples (the others were excluded because only 16S or 28S sequences were available). All the 477-658 bp long cox1 sequences (440) were included in the ASAP analysis.

The 521 specimens for which morphological characters were analyzed, were ascribed to 76 PSH. The ten best partitions found by ASAP divided the dataset into 57-73 hypothetical species. The best partition according to the ASAP score split our dataset into 66 hypothetical species (threshold distance=4.6%) and the second best into 67 (threshold distance=3.7%; Supporting Information, Figure S1). The other ASAP partitions were not taken into account due to their high asap-score. The difference between first- and second-best partitions concerned the sample MNHN-IM-2013-63254 Quasisimnia sp. (considered as a separate species in the second, included in the same subset of Quasisimnia hirasei by the first).

All the hypothetical species identified by ASAP, in both the first- and the second-best partitions (except Pellasimnia brunneiterma, Ufb=95, PP=0.95), corresponded to monophyletic groups highly supported in the ML and BI phylogenetic reconstructions (Ufb=100, PP=0.98-1). The specimens that were not included in the ASAP analysis did not represent new independent lineages in the phylogenetic analyses, but ended up in hypothetical species already identified by ASAP, except MNHN-IM-2013-63255 and MNHN-IM-2019-15204. These two samples formed two distinct lineages separated from the other clades in the combined tree and may represent two additional hypothetical species. However, they are not included in the count of the SSH since we were unable to confirm it through robust analyses, either morphological or by integrative taxonomy.

In six cases, two or more PSH were considered by both ASAP and phylogenetic analysis as one hypothetical species: (1) Simnialena rufa and Simnia avena (Ufb=1, PP=1); (2) Cyphoma gibbosum, C. signatum, C. intermedium and C. mcgintyi (Ufb=100, PP=1); (3) Pellasimnia annabelae and P. brunneiterma (Ufb=0.95, PP=95); (4) Phenacovolva rosea, P. rosea B and P. nectarea (Ufb=1, PP=1); (5) Pseudosimnia carnea and P. adriatica (Ufb=100 PP=1); (6) Crenavolva aureola and C. chiapponii (Ufb =100, PP=1). Given the well-documented morphological plasticity within Ovulidae, characterized by significant variations in mantle color and shell shape, for these six dubious cases we considered more reliable the hypothetical species identified by ASAP and corresponding to well supported monophyletic clades.

Regarding MNHN-IM-2013-63254 Quasismnia sp., this sample was associated with a single PSH. The best ASAP partition grouped it within the same subset as MNHN-IM-2007-38930 Quasisimnia hirasei, while the second partition separated them. However, in the combined tree, MNHN-IM-2013-63254 Quasismnia sp. represented a distinct lineage from MNHN-IM-2007-38930 Quasisimnia hirasei (Ufb=100, PP=1). Thus, it is more reliable to consider the hypothesis that they represent two distinct species.

In the integrative taxonomic process, we identified a total of 67 SSH as depicted in the collapsed tree (Figure 3), for which the oldest species name has been used.




Figure 3 | Phylogenetic relationships of the family Ovulidae (Maximum Likelihood tree based on the combined dataset), with clades collapsed by species. Numbers at nodes indicate branch support values [ultrafast bootstrap (Ufb) values and posterior probability (PP), respectively]; support values are shown only when at least one of them is ≥ 95%; black circles at nodes indicate maximum support (PP=1, Ufb=100). Colors at collapsed clades and taxa indicate the traditional subfamilial classification of the taxa represented: pink=Pediculariinae; yellow=Simniinae; dark green=Aclyvolvinae; red=Ovulinae; green=Prionovolvinae.







Phylogenetic reconstruction

Comparison of the major nodes among all trees, both for single genes and combined datasets, revealed no inconsistencies, except that the 28S trees split Aclyvolva coarctata in two strongly supported clades, Ufb=99, PP=1, while in all the other trees it represented a strongly supported single clade. Within the combined trees, the monophyly of a group including ovulids and pediculariids was strongly supported (Ufb=100, PP=1), while some genera as traditionally conceived did not prove monophyletic. The genus Lunovula was nested inside a major Pedicularia clade, making the latter polyphyletic. The genus Margovula was split into one clade of species Margovula anulata, sister to Diminovula alabaster (Ufb =99, PP=1), and another lineage represented by Margovula marginata. The genus Ovula was split into one clade of two species including the type species Ovula ovum (Ufb=100, PP=1), and a lineage of Ovula isibasii, sister to Procalpurnus lacteus (not supported). The genus Dentiovula was retrieved as polyphyletic and split into three lineages: one represented by Dentiovula oryza (Ufb=95, PP=/), another represented by Dentiovula dorsuosa, sister to Archivolva clava (not supported), and a third one including the type species Dentiovula colobica and Dentiovula eizoi (Ufb=100, PP=0.99). The genus Diminovula was split into one lineage of Diminovula concinna, sisters to Primovula rosewateri (Ufb=100, PP=1), one of Diminovula culmen, and a clade including the other two species of Diminovula and Margovula anulata (Ufb=98, PP=0.77). The genus Procalpurnus was split into two lineages: one including the type species Procalpurnus lacteus, sister to Ovula isibasii (not supported), and one represented by Procalpurnus semistriatus Ufb=95, PP=0.53). The genus Crenavolva was split into two lineages: one including the type species Crenavolva striatula, sister to the genus Naviculavovla (not supported), and one including Crenavolva aureola and Crenavolva traillii (Ufb =100, PP=1). The genus Simnia was split into three lineages: one clade including the type species Simnia spelta (Ufb=100, PP=1) and Simnia patula, one lineage represented by Simnia avena (Ufb=100, PP=1) and a third lineage represented by Simnia sp. (voucher MNHN-IM-2013-60781, Ufb=100, PP=1).

