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Abstract 17 
While knowledge of early ontogeny in abyssal animals is highly limited in general, it was completely 18 
lacking for abyssal, free-living platyhelminths. We discovered flatworm egg-capsules (or "cocoons") on 19 
rocks collected at depths of 6176–6200 m on the abyssal slope of the Kuril-Kamchatka Trench, 20 
northwestern Pacific. The egg capsules were black and spherical, around 3 mm in diameter, and contained 21 
three to seven individuals (n = 4) at the same developmental stage, either the spherical (putative early 22 
embryo) or vermiform (putative late embryo) stages. A molecular phylogenetic analysis based on 18S and 23 
28S rRNA sequences revealed that the flatworms belong in suborder Maricola in Tricladida and suggested 24 
that they may have colonized from shallow to deep waters. This study provides the deepest record for free-25 
living flatworms and the first information on their early life stages in the abyssal zone, which were very 26 
similar to those in shallow-water forms. This similarity in development between the relatively benign 27 
shallow-water and the extreme abyssal environments suggests that triclads adapting to the latter faced 28 
primarily physiological and/or ecological adaptive challenges rather than developmental ones. 29 
 30 
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 32 
Introduction 33 
The life cycles of most abyssal animals are largely unknown, despite their importance in understanding 34 
how animals have successfully colonized and adapted to the extreme conditions of the abyssal zone (3500–35 
6500 m depth; [1]). This is especially true of early ontogeny, including embryonic and larval development. 36 
Only a few fragmentary studies have described the early life history of representatives of several animal 37 
groups at abyssal depths, including barnacles (e.g., [2]), molluscans (e.g., [3]), fishes (e.g., [4]), sponges 38 



(e.g., [5]), hydrozoans (e.g., [6]), and digeneans (e.g., [7]). 39 
 Almost nothing is known about abyssal free-living platyhelminths, for which a “potential 40 
platyhelminth” found on sunken wood at depths of 5257–5236 m [8] may be the sole currently available 41 
information; to date, the deepest certain record is the polyclad Oligocladus voightae from 3232 m [9]. Due 42 
to their fragility, platyhelminths are unlikely to be collected with coarse sampling gear such as dredges and 43 
trawls [9], and information on their development at depths is lacking. Free-living flatworms can vary 44 
markedly in ontogeny [10]. In sexual reproduction, they generally produce single or multiple embryos 45 
(along with extra-embryonic yolk cells in neoophorans) enclosed in an egg capsule (or "cocoon") attached 46 
to a substrate by a secretion from the uterine glands. Embryonic development differs among groups; while 47 
polyclads undergo spiral cleavage, triclads and other neoophorans undergo irregular, dispersed cleavage 48 
[10]. Most free-living flatworms show direct development, except for several specific groups in Catenulida 49 
and Polycladida, and little is known of the later stages of development. 50 
 During a deep-sea faunal survey by R/V Hakuho-maru (Japan Agency for Marine-Earth Science 51 
and Technology; JAMSTEC) along the Kuril-Kamchatka and Japan Trenches, northwestern Pacific, we 52 
found many black spherical bodies on rock fragments. Most of these bodies were torn and empty, but 53 
several intact ones contained flatworms, indicating they were the egg capsules of abyssal flatworms. In this 54 
study, we identified the flatworms to the limit of currently available data using a molecular phylogenetic 55 
approach based on partial sequences for the 18S rRNA (18S), 28S rRNA (28S), and cytochrome c oxidase 56 
subunit I (COI) genes. Here we present these results and briefly discuss insights into their early ontogeny. 57 
 58 
Materials and methods 59 
Egg capsules attached to two rock fragments were collected with a beam trawl on 21 September 2023 60 
during cruise KH-23-5 of R/V Hakuho-maru, at depths of 6176–6200 m at Station C5 (41°28.411′ N 61 
146°06.803′ E to 41°28.519′ N 146°07.632′ E). Four intact egg capsules were detached from the rocks, and 62 
their contents were extracted by pipet, forceps, and a needle. The flatworms thus obtained were fixed in 63 
70% ethanol, 99% ethanol, or Bouin’s fluid; some of them were photographed before fixation. The 64 
material studied was deposited in the Invertebrate Collection of the Hokkaido University Museum 65 
(ICHUM), Sapporo under catalog numbers ICHUM8616 and ICHUM8617. 66 
 One specimen (ICHUM8616) fixed in 70% ethanol was dehydrated in an ethanol series, cleared in 67 
xylene, embedded in paraffin, and serially sectioned sagittally at 7 µm. Sections were mounted on five 68 
glass slides, stained with hematoxylin and eosin (HE), and sealed in Entellan New (Merck, Germany) 69 
under coverslips. The serial sections were photographed under an Olympus BX51 compound microscope. 70 
 DNA was extracted from the whole body of two flatworms, one spherical and one vermiform (for 71 
details, see Results and Discussion) by using a NucleoSpin Tissue XS Kit (Macherey–Nagel, Germany). 72 
For the COI gene, newly designed primers COI_MarF (CAAATTGGACATCCTGARGTTTATA) and 73 
COI_MarR (AATTAATAACGRCGAGGCAT) were used for PCR amplification and cycle sequencing. For 74 
the 18S gene, primers SR1 and SR12 [11] were used for amplification, and primers SR3, 18S-b3F, 18S-75 
b4F, 18S-b4R, 18S-b5F, 18S-b6F, 18S-a6R, and 18S-b8F [11–15] for cycle sequencing. For the 28S gene, 76 



