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Catillopecten is a small genus of deep-sea glass scallops, but its diversity is poorly known in many parts of the world ocean. We described C. margaritatus n. sp. (Pectinoidea: Propeamussiidae), and performed morphological analyses and DNA sequencing, and estimated the divergence time of scallops based on samples collected from Haima cold seep in the South China Sea. Morphologically, the new species can be distinguished from congeneric species by its large shell size, relatively small auricle length, absence of monocrystal aerials, presence of longitudinal radial ridges on the left valve, and the alternated rounded striae and distal and proximal growth lines of prisms on the right valve. Anatomically, this new species can be distinguished from C. vulcani by its anteriorly located auriculate gills, compared to the centrally located lamellar gills of the latter, and the different locations of the pericardium. Sequence comparison and phylogenetic analysis based on the 18S rRNA fragments supported the placement of the new species in Catillopecten. We also report the mitogenome of C. margaritatus n. sp. as the only reported mitogenome of the family Propeamussiidae, which differs from those of other scallops substantially in gene order arrangement. Divergence time estimation revealed that Propeamussiidae and Pectinidae diverged in the early Carboniferous, while Catillopecten and Parvamussium diverged during the late Cretaceous to early Eocene. Finally, we presented a key to the species of Catillopecten.
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Introduction

Scallops in the family Propeamussiidae Abbott, 1954, commonly called glass scallops due to their thin and semi-translucent shells, are inhabitants of the deep sea, with species recorded from 200 m to more than 5,000 m (Kamenev, 2018). The genus Catillopecten Iredale, 1939 (Propeamussiidae), including 11 species (MolluscaBase, 2022), is characterized by thin, inequilateral to subequilateral valves, unequal auricles, lack of internal ribs, and a deep byssal notch (Kamenev, 2018). Members of Catillopecten are widely distributed in the global deep oceans, including one species from the Atlantic, four species from the eastern Pacific Ocean, and six species from the western Pacific Ocean (Figure 1, Dall, 1898; Smith, 1885; Dautzenberg and Bavay, 1912; Knudsen, 1970; Bernard, 1978; Schein-Fatton, 1988; Dijkstra and Marshall, 2008; Kamenev, 2018). These species have been reported from a variety of substrates, including rocky bottoms of a hydrothermal vent (Beninger et al., 2003), and muddy bottoms of continental slopes to polymetallic nodule areas in abyssal plains (Table 1).




Figure 1 | Worldwide geographical distribution of species in the genus Catillopecten and the typical habitat of the new species. (A) Locality of the species of Catillopecten, holotypes only. (B, C) Typical habitat of C. margaritatus n. sp. (indicated by red arrows), which were often found on the empty shells of Archivessica marissinica. Scale bar: (B, C) 10 mm.




Table 1 | Comparison of shell characteristics (the largest specimen of each species) and distribution of Catillopecten species.



Previous taxonomic studies of Catillopecten heavily relied on shell morphology, such as shell proportion and auricle characters. By contrast, little attention was paid to the anatomic structures. In 1978, anatomic structures of C. knudseni Bernard, 1978 and C. squamiformis Bernard, 1978 were described without specimen images (Bernard, 1978). In C. vulcani Schein-Fatton, 1985, the internal structures were illustrated by a line drawing and briefly described (Beninger et al., 2003). Moreover, Le Pennec et al. (2002) described the spermatogenesis of C. vulcani and proposed that its acrosome features could be applied in studies of scallop evolution. Molecular data of Catillopecten are also limited, with only two 18S rRNA sequences available, one from C. vulcani (Dufour et al., 2006), and the other from Catillopecten sp. (Wiklund et al., 2017), which may be a juvenile of C. malyutinae Kamenev, 2018 (Kamenev, 2019). These two sequences showed a high nucleotide similarity of 99.59% (Wiklund et al., 2017).

