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The holothuroid genus Psychropotes is the largest genus in the family Psychropotidae.
Prior to this study, this family contained 19 accepted species and was the dominant group
in the deep-sea benthic fauna at lower bathyal-abyssal depths throughout the global
oceans, but it has been poorly studied in the hadal zone. Deep-sea holothurians were
collected in October 2022 to March 2023 by the joint China-New Zealand deep-diving
scientific expedition to the Kermadec Trench in the South Pacific Ocean and the Wallaby-
Zenith Fracture Zone in the East Indian Ocean at a depth of 6018-6605 m. Our
examination of specimens of Psychropotes revealed three new species, which we
described as Psychropotes diutiuscauda sp. nov., Psychropotes nigrimargaria sp. nov.,
and Psychropotes asperatus sp. nov. We also recorded Psychropotes depressa (Théel,
1882) for the first time from the Kermadec Arc at a depth of 1620 m. We provide
comprehensive descriptions of the morphological features and a taxonomic key for the
genus Psychropotes. We also performed a phylogenetic analysis of the order Elasipodida
based on COI sequences and the concatenated 16S-COIl sequences. Intraspecific and
interspecific genetic distances were calculated among Psychropotes sp ecies based on COI
sequences. Our phylogenetic analyses supported the assignment of three new species to
the genus Psychropotes and their separation from congeners. The geographical
distribution and global depth range of psychropotid species were summarized, and the
results showed that the Pacific region had the highest species diversity. These findings
contribute to the taxonomic diversity and patterns of geographical distribution in the
family Psychropotidae.
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Abstract

The holothuroid genus Psychropotes is the largest genus in the family Psychropotidae. Prior
to this study, this family contained 19 accepted species and was the dominant group in the deep-
sea benthic fauna at lower bathyal-abyssal depths throughout the global oceans, but it has been
poorly studied in the hadal zone. Deep-sea holothurians were collected in October 2022 to March
2023 by the joint China-New Zealand deep-diving scientific expedition to the Kermadec Trench
in the South Pacific Ocean and the Wallaby-Zenith Fracture Zone in the East Indian Ocean at a
depth of 6018—-6605 m. Our examination of specimens of Psychropotes revealed three new
species, which we described as Psychropotes diutiuscauda sp. nov., Psychropotes nigrimargaria
sp. nov., and Psychropotes asperatus sp. nov. We also recorded Psychropotes depressa (Théel,
1882) for the first time from the Kermadec Arc at a depth of 1620 m. We provide comprehensive

descriptions of the morphological features and a taxonomic key for the genus Psychropotes. We
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also performed a phylogenetic analysis of the order Elasipodida based on COI sequences and the
concatenated 16S-COI sequences. Intraspecific and interspecific genetic distances were
calculated among Psychropotes species based on COI sequences. Our phylogenetic analyses
supported the assignment of three new species to the genus Psychropotes and their separation
from congeners. The geographical distribution and global depth range of psychropotid species
were summarized, and the results showed that the Pacific region had the highest species
diversity. These findings contribute to the taxonomic diversity and patterns of geographical

distribution in the family Psychropotidae.

Keywords Deep-sea, Hadal zone, Morphology, New species, Phylogeny, Systematics

Introduction

Holothurians, also known as sea cucumbers, are the second most diverse class among
echinoderms, with seven orders (Miller et al., 2017). They are primitive benthic animals
distributed at all depths from shallow water to hadal zones (Iken et al.; 2001; Jamieson et al.,
2011; Lee et al., 2017), and they are abundant in many ecosystems, especially in the hadal zone
(Kuhnz et al.) 2014). Among the seven orders in the class Holothuroidea, the order Elasipodida
Théel, 1882, which includes the-families Psychropotidae Théel, 1882; Elpidiidae Théel, 1882;
Laetmogonidae Ekman, 1926; and Pelagothuriidae Ludwig, 1893, is unique in being confined to
the deep sea (Hansen, 1975). The family Psychropotidae includes 41 aceepted species, which
belong to three genera (Psychropotes Théel, 1882; Benthodytes Théel, 1882; and Psycheotrephes
Théel, 1882). As the largest genus in Psychropotidae, Psychropotes contains 19 valid species
(WoRMS, 2024): Psychropotes belyaevi Hansen, 1975; P. depressa (Théel, 1882); P. dubiosa
Ludwig, 1893; P. dyscrita (Clark, 1920); P. fuscopurpurea Théel, 1882; P. hyalinus Pawson,
1985; P. longicauda Théel, 1882; P. loveni Théel, 1882; P. minuta Koehler & Vaney, 1905; P.
mirabilis Hansen, 1975; P. monstrosa Théel, 1882; P. moskalevi Gebruk & Kremenetskaia in

Gebruk et al., 2020; P. pawsoni Gebruk & Kremenetskaia in Gebruk et al., 2020; P. raripes

Peer] reviewing PDF | (2024:08:105583:0:2:NEW 5 Sep 2024)


Reviewer
ハイライト表示
Do you mean species richness of each class? Numeber of valid species in Holothuroidea is third in Echinoderms.  And the other taxonomic ranks are unsuitable for comparing between class.

Reviewer
テキスト注釈
"seven ordinal rank clades" should be used. Miller et al. (2017) did not assigned formal rank taxa to three clades,  Holothurida, Persiculida and Synallactida.

Reviewer
テキスト注釈
This article is not included in reference. If authors need this citation, please cited correctly.

Reviewer
テキスト注釈
This article is not included in reference.

Reviewer
テキスト注釈
Too abstract.  "many marine benthic ecosystem" would be better.