primers 28S_1F and 28S_6R [16] were used for amplification, and primers 300F, 300R, 900F, 28S_Rd4.2b 77 
[17, 18] and 28S_b5F (TATCCGGTAAAGCGAATGATTAGA, newly designed in this study) for cycle 78 
sequencing. PCR amplification conditions for COI with TaKaRa Ex Taq DNA polymerase (TaKaRa Bio, 79 
Japan) were 94 °C for 1 min; 35 cycles of 98 °C for 10 s, 42 °C for 30 s, and 72 °C for 50 s; and 72 °C for 80 
2 min. Conditions for 18S and 28S with KOD FX Neo (Toyobo, Japan) were 94 °C for 2 min; 45 cycles of 81 
98 °C for 10 s, 65 °C (18S) or 60 °C (28S) for 30 s, and 68 °C for 1 min; and 68 °C for 2 min. All 82 
nucleotide sequences were determined with a BigDye Terminator Kit ver. 3.1 and a 3730 DNA Analyzer 83 
(Life Technologies, USA). Fragments were concatenated by using MEGA7 [19]. The sequences we 84 
determined were deposited in the International Nucleotide Sequence Database (INSD) through the DNA 85 
Data Bank of Japan (DDBJ). 86 
 The results of a BLAST search [20] for our 18S sequence indicated that the flatworm belongs in 87 
Tricladida, and so a concatenated 18S+28S dataset that included both sequences for two of our flatworm 88 
specimens, 35 triclad species, and seven outgroup taxa (electronic supplementary material, table S1) was 89 
analyzed by maximum likelihood (ML) to infer the position of the abyssal flatworm within Tricladida. The 90 
18S and 28S data were aligned independently by using the “Q-INS-i” strategy [21] in MAFFT ver. 7 [22] 91 
(electronic supplementary material, files S1, S2) and then trimmed with MEGA7 to match the shortest 92 
length for each gene. Alignment-ambiguous sites were removed with Gblocks ver. 0.91b [23] in 93 
NGPhylogeny.fr [24] under the “relaxed” parameters described in [25]. The dataset contained 1458 aligned 94 
positions for 18S, 982 for 28S, and 2440 in total (electronic supplementary material, file S3). Methods for 95 
selecting the optimal substitution model (GTR+F+R4 for 18S; GTR+F+R5 for 28S), the ML analysis, and 96 
drawing the tree were as described by [26]. 97 
 98 
Results and Discussion 99 
One of the two rock fragments with attached black, spherical egg capsules is shown in figure 1a. Most egg 100 
capsules had been torn; among four intact egg capsules we observed, one (diameter 3.1 mm; figure 1b) 101 
contained three spherical-stage individuals (figure 1c), which may have been early embryos. The other 102 
three (one shown in figure 1d, e; two measured 3.3 mm in diameter, while the third was not measured) 103 
contained seven, four, and three vermiform-stage individuals (figure 1f). Serial sections of a vermiform 104 
individual (figure 1g) showed a posteriorly directed tubular pharynx, a mouth opening near the distal end 105 
of the pharynx, and a yolk-filled gut diverticulum, indicating vermiform individuals were late embryos. 106 
When we opened the egg capsules, a milky liquid (particulate emulsion?) that might have been yolk was 107 
observed along with the flatworms. 108 
 The 18S (1760 bp; LC783379 and LC783380) and 28S (1629 bp; LC783381 and LC783382) 109 
sequences we obtained were respectively identical between two individuals (one spherical, one 110 
vermiform). In the 18S+28S ML tree (figure 2), our flatworm lies in Maricola, a small triclad group 111 
containing about 80 described species [27]. Although exact depth information was unavailable for most of 112 
the representative maricolan individuals for which sequences were obtained from databases, all except our 113 
species in the Maricola clade are freshwater, brackish, or shallow-water taxa, suggesting that a habitat 114 