The Haima cold seep on the northwestern slope of the South China Sea (SCS) supports a large epibenthic fauna dominated by chemosynthetic bivalves and siboglinid tubeworms (Dong et al., 2021; Ke et al., 2022). In 2020, Ke et al. (2022) collected broken shells of a glass scallop from this area, and identified the specimen as a species of Propeamussium Gregorio, 1884. In 2022, we collected five specimens of propeamussiids from the same area, including three living individuals and two pairs of empty shells. Our preliminary analysis revealed that these glass scallop specimens all belong to a new species of Catillopecten. Therefore, this study aims to (i) describe the new species; (ii) assemble and annotate its mitochondrial genome; and (iii) determine its phylogenetic position. As the first report of propeamussiid species with detailed morphological and molecular information from the South China Sea, our study enhances our knowledge of the biodiversity of this large marginal sea of the western Pacific Ocean, and provides mitogenome and molecular data for a better understanding of the phylogenetic relationships and global biogeography of Propeamussiidae.





Materials and methods




Sample collection

The specimens were captured using a scoop net from the Haima cold seep (16°54.04’N, 110°28.47’E), at 1,433–1,441 m water depth in September 2022, using the ROV Pioneer onboard R/V Xiangyanghong 01 of The First Institute of Oceanography, Ministry of Natural Resources (Qingdao, China). The holotype was frozen with liquid nitrogen and stored at −80°C, while paratypes 1 and 2 were fixed in 4% paraformaldehyde, and paratypes 3 and 4 (empty shells) were kept at room temperature.





Morphological measurement and photography

Shell measurements were made according to Kamenev (2018). Shell length (L), height (H), anterior end length (A), auricles length (AL), anterior auricle length (AAL), and umbonal angle (UA) were measured using a vernier caliper. The shell size data of other species of Catillopecten were measured according to the scale or proportion when the specimen images were available. The ratios of these parameters to shell length (i.e., A/L, H/L, AL/L, and AAL/AL) were calculated. An EOS 5D Mark IV camera (Canon, Japan) was used for photography of the whole specimen. A digital Stereomicroscope SMZ1270 Imaging System (Nikon, Japan) was used to document the morphological details. The specimens used in this study were deposited in the Tropical Marine Biodiversity Collections of the South China Sea (TMBC), Chinese Academy of Sciences (Guangzhou, China).





DNA extraction, sequencing, and assembly

Genomic DNA was extracted from the adductor muscle of the holotype using the CTAB method (Stewart and Via, 1993). DNA quality was examined using agarose gel (1.0%) electrophoresis, and the quantity was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, USA). DNA library was constructed with the NEBNext Ultra DNA Library Prep Kit for Illumina (NEB, United States) with an insert size of 350 bp. Genomic sequencing was conducted on an Illumina NovaSeq 6000 sequencer (Illumina, USA) in Novogene (Tianjin, China) to generate 150-bp paired-end reads. Raw Illumina reads were filtered using Trimmomatic v0.38 (Bolger et al., 2014) to remove adapter and low-quality reads with the following settings: LEADING = 15, TRAILING = 15, SLIDINGWINDOW = 4:20, MINLEN = 40. The clean reads were de novo assembled using SPAdes v3.14.1 (Bankevich et al., 2012) with k-mer sizes of 21, 33, 55, 77, 99, and 127. The nuclear gene 18S rRNA was identified by conducting BLASTn using BLAST v2.11.0+ (Camacho et al., 2009) to search against the available corresponding sequences of Propeamussiidae species from NCBI (https://www.ncbi.nlm.nih.gov/), with an E-value of 1e-10. The mitogenome was assembled using NOVOPlasty v3.2 (Dierckxsens et al., 2016) under default settings with a cox1 sequence of Parvamussium carbaseum Dijkstra, 1991 (AB084106) from NCBI (https://www.ncbi.nlm.nih.gov/) as the seed.