Reviewer
取り消し線
four

Reviewer
取り消し線
valid

Reviewer
テキスト注釈
Please cite some references.


PeerJ

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Ludwig, 1893; P. scotiae (Vaney, 1908); P. semperiana Théel, 1882; P. verrucicaudatus Xiao,
Gong, Kou & Li, 2019; P. verrucosa (Ludwig, 1893); and P. xenochromata Rogacheva & Billett
in Rogacheva et al., 2009. This genus was established by Théel (1882), who erected four species
discovered during the H.M.S Challenger Expedition. Species in Psychropotes are characterized
by having a ventral anus, the presence of unpaired dorsal appendages, and the absence of
circumoral papillae. As the distinctive members of deep-sea benthic communities at lower
bathyal-abyssal depths throughout the world’s oceans, this genus has revealed new species
consistently in recent years (Hansen, 1975; Rogacheva et al.] 2009; Xiao, Li & Sha, 2018; Xiao
et al., 2019; Gebruk, Kremenetskaia & Rouse, 2020; Yu et al., 2021; Yu et al., 2022; Xiao, Xiao
& Zeng, 2023; Yuan, Wang & Zhang, 2024). This genus has been found at hadal depths (6135—
7250 m) across all non-polar oceans (Ludwig, 1893; Hansen, 1975; Gebruk, Kremenetskaia &
Rouse, 2020).

The Kermadec Trench in the South Pacific Ocean is about 1195 km long and 120 km wide,
with a maximum depth of ~10,106 m (Jamieson et al., 2020; Jamieson et al., 2024).
Holothurians are one of the most species-rich groups in the Kermadec Trench at hadal depths
(Jamieson et al. 2020), but there are few reports and studies on deep-sea holothurians from the
trench and its region. To date, Benham (1912) provided the only report of shallow holothuroid
echinoderms for the Kermadec Islands. Keable & Reid (2015) reviewed the marine invertebrates
collected during the Kermadec Biodiscovery Expedition 2011 and provided an inventory of
invertebrates in the intertidal and subtidal habitats of the Kermadec Islands, which only included
three shallow holothuroid species recorded by O'Loughlin & Vandenspiegel (2012). Five species
of Psychropotes have so far been reported from the South Pacific: Psychropotes depressa, P.
longicauda, P. loveni, P. monstrosa, and P. verrucosa. Two of these were reported in the
Kermadec Trench: P. longicauda and P. loveni (Hansen, 1975; Gebruk, Kremenetskaia & Rouse,
2020).

The Indian Ocean is the third largest ocean in the world, and it occupies nearly 20% of the

global ocean volume, with an average depth of 3741 m (Eakins & Sharman, 2010). There are
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relatively few deep-sea biological studies in the Indian Ocean, and assessment of the deep-sea
benthic fauna is rare from depths > 5000 m (Parulekar et al., 1982; Janfen et al., 2000;
Pavithran et al., 2009; Weston et al., 2021). Compared with the central and western Indian
Oceans, few studies have been conducted on benthic organisms at depths > 3000 m in the eastern
Indian Ocean (Post et al., 2021; Weston et al., 2021; Jamieson et al., 2022), where studies have
focused mainly on canyons, the Java Trench, and Wallaby-Zenith Fracture Zone (WZFZ). The
WZFZ is located in the Wharton Basin of the East Indian Ocean, with complex
geomorphological features and a maximum depth of 6625 m. In the survey of the WZFZ by
Sonne in 2017, some species were reported for the first time in this area (Weston et al., 2020,
2021), but the taxonomic studies of the WZFZ were very limited.

From October 2022 to March 2023, a joint China-New Zealand scientific expedition carried
out a large-scale and systematic manned, deep-diving investigation and collected a number of
holothurian specimens (Peéng et al.] 2023). Based on morphological and molecular phylogenetic
analyses, three new species (i.e., Psychropotes asperatus sp. nov., Psychropotes diutiuscauda sp.
nov., and Psychropotes nigrimargaria sp. nov.) and one new record (i.e., Psychropotes depressa)

of the genus Psychropotes were discovered. We provide detailed descriptions of three-new

phylogenetic relationships within elasipodid species and the inter- and intraspecific divergence
among nine species of Psychropotes. In addition, we also discuss the diversity and distribution of

psychropotid holothurians.

Materials & Methods

Sampling and preservation

The human-occupied vehicle (HOV) ‘Fendouzhe’ was used to collect Psychropotes specimens
from the Kermadec Trench region in the South Pacific and the WZFZ in the East Indian Ocean
(October 2022—March 2023) (Fig. 1). Specimens were sampled and photographed in sifu using

HOV cameras. For morphological analyses, specimens were photographed promptly after
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collection and then fixed in 99% high grade absolute ethanol. Two specimens (i.e., FDZ188-F01
& FDZ188-F02) collected from WZFZ were deposited in the Institute of Deep-sea Science and
Engineering (IDSSE), Chinese Academy of Sciences (CAS), Sanya, China. The other two
specimens (i.e., NIWA164003 & NIWA164160) that were collected from Kermadec Trench
were registered onboard using the Specify niwainvert database of National Institute of Water and
Atmospheric Research (NIWA) and were loaned by the NIWA Invertebrate Collection (NIC) to
IDSSE.

