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The family Cocculinidae (Gastropoda: Cocculinida) consists of small, usually colorless benthic limpets living primarily at depth below 100 m and on decaying plant or animal remains. These habitats are difficult to sample and the knowledge about their species diversity, biogeography, ecology, and evolution is poor. To explore the species diversity of the Cocculinidae we examined 499 specimens collected from 196 sites, mainly explored during expeditions of the Tropical Deep-Sea Benthos program in the Indo-West Pacific (IWP). To propose species-hypotheses, we used an integrated approach to taxonomy in which we combined DNA-based methods , with morphological, geographical, and ecological considerations. To classify the species-hypotheses into genera, we used a combination of one mitochondrial and two nuclear genes fragments to reconstruct a phylogenetic tree. We then used six morphological characters to diagnose the identified genera. Our results revealed an exceptionally high diversity of the IWP Cocculinidae, with 51 specieshypotheses that were mostly not assigned to available species names. We also discovered a previously unknown type of copulatory structure in the group. At higher taxonomic level, we identified ten main clades within the family. While six of them match to existing genera, four others should be regarded as new genera awaiting formal

363

Protoconch. A reticulate sculpture is dominant in the protoconchs of the Cocculinidae 364 (Fig. 5A). However, in some cocculinids the protoconch shows concentric lines in the first 365 half and smooth in the last half (Fig. 5B).

366

Radula. The rachidian tooth of the cocculinoid radula is characterized by overhanging 367 cusps, which may be present or obsolete [START_REF] Strong | Phylogeny of the Cocculinoidea 1006 (Mollusca, Gastropoda)[END_REF]. Then, we distinguished the 368 radula based on two features, the shape of the rachidian and the number of cusps on the 369 rachidian. We defined six distinct types of the cocculinid rachidian tooth: (a) "obsolete", no 370 rachidian observed (Fig. 5C); (b) "acuspate-flat", tip flat without a cusp (Fig. 5D); (c)

371 "unicuspidid narrow", tip narrow with a pointed cusp (Fig. 5E; (d) "unicuspid broad", tip 372 broad and pointed (Fig. 5F); (e) "multicuspidid narrow", tip narrow with more than one cusp 373 (Fig. 5G); and (f) "multicuspid broad", tip broad with more than one cusp (Fig. 5H). 382 letters, corresponding to eight morphogroups as defined with the four primary morphological 383 characters (shell shape, teleoconch sculpture, conditions of copulatory and epipodial tentacles;

384 Tables 1,S3), followed by a number, corresponding to PSHs (see below), namely MA1-385 MA12, MB1-MB10, MC1-MC19, MD1-MD8, ME1-ME3, MF1-MF9, MG1-MG18 and 386 MH1-MH2.

387

We aligned 415 bp of the sequences from the 147 samples successfully sequenced 388 (including one outgroup) in the 28S "master" dataset. The inferred ML tree allowed us to 389 reveal seven genetically distinct clades or groups (Fig. S2). 396 Finally, the inferred tree shows eight groups (Fig. S2). (Marshall, 642 [1985(Marshall, 642 [ ] 1986;;Haszprunar, 1987). All specimens attributed to MG, corresponding to nine 643 distinct species (Fig. 6A), displayed both conditions and were thus considered as the members 644 of Coccopigya (Tables 1,2).

645

Specimens of MG2-MG4 and MG15 were identified respectively as Coccopigya 646 punctoradiata (Kuroda & Habe, 1949) and Coccopigya okutanii Hasegawa, 1997 based on 647 their morphology and collection sites (Japan). The specimens of MG11-MG13, gathered into 648 a single SSH, were attributed to Coccopigya hispida based on a published cox1 sequence from 649 a paratype of the species (AY296823, voucher NMNZ M075188) (Fig. 6A).