Mitogenome annotation and analyses

MITOS2 Web Server (Donath et al., 2019) was used to annotate the mitogenome under default settings. The annotated protein coding genes (PCGs) were manually examined and adjusted against the invertebrate genetic codes. The OGDRAW in the Geseq server (Greiner et al., 2019) was used to visualize the mitogenome arrangement. Phylogenetic analyses were conducted to determine the position of the new species in the tree of life of scallops, based on the mitogenome of the new species, as well as available mitogenomes of scallops from the order Pectinida, including Amusium pleuronectes Linnaeus, 1758 (MT419374), Argopecten irradians Lamarck, 1819 (DQ665851), Argopecten purpuratus Lamarck, 1819 (KF601246), Chlamys farreri Jones and Preston, 1904 (EU715252), Crassadoma gigantea Gray, 1825 (MH016739), Mimachlamys crassicostata Sowerby, 1842 (FJ415225), Mimachlamys sanguinea Linnaeus, 1758 (KF214684), Mimachlamys varia Linnaeus, 1758 (MZ520326), Mizuhopecten yessoensis Jay, 1857 (FJ595959), Pecten albicans Schröter, 1802 (KP900974), Pecten maximus Linnaeus, 1758 (KP900975), Placopecten magellanicus Gmelin, 1791 (DQ088274), and Spondylus virgineus Reeve, 1856 (MN019127), with Ostrea edulis Linnaeus, 1758 (NC_016180) as the outgroup. The PCGs and ribosome RNA sequences of these mitogenomes downloaded from NCBI were extracted. The analyses were conducted using PhyloSuite v1.2.2 (Zhang et al., 2020) with the help of several plug-in programs: MAFFT (Katoh and Standley, 2013) under the “auto” option was applied to align each gene fragment, with “Codon alignment mode” for PCGs and “Normal alignment mode” for rRNAs. Gblocks (Talavera and Castresana, 2007) was applied to remove ambiguously aligned fragments in batches, with missing genes or alignment gaps being filled with “-”. Then, the fragments were concatenated and ModelFinder (Kalyaanamoorthy et al., 2017) was used to select the best-fit model based on the BIC criterion. Bayesian inference (BI) and maximum-likelihood (ML) analyses were conducted using MrBayes (Ronquist et al., 2012) and IQ-TREE (Nguyen et al., 2015), under the best-fit GTR+F+I+G4 model for 10 million generations and the GTR+R4+F model for 1,000 ultrafast bootstraps, respectively (Minh et al., 2013). Since the order of the PCGs and tRNAs may contain phylogenetic signal (Shen et al., 2009), we compared the arrangement orders of the mitochondrial genes among the species of Pectinida.





Phylogenetic analyses and divergence time estimation

Since only two 18S rRNA sequences of Catillopecten were available in GenBank (https://www.ncbi.nlm.nih.gov/), we determined the sequence divergence between the new species and these two other Catillopecten sequences, as well as those of other genera of Propeamussiidae based on this gene fragment. In addition, we also obtained 28 fragments of 18S rRNA from the order Pectinida and four from Limidae (outgroup) from GenBank to determine the relationships between Catillopecten and other scallops (Table S1). Fragments with longer than 1,500 bp were kept and the longest sequence was selected when two or more sequences from the same species were available. The number of base substitutions per site among these sequences is calculated using MEGA7 (Kumar et al., 2016) under the Kimura 2-parameter model (Kimura, 1980). The rate variation among sites was modeled with a gamma distribution (shape parameter = 1), and all positions with less than 95% site coverage were eliminated. Phylogenetic analyses were similar to the phylogenetic tree construction of the mitogenome section except the BI and ML analyses were conducted under the best-fit K80+I+G model for 10 million generations and the K80+R2 model for 1,000 ultrafast bootstraps, respectively (Minh et al., 2013).

To estimate the divergence times, fossil ages were incorporated based on available data (Waller, 2006; and the Paleobiology Database, https://paleobiodb.org/). The ages of Pectinidae and Limidae were constrained approximately 251.3–247.2 MYA and 330.9–323.2 MYA, respectively (Smedley et al., 2019). BEAST v.2.6.6 (Bouckaert et al., 2019) was used to estimate the divergence times based on a concatenated dataset of mitochondrial PCGs, under the following settings: (i) HKY+G4 as the partition model; (ii) “strict clock” as the clock model with estimated clock rate; (iii) “calibrated Yule model” as the two prior and fossil calibration dates were set in the Pectinidae clade (“log normal” distribution, M parameter = 5.518, S parameter = 0.0033) and the Limidae clade (“log normal” distribution, M parameter = 5.792, S parameter = 0.0052); and (iv) running chain length as 10,000,000 MCMC generations with 1,000 sample frequencies. The default settings were adopted for other parameters. The convergence of the likelihood parameters in the log file was determined by Tracer v.1.7.2 (Rambaut et al., 2018) with the ESS over 200. The final tree file was generated using TreeAnnotator (Rambaut & Drummond, 2015) with 25% burn-in and plotted with FigTree v1.4.4 (Rambaut & Drummond, 2018).