Pediculariids as currently conceived did not prove monophyletic (Ufb=100, PP=1): the genera Pseudocypraea and Jenneria resulted in two distinct lineages more closely related to the rest of ovulids than to Pedicularia (Ufb=87, PP=0.99).

The monophyly of the subfamily Ovulinae was strongly supported (Ufb=100, PP=1), with the exception of Ovula isibasii that ended up inside a distinct prionovolvine clade (Ufb=100, PP=1). The monophyly was also supported for the subfamily Aclyvolvinae (Ufb=100, PP=1). The other traditional subfamilies were polyphyletic. The Simniinae were split into five different lineages: (i) Simniinae sensu stricto, that included Simnia spelta (type species of the type genus Simnia), Simnia patula, Simnialena rufa, Simnialena uniplicata, Simnia sp., Cymbovula acicularis and Cyphoma gibbosum; (ii) Quasisimnia (sister to Ovulinae, not supported); (iii) Contrasimnia; (iv) Archivolva; and (v) Naviculavolva. A large clade of core Prionovolvinae was defined (Ufb=100, PP=1), including the type genus Prionovolva (type species Prionovolva brevis), but also other species traditionally ascribed to different subfamilies. Hiatavolva depressa (subfamily unclear according to MolluscaBase, 2023) also ended up in the prionovolvine clade, even if their relationships with other nearby clades were not resolved.

For both ML and BI trees, see Supporting Information, Figures S2–S9).

From this point onward, we shall use Ovulidae to indicate the clade including all lineages studied herein (thus comprising ovulids and pediculariids as previously conceived); Pediculariinae for the clade comprising the genera Pedicularia and Lunovula; Ovulinae, for the clade comprising all species traditionally included in this subfamily except Ovula isibasii, along with the genus Quasisimnia; Simniinae, for the clade comprising the genera Simnia, Simnialena, Cyphoma and Cymbovula; Prionovolvinae, for the clade comprising all species traditionally included in this subfamily plus Ovula isibasii and the genera Contrasimnia, Naviculavolva, Archivolva.





Dating major lineages

The time-calibrated phylogeny (Figure 4; see Table 1 for 95% HPD) estimated the origin of the family Ovulidae at 54 mya (95% HPD 47.8–63.16) during the Ypresian (Early Eocene). The origin of the Pediculariinae was dated at 35 mya (95% HPD 33.9–36.54) during the Priabonian (Upper Eocene). The subfamily Ovulinae was estimated as having originated 42 mya (95% HPD 38.33–44.68) during the Bartonian (Middle–Eocene). The origin of the core Prionovolvinae was dated at 30 mya (95% HPD 20.95–39.76) during the Rupelian (Early Oligocene). The Simniinae were estimated as having originate during the Burdigalian (Early Miocene), with the node dated at 17 mya (95% HPD 15.07–21.63). The Aclyvolvinae resulted to be the most recent subfamily, with the origin estimated around 15 mya (95% HPD 5.94– 31.55) in the Langhian (Middle–Miocene). Except for Cyphoma, which exhibited a discrepancy of approximately 15 million years compared to its fossil record, all of our calibration nodes were dated congruently with the utilized fossil data.




Figure 4 | Bayesian Inference, time calibrated, phylogenetic reconstruction of the family Ovulidae using BEAST from the combined dataset, comprising one exemplar for each SSH. Bars at nodes indicate 95% confidence intervals of ages expressed in mya. Asterisks (and numbers in bold) indicate the nodes (and the relevant fossil based dates) used to calibrate the tree.







Ovulid diversification rate

We modeled ovulid diversification rates as a function of time. The best model supported by BAMM analysis indicated a steady rate of diversification over time, with a 0.98 posterior probability. The analyses inferred a diversification model with the highest probability of 0.1 major shift in the rate of speciation in the Ovulidae. Both posterior probabilities and Bayes factors were remarkably lower for alternative models with more rate shifts. The credible shifts plot depicted a non-core shift for the Ovulidae (Figure 5A) with a 98% posterior probability. The rate-through-time BAMM plot supported a scenario of an initial higher rate of diversification (speciation rate 0.13) that decreased gradually over time (to 0.054) across all lineages of Ovulidae (Figure 5B).