Morphological observations

General morphology was studied by means of a dissecting stereomicroscope (OLYMPUS
SZX7). Ossicles were obtained from the dorsal and ventral body walls, tentacles, dorsal papillae,
and tube feet by digestion of tissues in a solution of 15% sodium hypochlorite, and then they
were washed with distilled water and 75% ethanol. To investigate the ultrastructure of ossicles,
ossicles were air-dried, coated with gold, and observed using a scanning electron microscope
(SEM). SEM imaging was performed using a Phenom ProX scanning electron microscope. For
the identity and terminology of the ossicles, we followed Hansen (1975) and Gebruk,
Kremenetskaia & Rouse (2020).

DNA extraction and sequencing

Total genomic DNA was extracted from small pieces of 20-30 mg holothurian muscle tissue of
each specimen using a TITANamp Marine Animals DNA Kit (TianGen, Beijing), following the
manufacturer’s instructions. The PCR amplification for 5'-end of mitochondrial cytochrome ¢
oxidase I (COI) and 16S rRNA were conducted using the primers that were outlined in Miller et
al:(2017) as follows: initial denaturation at 98 °C for 3 min, followed by 40 cycles at 98 °C for
10 s, 52 °C for 10s, 72 °C for 10s, and a final extension at 72 °C for 5 min. The total reaction
volume was 50 pL that included 2 pL of template DNA, 1 pL of each primer, and 46 pL of
GoldenStar® T6Super PCR Mix (1.1%). PCR products were assessed on GelRed-stained 1.5%
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agarose gel electrophoresis and sequenced in both directions using the ABI 3730 DNA Analyzer
sequencing facility from BGI Genomics, Shenzhen, Guangdong Province, China. The final
sequences were deposited in the Science Data Bank of Chinese Academy of Sciences (Xiao &
Zhang, 2024) and the GenBank database with the accession numbers PP869369-PP869372
(COI) and PP868346-PP868349 (16S).

Phylogenetic analyses and genetic distance

Molecular phylogenetic analyses were conducted using two partial sequences (COI and 16S)
obtained from each of the four specimens in this study and some relevant sequences of,
elasipodid species and the-out-group species of the genus Pseudostichopus Theel, 1886
(Holothuroidea, Persiculida, Pseudostichopodidae), which was downloaded from National Center
for Biotechnology Information (NCBI). A final total of 54 16S sequences and 54 COI sequences
were obtained (Appendix 1). For the phylogenetic investigation, we ereated-the alignment
datasets of the COI and the concatenated regions of 16S and COI (16S-COI). The sequences
were aligned using MAFFT v.7 (Katoh & Standley, 2013) with default parameters. The
evolutionary model GTR + G+ I was the best-fitted model for both alignments, which was
selected using PartitionFinder2 (Lanfear et al., 2017), with all algorithms and AICc criteria.
Maximum Likelihood (ML) analysis was inferred using the Shimodaira-Hasegawa-like
approximation, likelihood-ratio test (Gascuel, 2010) and 1Q-TREE (Lam-Tung et al., 2015)
models with 20,000 ultrafast bootstraps (Minh et al., 2013). For the ML bootstraps, we
considered values < 70% as low, 70-94% as moderate, and > 95% as high, following Hillis &
Bull (1993). Bayesian Inference phylogenies (BI) were inferred using MrBayes 3.2.6 (Ronquist
et al., 2012) under the partition model (two parallel runs, 5,000,000 generations). The initial 25%
of sampled data were discarded as burn-in, and the remaining trees were summarized in a 50%
majority rule consensus tree. For the Bayesian posterior probabilities, we considered values <
0.95 as low and > 0.95 as high, following Alfaro et al. (2003). The results were visualized using
FigTree v. 1.4.4 (Rambaut, 2018). We estimated the genetic distances of COI, which were
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calculated using the Kimura two-parameter model, within each Psychropotes species and among

different Psychropotes species using model MEGA X (Kumar et al., 2018).

Analyses of species diversity and distribution

Existing distribution data of psychropotid species were extracted from the Ocean Biodiversity
Information System (OBIS) (https://obis.org/) and the Global Biodiversity Information Facility
(GBIF) (https://www.gbif.org/zh/), from published literature, and from this study. The
distribution of three genera in the family Psychropotidae was illustrated using Generic Mapping
Tools, which is a cartographic scripting toolset developed by Wessel & Smith (1995). Using the
World Register of Marine Species (WoRMS) and primary literature (e.g. Vaney, 1908; Théel,
1882; Ludwig, 1893; Koehler & Vaney, 1905; Hansen, 1975; Gebruk, 2008; Rogacheva et al.,
2009; Li et al., 2018; Xiao, Li & Sha, 2018; Gebruk, Kremenetskaia & Rouse, 2020), we
obtained all aceepted species in the family and discussed the geographical distribution of

different groups.

Results

Systematics
Order Elasipodida Théel, 1882
Family Psychropotidae Théel, 1882

Genus Psychropotes Théel, 1882
Psychropotes asperatus sp. nov.
(Figs. 2-4)

urn:lsid:zoobank.org:act: FFSC7F3A-D0AA-44D3-9C83-7A9D4032D0A2

Material examined. Holotype. NIWA 164003, collected from the overriding plate of Kermadec
Trench in the South Pacific Ocean, Dive FDZ126 (30°25.51'S, 177°54.60'W), depth 6018 m, 1
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Nov. 2022, preserved in 99% high grade absolute ethanol.

Type locality. The Kermadec Trench, South Pacific Ocean, depth 6018 m.