Results




Systematics

	Order: Pectinida, Gray, 1854

	Superfamily: Pectinoidea Rafinesque, 1815

	Family: Propeamussiidae, Abbott, 1954

	Genus: Catillopecten Iredale, 1939

	Synonym: Bathypecten Schein-Fatton, 1985

	Type species: Catillopecten murrayi Smith, 1885



Diagnosis (adopted from Kamenev, 2018): Propeamussiidae with translucent shells, very thin, fragile and compressed, subequilateral to inequilateral. Valves smooth or undulated, sometimes with weak commarginal ribs and fine radial threads; left valve more convex. Auricles unequal; posterior auricles continuous or weakly separated from shell disc; anterior auricle of right valve distinct and sharply demarcated from shell disc. Internal ribs absent. Byssal notch rather deep; byssal fasciole narrow or absent.

Catillopecten margaritatus n. sp. http://zoobank.org/NomenclaturalActs/396CA196-5051-4A11-975F-D7A74C91568D





Type specimens

Holotype [TMBC (Tropical Marine Biodiversity Collections of the South China Sea), Chinese Academy of Sciences, Guangzhou, SCSMBC031006], paratypes 1–4 (TMBC, SCSMBC031007–SCSMBC031010), Haima cold seep in SCS, 16°54.04’N, 110°28.47’E, 1,433–1,441 m, organic sediment with empty shells of Archivesica marissinica Chen, Okutani, Liang & Qiu, 2018 (Figure 1), collected using the suction sampler of the ROV Pioneer, September 2022, ROV02, Dive 05.





Type locality

Haima cold seep, 1,407–1,441 m water depth, off southern Hainan Island, on the northwestern slope of the South China Sea (Figure 1).





Etymology

The species epithet “margaritatus” comes from “margarita” in Latin, which means pearl and refers to the pearlescent internal surface of the valves of this species.





Diagnosis

Catillopecten with a large shell up to 31 mm in length; internal shell silvery-white and pearlescent. Left valve surface slightly crumpled, with longitudinal radial ridges intersected with conspicuous, rounded, thin ribs. Right valve slightly convex with regular, rippled, and rounded commarginal striae alternated with distal and proximal growth lines of prisms. Auricles small and approximately equal in length. Left valve auricles approximate triangular, with intensive parallel ridges, connected with the rounded ribs of the disc. Right valve anterior auricle with rounded coarse commarginal ribs and ridges; posterior auricle with parallel, dense, indistinct striae and some distinct ridges.





Description

Shell (Figures 2, 3, Table 2) subcircular, external gray, internal silvery-white, iridescent, pearlescent, rayed, without internal ribs (Figures 2C, D). Length up to 31.0 mm, slightly longer than height (H/L = 0.90–0.93) and approximate equilateral (A/L = 0.52–0.53). Shell anterodorsal and ventral margins gracefully curved, posterodorsal margin slightly curved and nearly straight. Auricles small (AL/L = 0.31–0.34), approximately equal in length (AAL/AL = 0.50–0.53). Hinge line straight (Figures 3A, B), subterminal umbones with an angle of 115°.




Figure 2 | External and internal views of the left and right valves of Catillopecten margaritatus n. sp. specimens. (A–D) Holotype, TMBC, SCSMBC031006; (E–H) paratype 2, TMBC, SCSMBC031008; (I–L) paratype 3, TMBC, SCSMBC031009; (M–P) paratype 4, TMBC, SCSMBC031010. Scale bar: 5 mm.