expansion from coastal regions to the abyssal zone may have occurred in the clade. 115 
 The two COI (581 bp, encoding 193 amino acids; LC783383 and LC783384) sequences differed 116 
by two nucleotide substitutions, corresponding to intraspecific variation (cf. [28]). This indicates that (1) 117 
the spherical and vermiform individuals represent different developmental stages of a single species, and 118 
(2) the aggregations of egg capsules on a single rock fragment were laid by at least two adults. In addition, 119 
the fact that some egg capsules contained early embryos and others contained late embryos suggests that 120 
the egg capsules were laid over a period of time. Video footage recorded during trawling at the sampling 121 
site showed a muddy bottom overlain with a lot of rocks and gravel (Takuya Yahagi, The University of 122 
Tokyo, personal communication on 18 October 2023), with the hard substrates probably providing a 123 
favorable spawning site for the abyssal flatworms. 124 
 The egg capsules and early development of maricolans have not been well investigated [29]. Two 125 
types of egg capsules are known in the group: a spherical type attaching directly to a substrate (e.g., 126 
Procerodes littoralis; [30]) and an ellipsoid type attaching to a substrate by a stalk (e.g., Ectoplana undata 127 
and Bdelloura candida; [31, 32]). While the egg capsules we observed were of the former type, they were 128 
also relatively large, as spherical egg capsules are generally 0.7–1.7 mm in diameter [33]. The number of 129 
worms per egg capsule was within the previously reported range, from one to nine [29, 33]. The spherical 130 
early embryos and vermiform late embryos we observed in the egg capsules showed no obvious 131 
differences from the early developmental stages known in other triclads. 132 
 This study represents the deepest known record of free-living platyhelminths and the first report of 133 
early developmental stages in an abyssal free-living flatworm, which, superficially at least, are 134 
indistinguishable those in shallow-water forms. It indicates that, in both cases, the shell of the egg capsule 135 
tears open during hatching (cf. figure 1d), and adult-like juveniles emerge to begin a benthic mode of life. 136 
This similarity of early ontogeny between the relatively benign shallow-water and the extreme abyssal 137 
environments suggests that in adapting to the latter, flatworms faced primarily physiological and/or 138 
ecological challenges rather than developmental ones.  139 
 140 
Ethics. This work did not require ethical approval from a human subject or animal welfare committee. 141 
 142 
Data accessibility. The specimens studied were deposited in the ICHUM and nucleotide sequences in the 143 
INSD. Information related to the phylogenetic analysis is provided in the electronic supplementary 144 
material [XX]. 145 
 146 
Declaration of AI use. We have not used AI-assisted technologies in creating this article. 147 
 148 
Authors’ contributions. K.K.: conceptualization, data curation, formal analysis, investigation, 149 
methodology, writing—original draft, writing—review and editing, resources, visualization, funding 150 
acquisition; A.T.: investigation, methodology, writing—original draft, writing—review and editing. 151 