Diagnosis. Body elongated, dorsum convex, ventrum flattened. Brim narrow. Mouth ventral,
anus ventral. Tentacles 12. Dorsal papillae not found. Unpaired appendage about '3 of body
length, end bifurcated, placed about '3 of body length from posterior body end. Color violet,
dorsal skin and unpaired appendage covered with warts. Dorsal deposits two types, large crosses
and small deposits with three, four, and five arms. Unpaired dorsal appendage with large crosses.
Tentacles and tube feet with rods. Ventral deposits small crosses, rods, and tripartite deposits.
Description. External morphology. Body elongated, dorsum convex, ventrum flattened (Figs.
2A and 2B). 15 cm long and 7.5 cm wide after fixation (Figs. 2C-2D). Color in life violet, darker
in the middle of the dorsum and ventrum. Dorsal skin gelatinous and soft, with a rough surface
and conspicuous warts (Figs. 2C, 2E and 2F), ventral skin smooth (Fig. 2D). Mouth ventral, anus
ventral. Tentacle 12, completely retracted into pockets of the skin, with round terminal discs,
circum-oral papillae absent. Brim fused with tube feet, relatively narrow, retracted when fixed
(Figs. 2C and 2D). Midventral tube feet small, arranged along the middle of ventrum. Dorsal
papillae not found. The unpaired dorsal appendage end bifurcated (Figs. 2A and 2B) in situ. In
preserved state, unpaired dorsal appendage 4.6 cm long, about !5 of body length, 2.5 cm at the
base, placed about !5 of body length from the posterior end (Fig. 2C), covered with warts as on
the dorsal surface of the body.

Ossicle morphology. Dorsal deposits with two main types, (1) Large crosses (Figs. 3A-3E)
with arms 375-620 pm in length, bent downwards or irregular bending direction (Fig. 3C),
bearing small spines; central apophysis long, spinose (Figs. 3A-3D) or smooth (Fig. 3E), 188—
375 pum in length. (2) Small deposits with three, four, and five arms almost straight, central
apophysis short or rudimentary (Fig. 3F). Deposits with four arms slender, varying in length
from short to long (57-207 um in length), with sparse or conspicuous spines (sometimes
bifurcated); tripartite deposits with conspicuous spines, proximal spines often bifurcated, three

arms almost equal in length, each arm about 162 pum long, central apophysis short or reduced;
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quinquepartite deposits, five arms almost equal in length, each arm 80 pm long, central
apophysis branched or rudimentary. Crosses and rods found in unpaired dorsal appendage (Figs.
3G-3L). Crosses with single central apophysis, 147-213 um in length, bearing spines (Figs. 3H,
31, 3K and 3L) or smooth (Fig. 3G), arms bent downwards from central apophysis, 238-500 pm
in length, sometimes with irregular curvature; rods up to 427 um long (Fig. 3J), with the branch
emanating from the center forming a ‘third arm’, only the ends possessing spines. Tentacles with
three types of rods (Figs. 4A—4D). (1) Sturdy and rather large rods (Figs. 4A and 4C), up to 1.3
mm long, terminal part rounded, bearing spines. (2) Tripartite deposits (Fig. 4B), each arm about
505 pm long. (3) Smooth rods (Fig. 4D), 333 um in length. Deposits of tube feet rods (Figs. 4E
and 4F), up to 639 um in length, ends bearing small spines. Simple rods, tripartite deposits and
crosses in ventral body wall (Figs. 4G—4J), rods (Fig. 4I) same as those in tube feet, tripartite
deposits (Fig. 4)) similar to those in tentacles, but smaller, each arm about 160 um in length,
arms of smaller crosses 92—150 um in length, with spines distributed over at least distal half,
central apophysis rudimentary (Figs. 4G and 4H).

Etymology. The species name is derived from the Latin word asperatus, which means rough,
and this refers to the rough dorsal skin caused by warts.

Distribution. Only known in the type locality.

Remarks. Psychropotes asperatus sp. nov. clearly belongs to the genus Psychropotes, and it
differs from other congeners by the tripartite and quinquepartite deposits on the dorsum and from
the rather robust and large rods in tentacles.

The dorsal body wall and unpaired appendages of the new species were covered with warts;
this made it most similar to P. verrucicaudatus, which was described by Xiao et al. (2019) based
on one specimen collected from the South China Sea. Morphologically, the new species differed
from P. verrucicaudatus by the length and position of the dorsal appendage, and there were some
differences in ossicle characters. In P. verrucicaudatus, the appendage was very short, measured
about !/, of the body length, placed about %5 of the body length from the posterior end of the

body, but in the new species, the appendage was about !5 of the body length, and it was placed
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about !5 of the body length from the posterior end of the body. In ossicle morphology,
Psychropotes asperatus sp. nov. had large crosses with arms of 375-620 pm, but these were
smaller than the giant crosses of P. verrucicaudatus, which had arms 600—750 pm in length. In
addition, in P. verrucicaudatus, the central apophysis of giant crosses bear spines, but in the new
species, the crosses had a central apophysis that was spinous or smooth. The new species was
differentiated from P. verrucicaudatus by possessing tripartite and quinquepartite deposits on the
dorsum in addition to crosses. For the rods in the tentacles, those of P. verrucicaudatus were
210-600 um long with multiple and irregularly arranged spines, whereas the rods of the new

species were more robust, up to 1.3 mm long, and with spines only at the ends.

Psychropotes diutiuscauda sp. nov.
(Figs. 5-8)
urn:lsid:zoobank.org:act: E7TFE330B-DA67-4D70-B1F6-6 CA468E47874

Materials examined. Holotype. FDZ188-F01, collected from the WZFZ in the East Indian
Ocean, Dive FDZ188 (22°23' S, 102°27' E), depth 6397 m, 25 Feb. 2023, preserved in 99% high
grade absolute ethanol.

Type locality. WZFZ, East Indian Ocean, depth 6397 m.