Figure 3 | Morphological details of Catillopecten margaritatus n. sp. shells (holotype, TMBC, SCSMBC031006). (A–D) Left valve. (A) External view of auricles. (B) Internal view of auricles. (C) Umbo area of the left valve. (D) External surface commarginal undulations and fine radial threads. (E–H) Right valve. (E) External view of auricles. (F) Internal view of auricles. (G) Sculpture of the center. (H) Prismatic microstructure of the center. Scale bar: (A–G), 1 mm; H, 0.1 mm.




Table 2 | Shell measurements (mm) and ratios of Catillopecten margaritatus n. sp. specimens.



Left valve. Disc convex (Figure 2), surface slightly crumpled, with longitudinal radial ridges intersected with conspicuous, rounded, thin, ribs (Figures 3A, D); distinctly radial ridges and rounded ribs presented on the inner surface. Auricles approximate triangular, with compressed and slightly cambered surface; intensive parallel ridges clear, connected with the rounded ribs of the disc; anterior auricle disconnected with disc and with a shallow notch; posterior auricle continuous with shell edge (Figures 3A, B). Umbo clear, conical shape, convex, distinctively separated from shell disc (Figure 3C). Resilium distinct, teardrop-shaped and brownish black (Figure 3B).

Right valve. Disc slightly convex (Figure 2), thinner, more fragile and transparent than left valve. Regular, rippled, and rounded commarginal striae distinctly presented on the external and internal surfaces, intersected with longitudinal stripes of prisms (Figures 3E–G); prisms distinct, with alternating spherulitic and elongated layers, and clear distal and proximal growth lines, alternated with the rounded striae (Figures 3G, H). Auricles unequal; anterior auricle low-angle sector-shaped and inflated, with clear, rounded, coarse commarginal ribs and ridges, protruding with rounded anterior end, sharply demarcated from shell disc with a deep notch and gorge; posterior auricle triangular, with parallel, dense, indistinct striae and some distinct ridges, continuous connected to shell disc with slight turn (Figures 3E, F). Adductor muscle scar oval and clear (Figures 2D–L, 3F). Umbo very compressed and inconspicuous.

Anatomy (Figure 4). Mantle large, thin and transparent, with a row of long tentacles and velum at the margin. Unilaterally auriculate and large gills at anterior side, consisting of outer and inner demibranches. Rounded digested gland close to resilium, brown to dark color. Rectum extending from digested gland along the dorsal side of adductor muscle. Adductor muscle small, cylindrical, and robust. Foot small, covered by a pair of labial palps, connected to adductor muscle by foot contracted muscle. Gonad long scrotiform, surrounding adductor muscle on anterior side. Pericardium small, located between adductor muscle and gonad.




Figure 4 | Anatomy features of Catillopecten margaritatus n. sp. of the paratype 1 (TMBC, SCSMBC031007) left valve. Abbreviations: a, anus; am, adductor muscle; dg, digestive gland; f, foot; g, gonad; ig, inner gill; lp, labial palp; m, mantle; og, outer gill; p, pericardium; r, rectum; t, tentacle; v, velum. Scale bar: 1 mm.







Remarks

Catillopecten is similar to Propeamussium and other genera of Propeamussiidae in having translucent shells. However, Propeamussium can be distinguished from Catillopecten by the almost equivalve and laterally compressed shell, weak byssal notch, and distinct internal ribs (Dijkstra, 2013). Based on the shell characteristics, our glass scallop specimens, as well as those empty shells described as Propeamussium sp. by Ke et al. (2022) all belong to Catillopecten.