Both authors gave final approval for publication and agreed to be held accountable for the work 152 



performed therein. 153 
 154 
Conflict of interest declaration. We declare we have no competing interests. 155 
 156 
Funding. This study was supported in part by the Atmosphere and Ocean Research Institute, The 157 
University of Tokyo, and KAKENHI grants JP19K06800 and JP22H02681 from the Japan Society for the 158 
Promotion of Science (JSPS). 159 
 160 
Acknowledgments. We thank Shigeaki Kojima and Yasunori Kano for the opportunity to join R/V 161 
Hakuho-maru cruise KH-23-5, conducted as a part of the project “Comprehensive study of diversity and 162 
evolutionary mechanisms of deep-sea animals in trenches in the northwestern Pacific” supported by 163 
KAKENHI grant JP19H00999 from JSPS; Captain Naoto Sakai and the crew of R/V Hakuho-maru, 164 
technicians from Marine Work Japan and MOL Marine & Engineering, and researchers aboard for support 165 
in collecting; Yasunori Kano for making KK aware of the egg capsules on rocks; Takuya Yahagi for 166 
information on the bottom type at the sampling site; and Matthew H. Dick for reviewing the manuscript 167 
and editing the English. 168 
 169 
References 170 
1. UNESCO. 2009 Global open oceans and deep seabed (GOODS)—biogeographic classification. 171 

Paris, France: UNESCO-IOC. 172 
2. Newman WA. 1989 Juvenile ontogeny and metamorphosis in the most primitive living sessile 173 

barnacle, Neoverruca, from abyssal hydrothermal springs. Bull. Mar. Sci. 45, 467–477. 174 
3. Bouchet P, Warén A. 1994 Ontogenetic migration and dispersal of deep-sea gastropod larvae. In 175 

Reproduction, larval biology and recruitment of the deep-sea benthos (eds CM Young, KJ 176 
Eckelbarger), pp. 98–117. New York, USA: Columbia University Press. 177 

4. Johnson GD, Paxton JR, Sutton TT, Satoh, TP, Sado T, Nishida M, Miya M. 2009 Deep-sea mystery 178 
solved: astonishing larval transformations and extreme sexual dimorphism unite three fish families. 179 
Biol. Lett. 5, 235–239. (doi: 10.1098/rsbl.2008.0722) 180 

5. Hestetun JT, Rapp HT, Pomponi S. 2019 Deep-sea carnivorous sponges from the Mariana Islands. 181 
Front. Mar. Sci. 6, 371. (doi: 10.3389/fmars.2019.00371) 182 

6. Prudkovsky A, Rybakova E, Sanamyan N, Sanamyan K. 2023 Deep-sea hydrozoans in the western 183 
part of the Bering Sea: some hydroids associated with methane seep communities at upper bathyal 184 
depths and abyssal hydroids with a description of two new species. Deep-Sea Res. II 207, 105230. 185 
(doi: 10.1016/j.dsr2.2022.105230) 186 

7. Takano T, Fukumori H, Kuramochi T, Kano Y. 2023 Deepest digenean parasite: Molecular evidence 187 
of infection in a lower abyssal gastropod at 6,200 m. Deep-Sea Res. I 198, 104078. (doi: 188 
10.1016/j.dsr.2023.104078) 189 

8. Schwabe E, Bartsch I, Błażewicz-Paszkowycz M, Brenke N, Chernyshev AV, Elsner NO, Fischer V, 190 



Jażdżewska A, Malyutina MV, Miljutin D, Mijutina M, Kamenev GM, Karanovic I, Maiorova A, 191 
Würzberg L. 2015 Wood-associated fauna collected during the KuramBio expedition in the North 192 
West Pacific. Deep-Sea Res. II 111, 376–388. (doi: 10.1016/j.dsr2.2014.08.001) 193 

9. Quiroga SY, Balaños DM, Litvaitis MK. 2006 First description of deep-sea polyclad flatworms from 194 
the North Pacific: Anocellidus n. gen. profundus n. sp. (Anocellidae, n. fam.) and Oligocladus 195 
voightae n. sp. (Euryleptidae). Zootaxa 1317, 1–19. (doi: 10.11646/zootaxa.1317.1.1) 196 

10. Martín-Durán JM, Egger B. 2012 Developmental diversity in free-living flatworms. EvoDevo 3, 7. 197 
(doi; 10.1186/2041-9139-3-7) 198 

11. Nakayama T, Watanabe S, Mitsui K, Uchida H, Inouye I. 1996 The phylogenetic relationship between 199 
the Chlamydomonadales and Chlorococcales inferred from 18SrDNA sequence data. Phycol. Res. 44, 200 
47–55. (doi: 10.1111/j.1440-1835.1996.tb00037.x) 201 