Figure 5 | The ovulid diversification rates vary across clades and time. (A) The single BAMM credible shifts plot representing the rate-shift configuration and a posterior probability shift configuration corresponding to 0.98. (B) BAMM plot depicting the net diversification rates through time.







Ancestral state reconstruction

The ovulid-cnidarian associations identified in this work, integrated with literature data, are summarized in Table 2. We have identified the cnidarian hosts (26 families) of 82% (55) of the assayed species. Among these, the host of 27 species was sourced from literature, whereas for the remaining 28 species, the host identification was based on our molecular and/or morphological analyses. These data included 57 cnidarian samples identified by DNA-barcoding of the collected sample, while 69 were exclusively identified by morphology due to the unavailability of coral tissue or unsuccessful DNA amplification. None of the 39 DNA samples extracted from the foregut and the stomach tissue displayed successful sequencing with specific cnidarian primers. When multiple records were available, usually, each ovulid species has been recorded as feeding on the same cnidarian family; nevertheless, in some cases (11 species) more cnidarian families belonging to the same subclass have been recorded for a single ovulid species.


Table 2 | List of 55 Ovulidae species associated with their respective cnidarian family host as documented in both literature and this paper.



The results of the ancestral state reconstruction for BBM using cnidarian families as prior for the states are shown in Figure 6 (nodes are numbered to ease following the description). Node 133 represented the ancestral state for the Ovulidae; the hydroid family Stylasteridae was estimated the most likely ancestral host for this node (79.4% marginal probability), followed by an uncertain other cnidarian family (20.6%). At node 72, Stylasteridae were estimated as the ancestral host of the Pediculariinae (98.43%). The ancestral reconstruction at node 93 indicated that the hexacoral Antipathidae was the most likely ancestral host of the Ovulinae (64.12%). The Prionovolvinae (node 128) showed Alcyoniidae as the most likely ancestral host (85.02%). The ancestor of the subfamily Simniinae (node 80) had Gorgoniidae as the most likely host (90.38%). The ancestor of Aclyvolvinae (node 81) had most likely the octocoral family Ellisellidae as host (78.63%), followed by a multiple association with Ellisellidae and Subergorgiidae (18.99%).




Figure 6 | Graphical representation of ancestral state reconstruction at each node of the phylogeny of the family Ovulidae obtained by BBM analysis (exported from RASP) using cnidarian families as a prior. Pie charts at each node (from 68 to 133) show the probabilities of alternative ancestral states; numbers inside the pie charts identify each node. The legend shows the color key to the hosts; black represents other unknown ancestral states. White barred circles represent no host information. X-axis represents time in millions of years.



The results of the ancestral state reconstruction using cnidarian subclasses as prior for the states are shown in Figure 7. The host of the ancestral Ovulidae (node 133) was estimated to be a Hydroidolina (92.81% marginal probability) followed by Hexacorallia (5.26%). For the Pediculariinae (node 72), the reconstruction indicated Hydroidolina (99.78%) as the most likely ancestral host; the Octocorallia were estimated to be the most likely ancestral state of Ovulinae (node 93, 95.32%), Prionovolvinae (node 128, 99.86%), Simniinae (node 80, 99.63%), and Aclyvolvinae (node 81, 99.97%).




Figure 7 | Graphical representation of ancestral state reconstruction at each node of the phylogeny of the family Ovulidae obtained by BBM analysis (exported from RASP) using cnidarian subclasses as a prior. Pie charts at each node (from 68 to 133) show the probabilities of alternative ancestral states; numbers inside the pie charts identify each node. The legend shows the color key to the ancestral hosts; black represents other unknown ancestral states. White barred circles represent no host information. Nodes 73, 130, 131, 132, 133 are also represented with the corresponding ancestral state reconstruction from the analysis with the Pseudocypraea-hexacorals association. X-axis represents time in millions of years.



The results of the ancestral state reconstruction at relevant nodes, using hexacorals as a prior of Pseudocypraea, are presented in Figure 6, juxtaposed with the corresponding node outcomes from the prior analysis. The main differences from the previous analysis concerned the ancestral host of the family (node 133); Hexacorallia was estimated as the most likely ancestral host for this node (54.09% marginal probability), followed by Hydroidolina (38.79%) and by an uncertain other cnidarian subclass (7.12%).






Discussion




Taxonomic implications of the phylogenetic analysis

The molecular data presented here span a significant increase in the taxonomic coverage of egg-cowries compared with previous works on the group (Schiaparelli et al., 2005; Reijnen et al., 2010; Zvonareva et al., 2020).

According to our integrative taxonomy approach, the 78 morphospecies initially identified, encompass 67 distinct species hypotheses, with some remarkable cases discussed below:

(1) Simnialena rufa/Simnia avena – We confirm the results by Sánchez et al. (2016) who found that specimens morphologically identified as Simnia avena fall in two distinct clades: one conspecific with specimens morphologically identified as Simnialena rufa, and another group of individuals, which we retrieved as sister to the clade Simnialena uniplicata + Cymbovula acicularis. An integrative taxonomy study based on a wider sampling, and including topotypes of the involved nominal taxa, is urged.