Within Catillopecten, shell shape, shell and auricle proportion, monocrystal aerials and sculpture on shell surface, and byssal notch shape have been used to distinguish the species. Among the described species, C. margaritatus n. sp. most closely resembles C. tasmani Dijkstra and Marshall, 2008—a species reported from Bounty Trough, southern New Zealand at depths of 1,373 to 1,676 m—in shell shape, proportions, absence of monocrystal aerials, auricle features, deep and sharp byssal notch, and the prism structure of the right valve (Dijkstra and Marshall, 2008). Nevertheless, C. margaritatus n. sp. can be easily distinguished from C. tasmani with its larger shell size (L: 22.1−31.0 mm vs. 10.5 mm), smaller auricle length (AL/L: 0.31-0.34 vs. 0.68), and the wide-angled umbones (UA: 115° vs. 90°). Catillopecten margaritatus n. sp. has relatively small auricles, which are about one-third of the total shell length, similar to those of C. vulcani (Schein-Fatton, 1985). Nevertheless, C. vulcani differs from the former with its small size and unique slim shell profile (H/L: 0.90−0.93 vs. 1.10). In addition, the shell surface of C. margaritatus n. sp. lacks monocrystal aerials, which differentiates it clearly from C. brandtae Kamenev, 2018, C. malyutinae Kamenev, 2018, C. natalyae Kamenev, 2018, and Catillopecten sp. (may be a synonym of C. malyutinae) (Wiklund et al., 2017; Kamenev, 2018; Kamenev, 2019; Checa et al., 2022). Significantly, in C. margaritatus n. sp., the presence of longitudinal radial ridges on the left valve and the alternated rounded striae and distal and proximal growth lines of prisms on the right valve, which are absent in all of its congeneric species, allow this new species to be distinguished from its congeneric species.

Although anatomical features have been used in the taxonomy of deep-sea bivalves (Xu et al., 2019), available data are too limited to judge whether they are useful for species delimitation in Catillopecten (Le Pennec et al., 2002; Beninger et al., 2003). Our comparison of the anatomical features with the drawing of Beninger et al. (2003) shows that C. vulcani has centrally located lamellar gills with a straight axis. By contrast, C. margaritatus n. sp. possesses a pair of large and unilaterally auriculate gills with a straight axis, located at the anterior side of the shell. Furthermore, the pericardium of C. margaritatus n. sp. is located between the adductor muscle and gonad, whereas the pericardium and heart of C. vulcani were speculated to be located at the dorsal side of the rectum (Beninger et al., 2003). Therefore, C. margaritatus n. sp. and C. vulcani can be distinguished by anatomical features. When anatomical data from other species become available, studies should be conducted to further examine their potential use in the taxonomy of these glass scallops.





Mitogenomic features, phylogenetic position, and divergence

Illumina sequencing generated 29.21 million paired-end reads. Our assembly produced a complete, circular mitogenome of C. margaritatus with a size of 17,979 bp, and an overall base composition of 40.24% for T, 10.01% for C, 27.78% for G, and 21.97% for A (Table S2). This is the first assembled mitogenome of the family Propeamussiidae. It contains 13 PCGs, namely, cox1–3, nad1–6, nad4l, atp6, atp8, and cytb; two rRNA genes; and 22 tRNA genes (Figure 5A, Table S3). There are three overlap regions between adjacent genes, including 1 bp between trnN and trnS1, 2 bp between nad2 and trnL, and 23 bp between rrnL and trnV. All these genes are encoded in the same strand (Figure 5A), similar to other species of Pectinidae.




Figure 5 | Mitogenome features of Catillopecten margaritatus n. sp. and its phylogenetic position. (A) Mitogenomic gene orders and relative lengths. (B) Phylogenetic tree of the order Pectinida based on 18S rRNA fragments. The topology is based on BI analysis, with Limidae as the outgroup. The accession numbers are presented in Table S1. (C) Mitogenomic phylogenetic tree based on protein coding genes and rRNAs and the mitochondrial gene arrangements of the superfamily Pectinidea species. The topology is based on BI analysis, with Ostrea edulis as the outgroup. Posterior probabilities values (>0.50) from BI analysis and bootstraps values (>50) from the ML analysis are given at the nodes.