651 Coccocrater

652

The use of the right cephalic tentacle as a copulatory organ is considered plesiomorphic 653 within the Cocculinoidea and shared by the species of Coccocrater, Coccopigya, Fedikovella, 654 Macleaniella and Teuthirostria (Table 2; [START_REF] Strong | Phylogeny of the Cocculinoidea 1006 (Mollusca, Gastropoda)[END_REF]. This condition was observed in 655 morphogroups MA, MD, MG and MH ( (Moskalev, 1976;[START_REF] Marshall | Recent and Tertiary cocculinidae and pseudococculinidae (Mollusca: 915 Gastropoda) from New Zealand and New South Wales[END_REF]Marshall, [ ] 1986;;McLean & Harasewych, 1995;Leal & Harasewych, 676 1999). The right cephalic tentacle of F. caymanensis is supposedly used as a copulatory organ 677 but not hypertrophied or modified [START_REF] Leal | Macleaniella moskalevi is the monotypic 730 species of the genus, known exclusively from the lower abyssal and hadal zones of the Puerto 731 Rico Trench (5179-8595 m). It is easily recognized by its large internal septum of the shell as 732 a unique character within Cocculinidae[END_REF]. The rachidian, first and 678 second lateral teeth are all multicuspidid [START_REF] Leal | Macleaniella moskalevi is the monotypic 730 species of the genus, known exclusively from the lower abyssal and hadal zones of the Puerto 731 Rico Trench (5179-8595 m). It is easily recognized by its large internal septum of the shell as 732 a unique character within Cocculinidae[END_REF]. These conditions were 679 found in our specimens of the clade MD (Tables 1,2; Figs 10A-D, 11M, N).

680

An additional MD specimen from the Lesser Antilles at 500-550 m deep (MNHN-IM-681 2013-60187; Table S1) was grouped with the IWP specimens in the 28S analysis (Fig. S2),

682 supporting the identity of this clade as Fedikovella from a geographic perspective. This clade 683 also included species from off Faro, Portugal (M-unknown1, AORI_YK1662) and from off 684 Costa Rica, east Pacific (M-unknown2, SMNH-108733) (Fig. 8). "Cocculina" pacifica 685 described from off Japan should likewise be attributed to Fedikovella based on its shell, 686 radula and copulatory organ (Kuroda & Habe, 1949: pl. 3, fig. 5;Hasegawa, 1997: fig. 5).

687 Fedikovella thus occupies a wide range, both geographically (worldwide) and bathymetrically 688 (bathyal to hadal zones). We should stress that [START_REF] Strong | Phylogeny of the Cocculinoidea 1006 (Mollusca, Gastropoda)[END_REF] [START_REF] Watson | Report on the Scaphopoda and Gastropoda collected by H.M.S. 1035 Challenger during the years 1873-1876[END_REF]Schepman, 1908;Thiele, 1925;[START_REF] Marshall | Recent and Tertiary cocculinidae and pseudococculinidae (Mollusca: 915 Gastropoda) from New Zealand and New South Wales[END_REF]Hasegawa, 1997;[START_REF] Lesicki | Checklist of gastropod species referred to the order Cocculiniformia 903 Haszprunar, 1987 (Gastropoda: Cocculinoidea et Lepetelloidea) with some remarks on 904 their food preferences[END_REF]Zhang & Zhang, 2018) 

  ), the University of Tokyo.

379

  The final alignment of the cox1 dataset contained 657-bp long sequences from 498 sampled 380 cocculinids and 19 GenBank entries, plus two bathysciadiids for rooting. The inferred 381 phylogenetic tree is presented in Figure S1. The terminal taxon labels are composed of two

Figure 2 .

 2 Figure 1. Localities of cocculinid specimens collected during our expeditions (red) and those in literature records (yellow;[START_REF] Watson | Report on the Scaphopoda and Gastropoda collected by H.M.S. 1035 Challenger during the years 1873-1876[END_REF] Schepman, 1908; Thiele, 1925;[START_REF] Marshall | Recent and Tertiary cocculinidae and pseudococculinidae (Mollusca: 915 Gastropoda) from New Zealand and New South Wales[END_REF] Hasegawa, 1997;[START_REF] Lesicki | Checklist of gastropod species referred to the order Cocculiniformia 903 Haszprunar, 1987 (Gastropoda: Cocculinoidea et Lepetelloidea) with some remarks on 904 their food preferences[END_REF] Zhang & Zhang, 2018) in Indo-West Pacific. The square indicates the 11 regions identified. AFR: Mozambique Channel; MAD: Madagascar; TW: Taiwan plus South China Sea; ECS: East China Sea; PHI: seas surrounding the Philippines; JP: seas surrounding Japan; BIS: Bismarck Sea; SOL: Solomon Sea; COR: Coral Sea; Van: seas surrounding Vanuatu; NC: seas surrounding New Caledonia. 254x190mm (300 x 300 DPI)

Figure 3 .