(2) Cyphoma – Reijnen and van der Meij (2017) showed that all their Cyphoma morphospecies (C. gibbosum, C. mcgintyi, and C. signatum, identified mostly based on their mantle patterns and coloration) were distributed randomly in a clade representing one genetically homogeneous species. In our work, an additional morphospecies, C. intermedium, clustered within the same clade as the rest of the Cyphoma specimens.

(3) Pellasimnia annabelae/P. brunneiterma – As already suggested by Zvonareva et al. (2020), specimens morphologically identified as Pellasimnia annabelae, P. cf. annabelae and P. brunneiterma represented a single species.

(4) Phenacovolva rosea/P. nectarea – As previously proposed by Zvonareva et al. (2020), all the specimens morphologically assigned to Phenacovolva rosea and P. nectarea belonged to a single species. In our analyses, in contrast to their results, we could not find any robust support to the distinction of the two sub-lineages, that Zvonareva et al. (2020) called P. rosea A and P. rosea B.

(5) Pseudosimnia – The specimens ascribed to the two iconic and morphologically readily identified Mediterranean nominal species Pseudosimnia carnea and P. adriatica were shown to represent a single lineage based on molecular data.

(6) Crenavolva aureola/C. chiapponii – As shown by Reijnen (2016), specimens ascribed to Crenavola chiapponii and C. aureola were not distinguishable based on genetic data.

It is remarkable that taxonomic changes suggested by molecular data in ovulids almost entirely consist of lumping species, an uncommon situation in molluscs where cryptic species complexes are particularly abundant. We confirm the hypothesis proposed by Schiaparelli et al. (2005) and Zvonareva et al. (2020) that the morphological plasticity has an important, and probably largely neglected relevance for taxonomy of ovulids: there are possibly many more names available than actually existing species.

Out of the 36 nominal extant genera represented in our dataset (92% of total existent), a total of eight (Pedicularia, Ovula, Dentiovula, Diminovula, Margovula, Procalpurnus, Crenavolva, and Simnia) were not monophyletic as traditionally conceived. Notably, among these, the genera Pedicularia, Ovula, and Simnia are the type genera of the subfamilies Pediculariinae, Ovulinae, and Simniinae, respectively, but their polyphyly does not affect the subfamily definition. In particular, Ovula isibasii must be classified in a distinct genus (whose relationships with Procalpurnus remain to be defined); the systematics of pediculariines should be reassessed, probably with more lineages worthy of genus recognition; the close relationship among the lineages morphologically ascribed to Simnia and Cyphoma, besides the need to restrict the use of the genus Simnia, is remarkable for what concerns the evolution of the peculiar Cyphoma-like morphology (see below).

Our study has also highlighted the need for a revision of the current suprageneric classification of the egg-cowries. We have found no major evidence in support of or against the proposal by Lorenz and Fehse (2009) to classify Pedicularia and allied in a distinct family Pediculariidae. However, given the rather strong evidence in our analyses that the genera Jenneria and Pseudocypraea are not in the same clade as Pedicularia and Lunovula, but rather represent two independent lineages, we would tend towards maintaining the whole set of egg-cowries, including Pedicularia and allies, within a single family Ovulidae. The following classification scheme is a working hypothesis to be tested by further studies (Figure 8):




Figure 8 | Phylogenetic relationships of the family Ovulidae (Maximum Likelihood tree based on the combined dataset), with clades collapsed by subfamily-level lineages. Numbers at nodes indicate branch support values [ultrafast bootstrap (Ufb) and posterior probability (PP) values, respectively]; support values are shown only when at least one of them is ≥ 95%; black circles at nodes indicate maximum support (PP=1, Ufb=100). Shells of representative taxa, not to scale (from top-left): MNHN-IM-2013-49448 Pedicularia pacifica; MNHN-IM-2019-18297 Lunovula superstes; MNHN-IM-2013-3598 Pseudocypraea adamsonii; MNHN-IM-2013-63257 Pseudocypraea exquisita; BAU-4297 Jenneria pustulata; MNHN-IM-2019-6537 Simnia spelta; MNHN-IM-2013-8520 Cyphoma gibbosum; MNHN-IM-2013-56966 Simnialena uniplicata; MNHN-IM-2013-11745 Aclyvolva coarctata; MNHN- IM-2013-69669 Aclyvolva sp.; MNHN-IM-2007-32155 Ovula ovum; MNHN-IM-2013-53966 Phenacovolva rosea; MNHN-IM-2013-44511 Quasisimnia robertsoni; Ov-NT-982 Prionovolva brevis; MNHN-IM-2013-68826 Ovula isibasii; MNHN-IM-2013-85207 Crenavolva traillii. Photograph credits: Elisa Nocella, Elena Mekhova.



Family Ovulidae J. Fleming, 1822

Subfamily Pediculariinae Gray, 1853

Genus Jenneria Jousseaume, 1884 (lineage probably worthy of a subfamily on its own).