Phylogenetic analyses based on the 18S rRNA fragment showed that the three Catillopecten sequences, including the one from C. margaritatus, formed a clade, which is sister to Parvamussium undisonum Dijkstra, 1995 (Figure 5B). Among the three Catillopecten species, C. margaritatus is more closely related to C. vulcani. Among the 1,835 bp aligned 18S rRNA fragment, C. margaritatus only showed 7 bp (0.38%) difference from C. vulcani, with a K2P pairwise distance of 0.18% between the two species (Table S4), while C. margaritatus showed only 0.59% divergence from Catillopecten sp. and 1.25% from P. undisonum in 18S rRNA, with genetic distances of 0.36% and 1.03%, respectively. Furthermore, the family Propeamussiidae appears polyphyletic, with Cyclopecten Verrill, 1897, currently accepted as a genus of Propeamussiidae, being placed in Pectinidae, consistent with previous studies (Combosch et al., 2017; Smedley et al., 2019). Phylogenetic analysis of 14 species of Pectinoidea based on mitogenomic PCGs showed that Spondylus virgineus is sister to a large clade of all other pectinoids, and within this clade, C. margaritatus is sister to a clade of all other 12 species (Figure 5C). Moreover, the C. margaritatus mitogenome differs substantially from those of Spondylidae and Pectinidae in the order of PCGs, rRNAs, and tRNAs (Figure 5C). Furthermore, even within Pectinidae, the gene order arrangements were very different among the species available for comparison.

The divergence times among Pectinoidea were estimated based on mitochondrial PCGs, using two fossil calibration points with horizontal bars representing the 95% highest posterior density (HPD) interval for each node (Figure 6). The results revealed the origin of the superfamily Pectinoidea in the Devonian (384.11–360.24 MYA, median value 371.42 MYA). Propeamussiidae is sister to Pectinidae and they diverged in the early Carboniferous (351.20–331.77 MYA, median value 341.03 MYA). Catillopecten and Parvamussium Sacco, 1897 diverged during the late Cretaceous to early Eocene (70.51–46.63 MYA, median value 57.68 MYA).




Figure 6 | Divergence time estimation analysis of Pectinoidea based on concatenated mitochondrial PCG gene sequences. Bottom axis represents millions of years and the internal nodes calibrated by fossil records are represented by red asterisks. The 95% highest posterior density (HPD) is indicated as node blue bars and the Bayesian posterior probabilities of all nodes are 1.00.








Discussion

Since most of the Catillopecten species lack gene sequences, and the only gene sequence available in two Catillopecten species was the 18S rRNA, a conserved gene marker that is more appropriate for deep phylogenetic study than species delimitation (Zhan et al., 2019), it was not surprising that we only found 0.38%−0.59% divergences in 18S rRNA among the three species of Catillopecten in this study. Nevertheless, the result of C. margaritatus and the other two species of Catillopecten forming a clade that is sister to P. undisonum supports that the new species belongs to Catillopecten. When sequences of more sensitive genetic markers, such as the mitochondrial cytochrome subunit I (COI) or 16S ribosomal RNA sequences, from other Catillopecten species become available in the future, molecular delimitation should be conducted in future studies to determine the genetic distances between C. margaritatus and its congeneric species.

In this study, we presented the first mitogenome of Propeamussidae. Its length (17,979 bp) is similar to that of Crassadoma gigantea (18,495 bp), Mimachlamys sanguinea (17,383 bp), and Pecten maximus (17,252 bp), but much smaller than that of Placopecten magellanicus (32,115 bp) in Pectinidae and Spondylus virgineus (30,160 bp) in Spondylidae. Among the sequenced mitogenomes of the three families of Pectinoidea, C. margaritatus presents the highest A+T bias with a proportion of 62.21%, while that of the others is from 55.39% to 58.77% (Table S2). Arrangements of PCGs may imply common ancestry (Shen et al., 2009), and such information may be useful to understand the transition from shallow-water to deep-sea habitats (Zhang et al., 2018). However, the substantially different orders of PCGs between the deep-sea C. margaritatus and other pectinoids and the bias in sequencing efforts (i.e., only one mitogenome each in Spondylidae and Propeamussiidae) make it difficult to associate these changes with the invasion from shallow water to the deep sea.