 3 Figure 3. Character used in morphological examination. Teleoconch structure: (A) radially ribbed (MNHN-IM-2013-42733, MC10), (B) radially ribbed with pits and hairs (MNHN-IM-2013-42896, MG5), (C) plainly raised radially ribbed (MNHN-IM-2013-62346), (D) clathrate (MNHN-IM-2013-62341, MD5), (E) concentric (MNHN-IM-2009-11985, MH1), or (F) smooth (MNHN-IM-2013-42654, ME1).

Figure 4 .

 4 Figure 4. Character used in morphological examination. Copulatory organ: (A) associated with or branched from right cephalic tentacle, (B) originated from foot, (C) originated from oral lappet, or (D) originated from mantle margin. c.o.: copulatory organ, r.c.t.: right cephalic tentacle, o. l.: oral lappet.

Figure 5 .

 5 Figure 5. Characters used in morphological examination. Protoconch: (A) reticulate (MNHN-IM-2013-42752, MC2) or (B) concentric (MNHN-IM-2013-62343, MD8). Radula: (C) "obsolete," (C. japonica) (D) "acuspateflat," (MNHN-IM-2013-42608, MC9) (E) "unicuspid narrow," (MNHN-IM-2013-42715, MB1) (F) "unicuspid broad," (MNHN-IM-2013-42803, MC14) (G) "multicuspid narrow," (MNHN-IM-2013-42570, MD3) or (H) "multicuspid broad" (MNHN-IM-2013-62344, MA5).

Figure 6 .Figure 6 .Figure 6 .

 666 Figure 6. Maximum-likelihood tree based on cox1 dataset of cocculinids with results of species delimitation analyses. Numbers at tree nodes represent bootstrap values in percentage (values < 70% not shown). Names of primary species hypotheses (PSHs) are followed by number of sequences determined (cox1 and 28S). Boxes for PSHs are highlighted in gray when differently delimited in ABGD and PTP analyses (numerals in boxes represent numbers of cox1 sequences; asterisk and plus for MA9-MA12 denote same PSH detected by ABGD and PTP, respectively). 28S sequence monophyly and identity are also shown as empty boxes (NA: no data); cross marks (X) indicate non-monophyly or genotype shared with other PSHs. The "shell morph." denotes distinguishable forms of the shell with different numerals in each morphogroup (MA-MH); shell morph. C1 for MC1-MC3, for example, means that the three PSHs are identical in conchological characteristics. Known bathymetric and geographic distributions and habitat are also provided for each PSH (bathymetric distribution -sampled depth range shown in lines, dotted lines represent the estimated distributed range; geographic distribution -AFR: Mozambique channel, MAD: north Madagascar, TW: Taiwan and South China Sea, ECS: East China Sea, PHI: Philippines, JP: Japan, BIS: Bismarck Sea, SOL: Solomon Sea, COR: Coral Sea, VAN: Vanuatu, NC: New Caledonia, OTH: others, ME: Mediterranean, NZ: New Zealand, RS: Red Sea, AT: Atlantic, EP: East Pacific, WS: Weddell Sea; habitat -w: wood, l: leaf, b: bone, c: coral, e: egg case, vent*: hydrothermal vent area). Final, secondary species hypotheses (SSHs) are shown with generic and species names if available; those found from more than one area (northwestern Pacific, southwestern Pacific, and Indian Ocean) are highlighted in gray. 285x199mm (300 x 300 DPI)
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 78910 Figure 7. Nonmetric multidimensional scaling (NMDS) plot based on Jaccard index for cocculinid species composition among 157 stations in Indo-West Pacific. 254x190mm (300 x 300 DPI)

  

  

  

  

  

  

  