Genus Pseudocypraea F.A. Schilder, 1927 (lineage probably worthy of a subfamily on its own).

Subfamily Simniinae F.A. Schilder, 1927 (the scope should be restricted to encompass only the genera Simnia, Simnialena, Cymbovula and Cyphoma).

Subfamily Ovulinae J. Fleming, 1822 (the actual position of the genus Quasisimnia is obscured by unsupported nodes, although it seems likely a relationship with the ovulines).

Subfamily Aclyvolvinae Fehse, 2007

Subfamily Prionovolvinae Fehse, 2007 [here redefined to comprise, besides the traditional genera, also the genera Contrasimnia, Archivolva, and Naviculavolva (traditionally attributed to Simniinae), Ovula isibasii (formerly in Ovulinae) and Hiatavolva depressa (currently considered as incertae sedis, according to MolluscaBase, 2023)].





Time calibrated phylogeny and diversification rates

Robust molecular evidence indicates that the origin and early diversification of the Ovulidae could have occurred between 47 and 63 mya. The early diversification of major lineages corresponding to subfamilies has been estimated as having occurred between 17 and 41 mya, which largely agrees with the available knowledge from the fossil records, including the oldest genus-level lineage, Pseudocypraea, which was dated between 37 and 40 mya (congruent with the age of the fossil Pseudocypraea dolini: Pacaud, 2003). The observed disparity between the younger dating of the Cyphoma node (1-7 mya) in our analysis compared to its reliable fossil records (15-23 mya), could be explained considering that species currently ascribed to Cyphoma and Simnia actually represent a single lineage. This is evidently characterized by a high degree of morphological plasticity, and we suspect that the Cyphoma-like morphology is plesiomorphic in this clade, as witnessed by the old Cyphoma-like fossils.

The results obtained by the BAMM analysis of ovulid diversification rates across time did not support any core-shift in diversification rates across the phylogeny of the family (Figure 5A). The shape of the rate-through-time plot suggests that the diversification rate started decreasing at the beginning of the ovulid history and continued to decrease steadily until the present day (Figure 5B). We suggest that during the initial stages of the evolution of the Ovulidae, a higher diversification rate (0.1) existed only until the split between Pediculariinae and the rest of ovulids; subsequently, this rate gradually declined in both lineages. In marine gastropods, the lack of distinct shifts in diversification rates within specific clades, despite variations in species richness, has been reported in Terebridae, where it was associated with a pattern of slow, steady increase in diversification across the family due to ecological release corresponding to the colonization of deep waters (Modica et al., 2020). The opposite trend of a steady decrease in the overall diversification rate observed in Ovulidae (Figure 5B) could instead be explained as a diversity-dependent diversification pattern. Diversity-dependent diversification slowdowns are commonly observed and might be explained by various niche-related factors (Moen and Morlon, 2014). In particular, after an initial burst of diversification, the rate of speciation can decelerate due to the occupation of all available niches. In some cases, niche saturation can be also favored by the presence of ecological constraints on clade diversity (Moen and Morlon, 2014). Diversity-dependent diversification slowdowns can be prevented by the repeated evolution of key innovations, each of which could allow subclades to diverge from the trajectory of their parent clade. This pattern may be explained considering the evolution of trophic ecology in ovulids. The initial higher diversification rate was probably related to the onset, in the ancestral ovulids, of the ability to exploit cnidarians as a new trophic resource; it may have been briefly supported by a host-shift between stylasterid corals (Pediculariinae) and anthozoans (non-pediculariines). The initial key innovation, their association with corals, yielded relationships robust enough to limit diversification rates for more than 50 million years.

However, many biases in the methods used to estimate phylogeny and diversification rates have been shown to lead to apparent slowdowns in diversification rates, the main issue being insufficient taxonomic sampling (Moen and Morlon, 2014). Despite our analyses including only 23% of the currently recognized ovulid species, the results also highlighted that the inflation of nominal species in the systematics of ovulids can be ascribed to the extreme morphological plasticity of most of the species, suggesting that our taxon sampling represents a higher fraction of the diversity of egg-cowries, possibly not weakening the validity of the estimation of diversification rates of the family.





Ovulid-cnidarian association

As suggested by the available literature, we confirmed in the present work (including 20 new ovulid-cnidarian associations) that the vast majority of ovulid species is rather specialized in its parasitic behavior. Although, admittedly, our dataset (Table 2) was based on a majority of single records per ovulid species (which may bias the perception toward a “one ovulid-one cnidarian” pattern), many of these specialized associations are confirmed by anecdotal reports or photographical material on scuba divers’ websites (e.g.: http://www.underwaterkwaj.com) which however were not included in Table 2. Even taking the potential bias into consideration, in the majority of cases, individuals of the same ovulid species feed on cnidarians belonging to the same family, with a few documented exceptions where a single ovulid species feeds on corals of two or three different families. An exceptional case is represented by Phenacovolva rosea, which displays the broadest known diet, feeding on corals of five different families.