Diagnosis. Body elongated, color yellowish green. Tentacles 15. Brim broad on anterior end of
the body. Ventrolateral tube feet up to nine pairs. Midventral tube feet small, arranged in two
rows. Unpaired appendage rather large, about 1.5 times as long as body length, placed close to
posterior end of the body. Dorsal deposits cross-shaped, quinquepartite. Tentacles with rather
large rods and smaller crosses. Tube feet crosses with single and two central apophysis, short or
longer than the arms. Ventral deposits irregular rods, crosses, and quinquepartite deposits, single
or two central apophysis on under side of the crosses.

Description. External morphology. Body elongated, convex dorsally and flattened ventrally

(Figs. 5A-5C), about 17 cm long and 7 cm wide in situ, 9 cm in maximum width in the anterior
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apart in situ. Unpaired dorsal appendage rather large, 24 cm long in situ, 1.5 times the length of
the body (Figs. SA-5C), place close to posterior end of the body. In preserved state, body 9 cm
in length and 4 cm in width (Figs. 5D and 5E), unpaired dorsal appendage rather large and long,
11.5 cm in length, and as rough as the dorsal skin. Color yellowish green (Figs. SA—5E), skin
rough. Tentacles 15, shield-shaped. Brim well developed at anterior end of the body (Fig. 5A).
Ventrolateral tube feet approximately nine pairs, arranged along the entire edge of the brim.
Dorsal papillae not found. Midventral tube feet small, present throughout the whole length of the
ventral sole.

Ossicle morphology. Dorsal deposits crosses and quinquepartite. (1) Arms of crosses,
usually with a horizontal curvature (Figs. 6E—6I), 90-210 um in length. The spines numerous
and large, tapering toward the end of the arms, with irregular or secondary spines, central
apophysis replaced by branched spines. (2) Quinquepartite deposits (Fig. 6D), each arm 140-230
um in length, bearing irregular spines, proximal spines larger than others, bifurcate or tripartite,
central apophysis replaced by multiple spines. (3) Irregular crosses with extremely slender arms
(Figs. 6A—6C), 70-160 um in length, small unbranched spines alternately spaced above and
below on arms. Deposits on ventrum crosses and quinquepartite (Figs. 7A—7P). Quinquepartite
deposits with single central apophysis or reduced, each arm 40-90 um in length (Figs. 7A-7C),
bearing spines. Crosses of two types: (1) Arms varing from almost straight to sharply bent (Figs.
7D—7N), 30-90 um in length, with prominent irregular spines. Four types of central apophysis:
single (Figs. 7D—71), reduced (Figs. 7J, 7K), two central apophysis (Figs. 7L and 7M) on under
side of the crosses, or tripartite (Fig. 7N), 10-20 um in length, bearing branched spines. (2)
Relatively slender crosses (Figs. 70 and 7P), arms 40—140 pm in length, at least half of the arms
with small spines, single central apophysis spinous. Deposits on tube feet with three types of
crosses (Figs. 8A—8Q). (1) Crosses with arms 80—220 pm in length, densely distributed with
conspicuous spines, proximal spines larger than others, often bifurcate or tripartite, sometimes
bearing irregular secondary spines. Single central apophysis relatively short, equal in length to

proximal large spines (Figs. 8A—8D), or rather long, almost equal to the length of the arms (Figs.
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8G—8I), 130-280 um long, forming a “fifth arm”, apophysis also spinous. (2) Crosses with two
short or two long central apophysis (Figs. 8J and 8K), bearing spines. (3) Crosses with slender
arms (Figs. 8M—8Q), 160—190 um in length, central apophysis often reduced. Rather large rods
and smaller crosses in tentacles (Figs. 8R—8V), rods up to 1 mm long, some with an extra branch
from the center (Figs. 8R and 8V), bearing irregular small spines; crosses with spinose arms 40—
90 um in length (Fig. 8V), conspicuous spines distributed over at least distal half, central
apophysis rudimentary.
Etymology. From Latin ‘diutius’ for longer, and ‘cauda’, meaning tail. The name refers to its
dorsal appendage that was longer than its body length.
Distribution. Only known in the type locality.
Remarks. The new species clearly belongs to Psychropotes, the unpaired dorsal appendages of
‘Psychropotes longicauda’ species were usually !5—!/; length of the body, whereas the
appendages of the new species were about 1.5 times the length of the body. Psychropotes
diutiuscauda sp. nov. differed from other species of Psychropotes by the presence of
quinquepartite deposits on the dorsum and ventrum, and ventral crosses were strongly spinous,
with reduced, tripartite, single or two central apophyses developed on the underside of the
Crosses.

The unique yellowish-green color made Psychropotes diutiuscauda sp. nov. most similar to
P. xenochromata, P. dyscrita, and P. moskalevi. Compared with the 18 tentacles of the other
three species, the number of tentacles of the new species was fewer, only 15. The length of
unpaired dorsal appendage was 1.5 times of the body length in the new species, but the unpaired
dorsal appendages were !/s—!/, of the body length in P. xenochoromata, '/s-,; of the body length
in P. moskalevi, and /5 of the body length in P. dyscrita. Among the yellowish-green species,
Psychropotes diutiuscauda sp. nov. matched well with P. moskalevi with its dorsal deposits of
horizontally curved arms, short spines on the arms, with proximal spines often bipartite or
bearing secondary spines, which were about the same length as the central apophysis. However,

the new species differed from P. moskalevi by possessing quinquepartite deposits on the dorsum
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and ventrum, by the absence of tripartite spines? and rods on the ventrum, and by ventral crosses
that were strongly spinous, with single, reduced, and two central apophyses, which were

developed on the underside of the crosses.