  Phylogenetic trees inferred from the 397 28S subdatasets are shown in Figure S3A-H. The ABGD and bPTP analyses delimited 89 and 92 PSHs, respectively, 78 of which were 402 recovered in both analyses. Figure 6 summarizes results from ABGD, bPTP and other criteria 403 used for species delimitation. Also shown in this figure are the numbers of shell morphotypes, 404 which were classified on the basis of global shell morphology, within each morphogroup Five more species have been described from the IWP under the genus Cocculina: C.628 pacificaKuroda & Habe, 1949, C. tosaensis Kuroda & Habe, 1949, C. surugaensis 629 Hasegawa, 1997 and C. tenuitesta Hasegawa, 1997, all on sunken wood off Japanese coasts, 630 and C. delphinicula Zhang & Zhang, 2018 from a dolphin skull at a depth of 300-400 m in 631 the East China Sea(Zhang & Zhang, 2018). Although none of them were found in our 632 material, we believe that the first species should be moved from the genus to either

	494 study are new to science as discussed below. 625 might have resulted from worn teeth or different angles in SEM shots and examination of
	626 more radulae is needed to confirm our species identification.
	627	
	398	
	399	SPECIES DELIMITATION ANALYSES
	400	
	F o r R F o r R F o r R F o r R F o r R F o r R F o r R 401 410 geographic populations of single species (i.e. MG2-MG4; MG6-MG10; MD4 and MD5; 411 MB9 and MB10; Fig. 6A, B). Figure 6 further illustrates how we integrated the different lines 412 of evidence to make our decisions. Note that in all cases, our final decision was conservative, 413 i.e. if there was no clear evidence to choose between one single species or two different e v i e w e v i e w e v i e w e v i e w e v i e w e v i e w e v i e w
	414 species, we decided to choose the single species option. Examples include MC13, MC14 and O O O O O O O 415 MC15 that lacked 28S data (Fig. 6C). By taking all lines of evidence into account, we inferred 416 60 SSHs (including one without cox1 data but with 28S, morphological and geographic data). n l n l n l n l n l n l n l
	417 Of these, we recorded 51 from the 187 stations sampled in the IWP. Morphological characters y y y y y y y
	418 of each SSH are shown in Table S2.
	419	
	420	REGIONAL SPECIES DIVERSITY
	421	
	422 We included the 187 IWP stations in our NMDS analysis. The stress value reached close to 0
	423 (around 0.0007) after 200 NMDS runs, suggesting the presence of outlier stations. This result
	424 was not surprising since some stations contained a single, unique species. For a better
	425 recognition of underlying patterns, we removed 25 dissimilar stations that showed
	426 NMDS1/NMDS2 over 20 or below -20. The re-analysis with 162 stations resulted in the final
	427 stress value of 0.022. NMDS plots showed two main groups. One contained most stations in

405 (MA-MH). We considered PSHs as separate species when they were reciprocally 406 monophyletic in a 28S subtree. Some pairs or triplets of

 MD2 and 407 MD3; MA6 and MA7; MA11 and MA12; MC16 and MC17; MF3 and MF4; Fig. 6) 

shared 408 the same 28S sequence, and we conservatively considered such PSHs as a single species. 409 Similarly, if two allopatric PSHs were gathered in a same 28S clade we considered them as 633 Fedikovella ("C." pacifica; see below) or Lepetellidae ("C." tosaensis; see Hasegawa, 1997: 634 65). The sequences we gathered from GenBank similarly illustrated the difficulty of the 635 morphological identification at both genus and species levels. Examples include published 636 sequences attributed to Coccopigya punctoradiata (Table S1) that were clustered with an 637 entirely different species (MC5) in a potential new genus (nGen1). 638 639 Coccopigya 640 Coccopigya is the most easily recognized genus in Cocculinidae. It is distinguished from 641 other cocculinids by having periostracal spines and by lacking epipodial tentacles

Table 1 ;