Using coral families as a prior in our efforts to reconstruct ancestral states has been instrumental in identifying the ancestral host for each ovulid subfamily-level lineage. However, especially in the deep part of the tree, this yielded nodes with 20-77% probability of “unknown” host. This uncertainty in the reconstruction of the ancestral hosts might be due to the high number of states with respect to the number of taxa (25 cnidarian families for a dataset of 67 ovulid species). In contrast, the analyses in which the subclasses were used as a prior for the host (with only three states), yielded more robust inferences (1-7% probability of “unknown” host at the base of the tree).

Our analysis results in a diversified framework at the subfamily level: while certain subfamilies display a clear pattern of specialization in some cases feeding on a single family of coral, others exhibit a higher degree of dietary variance. Notably, the subfamilies Pediculariinae and Simniinae represent extreme cases of specialization, including species that predominantly feed on Stylasteridae and Gorgoniidae, respectively. We have been unable to detect any major adaptations corresponding to the major shifts; apomorphic features of pediculariines (shell, mantle and radular characters) may have adaptive values in their exclusive relationship with stylasterids, but this must still be defined. The origin of Ovulidae is estimated to have occurred after the Mesozoic marine revolution (Vermeij, 1977), and we have detected no evident relations of the shifts with major geological events in the oceans.

We can reasonably infer that the ancestor of the Pediculariinae, evolved in association with Stylasteridae approximately 38 to 54 million years ago, and maintained this dietary preference up to the present day. Our working hypothesis is that also Lunovula and Pedicularia sp. predominantly (or perhaps exclusively) feed on Stylasteridae, especially in deep-sea environments (supported by the abundant stylasterids collected at the same sampling stations).

The ancestor of Simniinae similarly evolved a strong association with Gorgoniidae sea-fans 18 to 45 mya, apparently retained as the unique food source. Despite the limited representation of Aclyvolvinae (only two out of the five recognised species represented in our dataset), we can reasonably estimate that the shift to Ellisellidae sea-fans could have occurred between 18 to 42 mya.

Pseudocypraea and Jenneria represent crucial lineages for understanding the evolution of the egg-cowries. Whereas for Jenneria the association with hexacorals is well known, for Pseudocypraea it can only be hypothesized (based on ancestral state reconstruction analysis, see below).

Prionovolvinae is the subfamily with the highest diversification of cnidarian hosts in the present day. Prionovolvinae are estimated to have first evolved a strong association with Alcyoniidae (30-45 mya), subsequently followed by a broad host diversification (11 cnidarian families in our dataset) with a remarkable increase in species diversity of the family, which, however, did not represent a rate shift in our BAMM analysis.

A remarkable host shift identified in this study involves the subfamily Ovulinae. Somewhere along their evolutionary history they shifted from octocorals to the hexacoral family Anthipatidae. This is estimated to have occurred at the origin of the subfamily (between 38 and 43 mya) in the analysis based on cnidarian families. However, the high number of cnidarian families associated with Ovulinae (12 in total) compared to the relatively limited number of assayed ovuline species (13), may have biased the results. In fact, the shift was more plausibly estimated as a series of (possibly independent) very recent events in the analysis based on cnidarian subclasses.

The reconstruction of the ancestral state using coral subclasses as prior of the analyses allowed us to provide two different hypotheses about the ancestral ovulids host:

1) Hydroidolina (Stylasteridae) resulted as the ancestral host from the first BBM analysis carried out without defining the host of Pseudocypraea. In this hypothesis the ancestral ovulids diversified while primarily feeding on Stylasteridae over a considerable time frame spanning from 47 to 56 mya. This dietary adaptation would have persisted up to the present day only in the subfamily Pediculariinae. In contrast, non-pediculariine ovulids underwent a distinct dietary shift to hexacorals from 52 to 54 mya, an adaptation that has been maintained in Jenneria (and possibly also in Pseudocypraea). From approximately 32 to 48 mya, the remaining ovulids transitioned to octocorals as their primary hosts, a trophic preference that persisted until today. Interestingly, a subsequent dietary return to hexacorals is estimated to have occurred (independently) in three ovuline species: Pellasimnia angasi, Takasagovolva honkakuijana, and Phenacovolva lahainensis.

The Hydroidolina hypothesis raises a problem with the depth range of the ancestral egg-cowries. In fact, it is currently accepted (Lindner et al., 2008) that stylasterids first appeared in deep-water environments during the lower Palaeocene (c. 65 mya), and only later (32-38 mya) invaded shallow waters. This would imply that, while the majority of Ovulidae currently inhabit shallow waters, their ancestors might have been deep-water dwellers (associated with deep-water stylasterids), with a subsequent colonization of shallow waters. However, a Distichopora fossil from the Lutetian (41-47 mya: Lindner et al., 2008) opens the possibility that these corals might have existed in shallow waters earlier than supposed (Distichopora is one of the most common stylasterids on which Pedicularia spp. currently feed in shallow waters), allowing for an origin of ovulids in shallow water, associated with stylasterid corals, and offering some support to this hypothesis.