Catillopecten margaritatus is the first reported extant seep-dwelling species of this genus. These scallops usually stay on the empty shells of the vesicomyid clam Archivesica marissinica (Figures 1B, C), one of the dominant species in the Haima cold seep (Chen et al., 2018). In this seep area, bathymodioline mussel Gigantidas haimaensis Xu et al., 2019, and siboglinid tubeworms Paraescarpia echinospica Southward et al., 2002 (Sun et al., 2021) and Sclerolinum annulatum Xu et al., 2022 form huge colonies on the sea bed. Other low-density populations of bivalves were also reported in this area, including Gigantidas platifrons Hashimoto & Okutani, 1994, “Bathymodiolus” aduloides Hashimoto and Okutani, 1994, Nypamodiolus samadiae Lin et al., 2022, and other undetermined species of Malletia and Acharax (Xu et al., 2019; Guan et al., 2022; Ke et al., 2022). These siboglinid and bivalve species are endosymbiotic with chemosynthetic bacteria in their trophosome and gill epithelial cells, respectively, to provide energy and materials for the holobiont (Ip et al., 2021; Sun et al., 2021; Lin et al., 2023). These chemosymbioses allow vent and seep annelids and bivalves to flourish in the deep sea (Sen et al., 2018; Osman and Weinnig, 2021). Nevertheless, no deep-sea scallops have been reported to be symbiotic with chemosynthetic bacteria, including C. vulcani, which inhabits hydrothermal vent sites in the eastern Pacific Ocean (Schein-Fatton, 1985). This is reflected in the lack of morphological specialization of the flat and homorhabdic gill of C. vulcani, as well as the abundant particles on the gill indicating its suspension feeding trophic pattern (Beninger et al., 2003), although Le Pennec et al. (1988) observed a few bacteria in the gill filaments of this species. The gill of C. margaritatus is similar to that of C. vulcani, and therefore, we speculate that C. margaritatus also relies on filter-feeding for nutrition.

Key to species of Catillopecten Iredale, 1939:

	1a. External shell surface with monocrystal aerials……2

	1b. External shell surface without monocrystal aerials……4

	2a. Shell rounded-triangular ……C. malyutinae Kamenev, 2018

	2b. Shell D-shaped……3

	3a. Shell with fine and closely located commarginal riblets……C. natalyae Kamenev, 2018

	3b. Shell with irregular commarginal and radial undulations……C. brandtae Kamenev, 2018

	4a. Shell height larger than length……C. vulcani Schein-Fatton, 1985

	4b. Shell height slightly smaller than length……5

	5a. Byssal notch shallow and rounded ……C. knudseni Bernard, 1978

	5b. Byssal notch moderately deep or deep ……6

	6a. Byssal notch sharp……7

	6b. Byssal notch rounded……9

	7a. Small auricles, length about one-third of shell length……C. margaritatus

	7b. Large auricles, length more than half of shell length……8

	8a. Right valve with obscure radial lines……C. tasmani Dijkstra and Marshall, 2008

	8b. Right valve with sharp ribs and fine radial lines……C. graui Knudsen, 1970

	9a. Auricles subequal in length……10

	9b. Auricles unequal in length……11

	10a. Dorsal shell margin straight……C. squamiformis Bernard, 1978

	10b. Dorsal shell margin round……C. eucymatus Dall, 1898

	11a. Anterior auricles longer than posterior auricles……C. murrayi Smith, 1885

	11b. Posterior auricles slightly longer than anterior auricles……C. translucens Dautzenberg and Bavay, 1912







Conclusions and perspectives

We reported Catillopecten margaritatus as the first species of seep-inhabiting Catillopecten and described its morphological features of both shell and anatomy, mitogenome, and phylogenetic position. Morphologically, C. margaritatus can be easily distinguished from congeneric species with its largest shell size, smaller auricle length, and wide-angled umbones. Our anatomic description of the new species provides useful characteristics for the further taxonomic study of the genus Catillopecten. Our phylogenetic analyses confirm the placement of this new species in Catillopecten. As the only species of Catillopecten distributed within 10°N and 30°N in the western Pacific Ocean, our discovery of C. margaritatus enhances our understanding of seep fauna and fills a gap in the geographic distribution of Catillopecten in this region.
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