 1 Macleaniella and Teuthirostria do not match any of our specimens (see section Macleaniella 659 and Teuthirostria). We thus consider morphogroup MA as Coccocrater.660The occurrence of Coccocrater in the IWP region, including the type species C. radiatus 661 (with a type locality off western Sumatra), suggests a generic identity for one or both of the 662 two MA lineages. As we cannot exclude that MA is monophyletic (see above) and the 663 original description of C. radiatus by[START_REF] Thiele | Die beschalten Gastropoden der deutschen Tiefsee-Expedition[END_REF] was too simple to be linked to any of our 664 SSHs, both lineages are assigned here to Coccocrater with a possibility of establishing a new 665 genus in future pending more data on their relationships and the type specimen of C. radiatus.
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Fig. 6). Of these, MD and MG were 656 attributed to Fedikovella and Coccopigya, respectively, and MH to an undescribed genus with 657 ecological uniqueness (see below). The morphological and ecological features of 668 The genus Fedikovella contains two described species. The type species Fedikovella 669 caymanensis Moskalev, 1976 was described from a hadal depth (6800 m) in the Cayman 670 Trough. Fedikovella beanii (Dall, 1882) was described from the north-western part of the 671 Atlantic (lectotype USNM 333751 from 613 m deep, off Martha's Vineyard Island, 672 Massachusetts) and has been collected from the Lesser Antilles and Martinique at around 400 673 m to 1000 m deep (McLean & Harasewych, 1995). The concentric sculpture of the 674 protoconch and reticulate ribs of the teleoconch are diagnostic characters of the genus 675

, Copley JT, Dahlgren TG, Horton T, Kemp KM, Rogers AD, Glover AG.

  The data underlying this article are available in the article and its online supplementary 762 material, and in the GenBank Nucleotide Database at https://www.ncbi.nlm.nih.gov/genbank/ 763 and can be accessed with the GenBank accession numbers OL800712-OL801212 and
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found Fedikovella + 689 Teuthirostria as sister to the rest of the cocculinids, but this sister group relationship

Table 1 .

 1 Eight morphogroups of Cocculinidae and their habitats.

	1086

Table 2 .

 2 Diagnoses of cocculinid genera (with unique conditions shown in bold).

	Genus	Protoconch	Teleoconch	Copulatory organ	Epipodial	Shell shape	Habitat	References
		sculpture	sculpture		tentacles			
	Cocculina	reticulate	radial, smooth	on oral lappet or foot	present	round	wood, dolphin skull	Haszprunar, 1987;
			or concentric					McLean & Harasewych, 1995;
								Zhang & Zhang, 2018
	Coccopigya	reticulate	spinose	modified right cephalic	absent	round	wood, leaf, bone	Marshall, [1985] 1986;
				tentacle				McLean & Harasewych, 1995;
								see main text for habitat
	Coccocrater	reticulate	radial or plainly	modified right cephalic	present	round	wood	Haszprunar, 1987;
			raised radial	tentacle				McLean & Harasewych, 1995
								Strong et al., 2003
	Paracocculina reticulate	radial	on foot or oral lappet	present	round	wood	Haszprunar, 1987;
								Strong et al., 2003
	Fedikovella	concentric	reticulate	right cephalic tentacle;	present	round	wood	Moskalev, 1976;
				unmodified				McLean & Harasewych, 1995;
								Leal & Harasewych, 1999
	Teuthirostria	smooth	reticulate	modified right cephalic	present	round	cephalopod beak	Moskalev, 1976;
				tentacle				Leal & Harasewych, 1999;
								Strong et al., 2003
	Macleaniella	smooth	radial (with an	modified right cephalic	present	round	wood	Leal & Harasewych, 1999
			inner septum)	tentacle				
	nGen1	reticulate	radial, smooth	on oral lappet	present	round	wood	This study
			or concentric					
	nGen2	reticulate	smooth	on mantle margin	present	round	wood	This study
	nGen3	reticulate	plainly raised	on oral lappet	present	spindle or	wood	This study
			radial			narrow round		
	nGen4	reticulate	concentric or	modified right cephalic	present	round	chondrichthyan egg	This study
			smooth	tentacle			case, deep-sea coral	

Figure 1. Localities of cocculinid specimens collected during our expeditions (red) and those in literature records (yellow;

geographic regions defined above, we used non-metric multidimensional scaling (NMDS)
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