2) Hexacorallia resulted as the ancestral host from the BBM analysis carried out with hexacorals as a diet prior for Pseudocypraea. In this hypothesis, over a period of time ranging from 47 to 56 mya, the ancestral Ovulidae would have evolved in association with Hexacorallia. This adaptation was then maintained in the ancestor of non-pediculariines and up to the present in Jenneria and Pseudocypraea. The shift to Octocorallia occurred about 32 to 48 mya in the other members of the family; this adaptation has persisted in these lineages as their primary dietary preference up to the present day. A subsequent return to hexacorals occurred (possibly independently) in three ovulines: Pellasimnia angasi, Takasagovolva honkakuijana, and Phenacovolva lahainensis. The shift to Hydroidolina is estimated to have taken place 35 to 54 mya in ancestral members of the Pedicularinae.

According to this hypothesis, the ancestral Ovulidae should have evolved in shallow waters feeding on Hexacorallia, probably belonging to the order Scleractinia (such as done by Jenneria). The origin of scleractinians is dated from the Carboniferous to Silurian (324–447 mya) (McFadden et al., 2021). Scleractinia rapidly expanded and diversified across shallow marine environments about 240 mya during the Ladinian (Frankowiak et al., 2023), thus providing an increasingly broad trophic niche available to corallivorous species. In addition, according to this hypothesis, the association between the subfamily Pediculariinae and the stylasterid corals would have started around 35 mya, broadly the same time when Stylasteridae invaded shallow waters, as suggested by Lindner et al. (2008).

Both hypotheses (Hydroidolina or Hexacorallia) are biologically plausible, although we would favor an ancestral exploitation of shallow water hexacorals by the first egg-cowries that could have subsequently colonized deeper habitats following an onshore-offshore trend widely documented in marine fauna in agreement with previous hypotheses (Jacobs and Lindberg, 1998; Oliverio et al., 2009b).

In any case, it seems evident that the diversification of Ovulidae has not been strictly coupled with cnidarian evolution (no pervasive co-evolutionary pattern). All families within Octocorallia, Hexacorallia, and Hydroidolina originated significantly earlier than Ovulidae, with the most recent emergence occurring approximately 100 mya (Lindner et al., 2008; McFadden et al., 2021). Overall, our analyses, as also anticipated by Reijnen (2016), challenge the notion of coevolution and cospeciation as governing factors in the evolutionary history of Ovulidae and Cnidaria. Instead, the evolutionary trajectories of egg-cowries are better defined as a pattern of sequential evolution. Ovulids should have selected their hosts based on contingent ecological factors (e.g.: host abundance, lack of competitors, etc.) rather than being constrained by a phylogenetic coevolutionary process; associations have remained rather stable across time, with shifts mostly consisting of changes of families within the same cnidarian subclass.
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Aclyvolva lanceolata Ellisellidae Zvonareva et al., 2020 12