Psychropotes nigrimargaria sp. nov.
(Figs. 9-11)
urn:lsid:zoobank.org:act:2C252D0F-16BA-4E6E-9F17-D8AF01D43CB8

Materials examined. Holotype. FDZ188-F02, collected from the WZFZ in the East Indian
Ocean, Dive FDZ188 (22°22' S, 102°27' E), depth 6605 m, 25 Feb. 2023, preserved in 99% high
grade absolute ethanol.

Type locality. WZFZ, East Indian Ocean, depth 6605 m.

Diagnosis. Body elongated, up to 30 cm long. Color dark violet, tentacles, and tube feet darker.
Tentacles 18, with round terminal discs. Brim broad, especially at anterior and posterior ends.
Free ventrolateral tube feet 12 pairs. Unpaired dorsal appendage about !5 of body length placed
some distance from the posterior end. Dorsal deposit crosses, central apophysis tripartite or
quadripartite. Crosses and rods in tentacles. Tube feet deposits crosses, tripartite, and rods.
Ventral crosses smaller than the dorsal ones.

Description. External morphology. Body elongated, about 30 cm long and 10 cm wide in situ
(Figs. 9A and 9B). In preserved state, body approximately 16.5 cm in length and 8 cm in width
(Figs. 9D and 9E). Color dark violet, tentacles, and tube feet darker, almost black. Skin thick.
Tentacles 18, with round terminal discs (Figs. 9C and 9E). Brim well developed especially at
anterior and posterior ends of the body, with maximum width around anterior end of 11 cm
(Figs. 9A and 9B). Free ventrolateral tube feet 12 pairs, retracted into the body after fixation. The
mid-ventral tube feet in poor condition, and not clearly observed. Dorsal papillae not found.
Unpaired dorsal appendage conspicuous and conical, tapering toward the end, in situ 10 cm long,

about ! 3 of the body length (Figs. 9A and 9B); in preserved state, 6 cm long, developed at 3 cm
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from posterior body end (Figs. 9D and 9E).

Ossicle morphology. Dorsal deposits crosses with arms 80-310 um in length (Figs. 10A—
10G), sharply bent downwards, arm spines conspicuous; bearing 1-3 proximal spines, the largest
spines often bipartite or irregular branched, their length equal to that of central apophysis,
additional smaller spines on arm ends. Central apophysis tripartite or quadripartite (Figs. 10D—
10G). Ventral crosses smaller than the dorsal ones, with arms 40—-120 pm in length, bearing
fewer spines, and central apophysis reduced or short (Figs. 10H-107J). Tube feet crosses,
tripartite deposits, and rods (Figs. 11A—11K), crosses with arms 90—190 pum long, similar to
dorsal crosses (Figs. 11A—11C and 11E-11G) and ventral crosses (Figs. 11I-11K) but smaller;
robust rods up to 400 pm long (Fig. 11H); tripartite deposits with spines at the ends (Fig. 11D
and 11H). Crosses and rods in tentacles (Figs. 11L—11N), crosses with arms 80—160 pm in
length, bearing small spines or smooth, irregularly spinous central apophysis short or reduced
(Fig. 11L); rods up to 540 um in length, smooth or spinous ends branched (Figs. 11M and 11N),
some possessing an extra branch in the middle (Fig. 11M).

Etymology. From Latin, nigri, black, and margaria, pearl, meaning “black pearl”, which alludes
to the shape and color of the tentacles of this species.

Distribution. Only known in the type locality.

Remarks. Arms of dorsal crosses bear large proximal spines, bipartite or branched irregularly,
and the length of proximal spines were equal to that of the central apophysis, which made the
new species most similar to P 7aripes and P. monstrosa.

However, Psychropotes nigrimargaria sp. nov. differed from P. raripes by the absence of
dorsal papillae, P. raripes has 57 pairs. The number of free ventrolateral tube feet in P. raripes
was 7—10 pairs, but the new species had 12 pairs. Unpaired dorsal appendages were up to 3/4 of
the body length in P. raripes and placed close to the posterior end of the body, but in the new
species they were about !/3 of the body length and developed at ~!/5 of the body length from
posterior end. For ossicle morphology, Psychropotes nigrimargaria sp. nov. had dorsal crosses

with central apophyses that were tripartite and quadripartite and ventral small crosses with fewer
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spines on the arms, while P. raripes had dorsal crosses with central apophyses that were
tripartite, tripartite deposits; ventral crosses tripartite, and star-shaped deposits with conspicuous
spines on the arms.

Psychropotes nigrimargaria sp. nov. differed from P. monstrosa by the absence of dorsal
papillae, P. monstrosa had 57 pairs. The number of free ventrolateral tube feet in P. monstrosa
was 18-20 pairs, but the new species had 12 pairs. The unpaired dorsal appendage was almost !/,
of the body length in P. monstrosa, and it was about !'/; of the body length in the new species.
For ossicle morphology, the new species differed from P. monstrosa by the absence of dorsal
deposits with strongly arcuate arms, and the presence of tripartite and quadripartite central

apophyses that were unbranched in P. monstrosa.

Psychropotes depressa (Théel, 1882)
(Figs. 12 and 13)

Euphronides depressa Théel, 1882, pp. 93-96, pl. XX VI, XXXV, XL, XLVI; Ohshima, 1915,
pp. 244-245, fig.1.