12. Kakui K, Katoh T, Hiruta SF, Kobayashi N, Kajihara H. 2011 Molecular systematics of Tanaidacea 202 
(Crustacea: Peracarida) based on 18S sequence data, with an amendment of suborder/superfamily-203 
level classification. Zool. Sci. 28, 749–757. (doi: 10.2108/zsj.28.749) 204 

13. Kakui K, Fukuchi J, Shimada D. 2021 First report of marine horsehair worms (Nematomorpha: 205 
Nectonema) parasitic in isopod crustaceans. Parasitol. Res. 120, 2357–2362. (doi: 10.1007/s00436-206 
021-07213-9) 207 

14. Kakui K, Shimada D. 2017 A new species of Tanaopsis (Crustacea: Tanaidacea) from Japan, with 208 
remarks on the functions of serial ridges and grooves on the appendages. Zootaxa 4282, 324–336. 209 
(doi: 10.11646/zootaxa.4282.2.6) 210 

15. Kakui K, Hiruta C. 2022 Description of a new Hamatipeda species, with an 18S molecular phylogeny 211 
(Crustacea: Tanaidacea: Typhlotanaidae). Zool. Sci. 39, 140–146. (doi: 10.2108/zs210065) 212 

16. Álvarez-Presas M, Baguñà J, Riutort M. 2008 Molecular phylogeny of land and freshwater planarians 213 
(Tricladida, Platyhelminthes): from freshwater to land and back. Mol. Phylogenet. Evol. 47, 555–568. 214 
(doi: 10.1016/j.ympev.2008.01.032) 215 

17. Whiting MF. 2002 Mecoptera is paraphyletic: multiple genes and phylogeny of Mecoptera and 216 
Siphonaptera. Zool. Scr. 31, 93–104. (doi: 10.1046/j.0300-3256.2001.00095.x) 217 

18. Lockyer AE, Olson PD, Littlewood DTJ. 2003 Utility of complete large and small subunit rRNA 218 
genes in resolving the phylogeny of the Neodermata (Platyhelminthes): implications and a review of 219 
the cercomer theory. Biol. J. Linn. Soc. 78, 155–171. (doi: 10.1046/j.1095-8312.2003.00141.x) 220 

19. Kumar S, Stecher G, Tamura K. 2016 MEGA7: Molecular evolutionary genetics analysis version 7.0 221 
for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. (doi: 10.1093/molbev/msw054) 222 

20. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990 Basic local alignment search tool. J. 223 
Mol. Biol. 215, 403–410. (doi: 10.1016/s0022-2836(05)80360-2) 224 

21. Katoh K, Toh H. 2008 Recent developments in the MAFFT multiple sequence alignment program. 225 
Brief Bioinform. 9, 286–298. (doi: 10.1093/bib/bbn013) 226 

22. Katoh K, Standley DM. 2013 MAFFT multiple sequence alignment software version 7: 227 
improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. (doi: 228 



10.1093/molbev/mst010) 229 
23. Castresana J. 2000 Selection of conserved blocks from multiple alignments for their use in 230 

phylogenetic analysis. Mol. Biol. Evol. 17, 540–552. (doi: 10.1093/oxfordjournals.molbev.a026334) 231 
24. Lemoine F, Correia D, Lefort V, Doppelt-Azeroual O, Mareuil F, Cohen-Boulakia S, Gascuel O. 2019 232 

NGPhylogeny.fr: new generation phylogenetic services for non-specialists. Nucleic Acids Res. 47, 233 
W260–W265. (doi: 10.1093/nar/gkz303) 234 

25. Talavera G, Castresana J. 2007 Improvement of phylogenies after removing divergent and 235 
ambiguously aligned blocks from protein sequence alignments. Syst. Biol. 56, 564–577. (doi: 236 
10.1080/10635150701472164) 237 

26. Shimada D, Kakui K, Fujita Y. 2023 A new species of free-living marine nematode, Fotolaimus cavus 238 
sp. nov. (Nematoda, Oncholaimida, Oncholaimidae), isolated from a submarine anchialine cave in the 239 
Ryukyu Islands, southwestern Japan. Zoosyst. Evol. 99, 519–533. (doi: 10.3897/zse.99.109097) 240 