This paper/Zvonareva et al,, 2020/Reijnen and van der

Aclyvolva coarctata Ellisellidae Meij, 2019 15
Amonovula piriei Plexauridae This paper/Zvonareva et al., 2020 3
Archivolva clava Siphonogorgiidae This paper/Lorenz and Fehse, 2009 7
Calpurnus verrucosus Alcyoniidae Zvonareva et al., 2020 1
Contrasimnia xanthochila Nephtheidae Lorenz and Fehse, 2009 *
Crenavolva aureola Acanthogorgiidae Reijnen and van der Meij, 2019 3
Crenavolva striatula Paramuriceidae Zvonareva et al., 2020 3
Gorgoniidae This paper 1
Crenavolva traillii Paramuriceidae This paper/Zvonareva et al,, 2020 13
Subergorgiidae Zvonareva et al., 2020 2
Euplexauridae Lorenz and Fehse, 2009 i
Cuspivolva cuspis Euplexauridae Zvonareva et al., 2020 4
Cuspivolva queenslandica Gorgoniidae Zvonareva et al., 2020 6
Cymbovula acicularis Gorgoniidae Reijnen et al., 2010 8
Cyphoma gibbosum Briareidae Reijnen et al., 2010 3
Gorgoniidae Reijnen et al., 2010 6
Plexauridae Reijnen et al., 2010 9
Dentiovula dorsuosa Siphonogorgiidae  This paper/Lorenz and Fehse, 2009 4
Dentiovula eizoi Plexauridae This paper 3
Dentiovula colobica Siphonogorgiidae Lorenz and Fehse, 2009 %
Dentiovula oryza Siphonogorgiidae This paper 1
Diminovula concinna Coelogorgiidae This paper 1
Diminovula alabaster Coclogorgiidae Lorenz and Fehse, 2009 %
Diminovula culmen Coclogorgiidae This paper 4
Diminovula margarita Coelogorgiidae This paper 3
Margovula marginata Nephtheidae This paper 1
Habuprionovolva aenigma Dendronephthiidae ~ Zvonareva et al., 2020 3
Habuprionovolva sp. Dendronephthiidae  This paper 1
Hiatavolva depressa Melithaeidae Lorenz and Fehse, 2009 *
Jenneria pustulata Poritidae Paz-Garcia et al., 2012 *
Pocilloporidae Zucconi et al., 2018 *
Margovula anulata Dendronephthiidae ~ This paper 1
Naviculavolva kurziana Alcyoniidae This paper 1
Isididae This paper 1
Naviculovolva deflexa Isididae Zvonareva et al., 2020 3
Ovula ovum Sarcophytidae Zvonareva et al., 2020 1
Ovula costellata Sarcophytidae This paper/Lorenz and Fehse, 2009 1
Pedicularia elegantissima Stylasteridae This paper/Lorenz and Fehse, 2009 10
Pedicularia granulata Stylasteridae This paper 3
Pedicularia pacifica Stylasteridae This paper/Lorenz and Fehse, 2009 14/
Pedicularia vanderlandi Stylasteridae This paper/Lorenz and Fehse, 2009 29/*
Pellasimnia angasi Antipathidae Lorenz and Fehse, 2009 £
Pellasimnia brunneiterma Subergorgiidae This paper 2
Plexauridae This paper 2
Phenacovolva lahainaensis Antipathidae This paper/Schiaparelli et al., 2005 3
Calcarovula longirostrata Paramuriceidae This paper 1
Phenacovolva rosea Astrogorgiidae This paper/Zvonareva et al.,, 2020 14
Ellisellidae This paper 4
Paramuriceidae Zvonareva et al., 2020 7
Anthogorgiidae Zvonareva et al., 2020 2
Isididae Zvonareva et al., 2020 2
Primovula rosewateri Clavulariidae Reijnen and van der Meij, 2019 d
Nephtheidae Lorenz and Fehse, 2009 *
Prionovolva brevis Dendronephthiidae ~ Zvonareva et al., 2020 1|
Procalpurnus lacteus Paramuriceidae This paper 1 ‘
Alcyoniidae Schiaparelli et al., 2005 1 ‘
Procalpurnus semistriatus Sinulariidae This paper 1
Prosimnia semperi Melithaeidae This paper/Lorenz and Fehse, 2009 / Schiaparelli et al., 2005 15/*
Astrogorgiidae This paper 1
Pseudosimnia carnea Alcyoniidae This paper 1
Quasisimnia robertsoni isididae Lorenz and Fehse, 2009 ¥
Rotaovula septimaculata Paramuriceidae Zvonareva et al., 2020 5
Simnia avena Gorgoniidae Sanchez et al., 2016 10
Simnia spelta Eunicellidae This paper/Oliverio, 2008 16
Gorgoniidae Schiaparelli et al., 2005 2
Simnialena rufa Gorgoniidae Sanchez et al., 2016 1
Simnialena uniplicata Gorgoniidae This paper/Lorenz and Fehse, 2009 2
Takasagovolva honkakujiana Antipathidae Lorenz and Fehse, 2009 2
Volva kilburni Veretillidae Lorenz and Fehse, 2009 %
Alcyoniidae Lorenz and Fehse, 2009 *
Plexauridae Lorenz and Fehse, 2009 *
Volva volva Echinoptilidae Lorenz and Fehse, 2009 ®

N° of observations: number of ovulid samples actually reported as associated with the cnidarian host (* in Lorenz and Fehse, 2009; Paz-Garcia et al,, 2012 and Zucconi et al,, 2018, the actual
number of observations was not reported).
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Ovulidae (egg-crowries) Early Eocene 47.8-56 Fehse, 2001 47.8-63.16

i::::;::::j;l:::vm) Late Eocene 33.9-37.8 Ladd, 1977 33.9-36.54

Pseudocypraea Middle Eocene 37.8-41.2 Pacaud, 2003 37.8-40.21
Lorenz and

Jenneria Oligocene Fehse, 2009

Aclyvolvinae 5.94-31.55

Ovulinae (+ Quasisimnia) 38.33-44.68

Volva Late Pliocene 2.58-3.6 Schilder, 1932 2.58-3.55

Pellasimnia Late Eocene 33.9-37.8 ::;::;:L 2011 33.9-35.26

Phenacovolva Pliocene Ladd, 1977

Prionovolvinae 20.59-39.36

Primovula Pliocene 2.58-5.3 Ladd, 1977 0.95-5.44

Diminovula margarita Pleistocene 0.012-2.58 Schilder, 1932 1.23-5.31

Procalpurnus Pleistocene Schilder, 1932

Prosimnia Upper Pliocene Schilder, 1932

Simniinae 15.97-21.63

Simnia spelta Pleistocene 0.012-2.58 Schilder, 1932 0.65-4.9

Cyphoma Early Miocene 15.97-23.44 Woodring, 1973 1.76-7.33

Simnia Langhian Schilder, 1932

In bold, the nine calibration points used in the BEAST analyses; date intervals (95% HPD) obtained from BEAST (BI) analyses for selected major nodes.
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