Psychropotes depressa Hansen, 1975, pp. 106111, fig. 43, 44, pl. VII, XII, XIV; Gebruk, 2008,
pp. 50-51; Rogacheva et al., 2013, pp. 599, fig. 17f,g; Xiae Xiao, Li & Sha, 2018, pp. 5-10, fig.
6-10.

Euphronides depressa var. minor Théel, 1886, p. 2.

Euphronides cornuta Verrill, 1884, p. 217; Veriill, 1885, pp. 518, 538, fig. 32, 33; Deichmann,
1930, pp. 127-128; Heding, 1940, p. 368.

Euphronides tanneri Ludwig, 1894, pp. 39-44, pl. II1, IV, V.

Euphronides auriculata Perrier, 1896, pp. 901-902; Perrier, 1902, pp. 434438, pl. XIII, XX;
Grieg, 1921, pp. 8, 9.

Euphronides violacea Perrier, 1896, p. 902; Perrier, 1902: 438-441, plate XX; Deichmann,
1930, pp. 128-129; Deichmann, 1940, pp. 201-202; Heding, 1942, pp. 15-16; Madsen, 1947, p.
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16; Deichmann, 1954, p. 384.

Euphronides talismani Perrier, 1896, p. 902; Perrier, 1902, pp. 441-444, plate XX; Hérouard,
1902, pp. 30-31, plate II; Deichmann, 1930, p. 129; Heding, 1942, p. 15, fig. 15.

Benthodytes assimilis Théel, 1886, pp. 2-3.

Material examined. NIWA 164160, collected from the Kermadec Arc in the South Pacific
Ocean, Dive FDZ150 (27°34.54'S, 177°8.51'W), depth 1620 m, 8 Dec. 2022, preserved in 99%
high grade absolute ethanol.

Description. External morphology. The specimen 27 cm long and 9.5 cm wide in situ (Fig.
12A), color violet, slightly darker on ventrum (Fig. 12B). After several days of fixation in 99%
high grade absolute ethanol, body flattened, 9 cm long and 4 cm maximum width in anterior part
(Fig. 12B). Tentacle 12, round terminal discs with short, digitiform projections on the margin.
Brim broad. Midventral tube feet small, arranged in two rows. Dorsal papillae five pairs (Figs.
12A and 12B), minute, gradually increasing the interval and number; the fifth pair of papillae
largest, 9 mm in length, and placed about !/, of the body from posterior end. In preserved state
(Fig. 12B), unpaired appendage 2.2 cm long, and 2 cm wide at the base, placed in 2.7 cm (about
13 of body length) from the posterior end.

Ossicle morphology. Dorsal crosses with slender arms (Figs. 12C—-12J and 13B), long and
smooth central apophysis, arms 144-349 pum in length, bent downwards proximally, and slightly
curved upwards or horizontal in the distal part. Arms often with four proximal spines, about 35 of
the length of the central apophysis (Figs. 12C, 12D, 12G and 12I), or shorter than central
apophysis but larger than other spines (Figs. 12E and 12]). After repeated examinations, ventral
deposits not found. Dorsal papillae crosses (Fig. 13A), arms up to 270 pum in length, sharply
curved downward and then upward at the end, bearing smaller proximal spines. Deposits of the
unpaired appendage similar to those on dorsum (Fig. 13C). Tentacles with simple rods (Fig.
13D), 255353 um in length.

Distribution. This species is common throughout the North Atlantic and South Atlantic, and
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Pacific Ocean (Japan, Caroline seamount, Gulf of Panama, Chile, and the Kermadec Arc). Depth
957-4200 m.

Remarks. This species has a wide geographical distribution and exhibited a high degree of
variability in its morphological characteristics (Hansen 1975; Xiao, Li & Sha, 2018). There have
been several synonyms (Theel, 1882; Verrill, 1884; Théel, 1886; Perrier, 1896, Hérouard, 1902,
Perrier, 1902; Deichmann, 1930), and the synonymous species were distinguished from each
other by the shape of the body, the size of the posterior-most pair of dorsal papillae, the size of
the unpaired appendage, body color, and the size and shape of deposits. By re-examining the
specimen and comparing descriptions in the literature, Hansen (1975) determined that none of
these differences were valid identifying characters and that there were age variations in some
features, such as the number of tentacles, skin texture, the size of the posterior-most pair of
dorsal papillae; geographic variation may cause changes in certain features, such as the shape
and size of crosses and whether or not the long central apophysis bear spines.

The morphological features of the specimen in this study, which included the position and
length of the unpaired dorsal appendage and the types of ossicles, were consistent with those of
P. depressa. However, the following differences in morphological features occurred: (1) five
pairs of dorsal papillae, (2) deposits not found on ventrum, (3) the posterior-most pair of papillae
were larger than the others, and (4) only 12 tentacles instead of the usual 18 tentacles. Our
specimen conformed to the known range of variation in P. depressa that was described by
Hansen (1975), Ohshima (1915), and Xiao, Li & Sha (2018). Therefore, we identified it as P.
depressa. This was the first record of P. depressa from the Kermadec Trench. In addition, we
supplemented a description of the dorsal papillae deposits (Fig. 6A), which were more similar to
the original description of the dorsal surfaced crosses, but this trait was not mentioned in the
original literature. The arms were bent sharply downward, then upward at the ends, and arms

bear smaller spines near the central apophysis.