27. Tyler S, Schilling S, Hooge M, Bush LF. 2006 (onwards) Turbellarian taxonomic database. Version 241 
2.07. Available at http://turbellaria.umaine.edu (accessed on 18 October 2023) 242 

28. Lago-Barcia D, Fernández-Álvarez FA, Negrete L, Brusa F, Damborenea C, Grande C, Noreña C. 243 
2015 Morphology and DNA barcodes reveal the presence of the non-native land planarian Obama 244 
marmorata (Platyhelminthes: Geoplanidae) in Europe. Invertebr. Syst. 29, 12–22. (doi: 245 
10.1071/is14033) 246 

29. Tekaya S, Sluys R, Zghal F. 1999 Cocoon production, deposition, hatching, and embryonic 247 
development in the marine planarian Sabussowia dioica (Platyhelminthes, Tricladida, Maricola). 248 
Invertebr. Reprod. Dev. 35, 215–223. (doi: 10.1080/07924259.1999.9652387) 249 

30. Ball IR, Reynoldson TB. 1981 British planarians. Cambridge, UK: Cambridge University Press. 250 
31. Sluys R. 1983 A new marine triclad ectoparasitic on Malaysian and Indonesian horseshoe crabs 251 

(Platyhelminthes, Turbellaria, Tricladida). Bijdr. Dierk. 53, 218–226. (doi: 10.1163/26660644-252 
05302003) 253 

32. Huggins LG, Waite JH. 1993 Eggshell formation in Bdelloura candida, an ectoparasitic turbellarian 254 
of the horseshoe crab Limulus polyphemus. J. Exp. Zool. 265, 549–557. (doi: 255 
10.1002/jez.1402650511) 256 

33. Sluys R. 1989 A monograph of the marine triclads. Rotterdam, Netherlands: A.A.Balkema. 257 
 258 
Figure legends 259 
Figure 1. Freshly collected egg capsules (or "cocoons") and flatworms. (a) Egg capsules on rock fragment 260 
(arrowhead, one egg capsule). (b) Partly opened egg capsule containing three spherical-stage flatworms. 261 
(c) Spherical-stage flatworm extracted from egg capsule. (d) Cracked egg capsule containing seven 262 
vermiform-stage flatworms (arrow, empty egg capsule). (e) Same, half of egg-capsule shell removed. (f) 263 
Vermiform-stage flatworm (ICHUM8616) extracted from egg capsule, in ventral view; anterior to the left. 264 
(g) Sagittal section of individual ICHUM8616, HE stained; an, anterior; do, dorsal; gd, gut diverticulum; 265 
mo, mouth opening; ph, pharynx; po, posterior; ve, ventral. Scale bars: 10 mm (a); 1 mm (b–g). 266 



 267 
Figure 2. ML tree for triclad platyhelminths based on an 18S+28S dataset (2440 positions). Numbers near 268 
nodes are Shimodaira-Hasegawa-like approximate likelihood ratio test (SH-aLRT; left of slash) and 269 
ultrafast bootstrap (UFBoot; right of slash) values as percentages; only values of SH-aLRT ≥70% and 270 
UFBoot ≥80% are shown. Scale at bottom indicates branch length in substitutions per site. 271 
  272 



Electronic Supplementary Material legends 273 
Table S1 from Flatworm cocoons in the abyss: same plan under pressure 274 
Table S1. Information on the flatworms included in our phylogenetic analysis. 275 
 276 
File S1 from Flatworm cocoons in the abyss: same plan under pressure 277 
File S1. Aligned 18S sequences used for the maximum-likelihood analysis, trimmed in MEGA7 to the 278 
shortest length among the sequences. 279 
 280 
File S2 from Flatworm cocoons in the abyss: same plan under pressure 281 
File S2. Aligned 28S sequences used for the maximum-likelihood analysis, trimmed in MEGA7 to the 282 
shortest length among the sequences. 283 
 284 
File S3 from Flatworm cocoons in the abyss: same plan under pressure 285 
File S3. Concatenated 18S+28S sequences used for the maximum-likelihood analysis, reduced to 2440 286 
positions (1–1458 for 18S; 1459–2440 for 28S) by removing alignment-ambiguous sites with Gblocks under 287 
“relaxed” parameters. 288 
 289 