Key to the species of Psychropotes Théel, 1882 (revised from Xiao et al. 2019)
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. BOdy transparent, COlorleSS ...................................................................... P. hyahnus
Body NON-transparent, COLored <+« sesesetetististisissms it 2
. BOdy yeHOWiSh or yellow—greenish .......................................................................... 3
BOdy ViOlet or purple ................................................................................................ 6
. Tentacles 17-20, the appendage is '/s—1/; 0f body length -+ --sswwveserssssrrsssrisssnnnnas 4
Tentacles 15, the appendage is 1.5 times of body length---P. diutiuscauda sp. nov.
. Wlth free Ventrolateral tube feet ............................................................................... 5
Wlthout ﬁ-ee Ventrolateral tube feet ................................................ P. xenochromata
. Ventrolateral tube feet 13—15 pairs, dorsal papillae absent «-«+--+-xeeoeeeeeeeee P. dyscrita

Ventrolateral tube feet up to 25 (often 17-19) pairs, dorsal papillae up to 8 pairs -

................................................................................................................ P. moskalevi
. Dorsal appendage placed close to posterior end of body ««+««seereeeerereseseenseeeees 7
Dorsal appendage placed at least !/5 body length from posterior end of body -+ 12
B 7 T LT 0 T 8
Tentacles I R PRI 9

. Ventral crosses with a low and spinous central apophysis, or with no apophysis, arms up to 0.2

mm long, with small Spines .......................................................................... P. loveni

Ventral crosses with long arms (up to 0.3 mm) and long central apophysis, without spines

................................................................................................................... P. dl/lbiOS(l

. Dorsal papillae present ........................................................................................... 10
Dorsal papillae absent:-« -« +swsseeesesseseesesinsnintininsiincis P. nigrimargaria sp. nov.
10. Relatively a low number of ventrolateral tube feet, 7-10 pairs -+ P. raripes
Relatively a high number of ventrolateral tube feet, up to 26 pairs «--««---+eseereeees 11

11. Dorsal ossicles with arms only of short type, 0.06—-0.1 mm in length; dorsal papillae small, 4

pairs .............................................................................................. P. fuscopurpurea
Dorsal ossicles with arms of both short and long types, 0.06 mm or 0.24-0.4 mm in length;

dorsal papﬂlae minute’ 5 pairs ............................................................ P. longicauda
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510
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12. Dorsal skin covered With Warts «-rerererererereeeeeememeniiiirr e 13
Dorsal SKin SOt «roeereeeeererermeeee 14
13. Dorsal appendage covered With Wartg «or-rererereeeeeeeeaererriiieaaee, 15
Dorsal appendage SINOOLH “+vvr e 16
14. Dorsal appendage at the most /g length of the body-++-+s-rrsssrrrmsssrissnsriisnanee. 17
Dorsal appendage at least A length of the bOdy ................................................... 18

15. The appendage is very short, measured about !/1, of body length, placed about %/5 of body
length from pOSterior end Of bOdy ............................................. P. VerruCiCCludatuS

The appendage is /3 of body length and placed about !/3 of body length from post-erior end of

bOdy ......................................................................................... P. asperatus Sp. nov.
16. Dorsal appendage ] 00 o R T T T TR TRTRR P. verrucosa
Dorsal appendage very long .................................................................. P. mirabilis
17. Tentacles 18 «orerereeetetatmen P. depressa
Tentacles s R P. scotiae
18. Brim broad. Dorsal appendage 5 to !/5. length of the body -+ e+sseseeeeereeereeeens 19
Brim narrow. Dorsal appendage 3 to '/ length of the body «-+--eesereereseeeceeeens 20

19. Dorsal papillae up to 3 pairs, dorsal crosses with small spines placed in rings on the arms,
central apophysis rudimentary or absent ................................................ P. belyaevi

Dorsal papillae 5-7 pairs, dorsal crosses with strongly bent arms, bearing two proximal

Spines, Central apophysis large ............................................................. P monstrosa
20. Tentacles 15-16, without free ventrolateral tube feet ««--eeeeerererrerrrereremmmnniinnn. 21
Tentacles 18, free ventrolateral feet 20—21 pairs:--««--««esweesreeseerseerneen: P. pawsoni

21. Two types of ossicles: one with spines throughout arm length, the other with a smooth,

proximal arm part and a high, central apophysis ending in three or four downwardly bent

hOOkS ................................................................................................. P. Semperiana
Only one type of ossicles: small, slender crosses with a low, central apophysis----
................................................................................................................... P minuta
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Genetic distances and phylogenetic analyses

A total of four COI sequences and four 16S sequences from three new species and one new
record were deposited into GenBank (Appendix 1). The COI sequences from nine species of
Psychropotes were used to perform pairwise, uncorrected p-distance analyses based on the
Kimura two-parameter (K2P) model (Table 1). For COI alignment, the interspecific distances
ranged between 1.38-13.54%, and the intraspecific distances ranged from 0.00 to 1.23% (Table
1).

We conducted the molecular phylogenetic analysis of the order Elasipodida based on all
available sequences of four families, and their sampling information and accession numbers are
provided in Appendix 1. Finally, 640 bp partial COI and 516 bp partial 16S sequences were
obtained after removing non-homologous sites from the sequence alignments, and these were
used to reconstruct the BI and ML trees. Compared with phylogenetic trees based on
concatenated 16S-COI sequences of length 1157 bp, those trees that were based solely on the
640 bp mitochondrial COI gene provided a higher resolution and nodal support (Figs. 14 and
15).

The four families were grouped together and formed a clade in our phylogenetic analyses,
and the topological structures of the ML and BI trees were consistent with the traditional
classification system. Tree topologies showed that Elpidiidae, Pelagothuriidae, and
Psychropotidae were monophyletic, and Laectmogonidae was polyphyletic. For Laetmogonidae,
the molecular evidence was inconsistent with the morphological taxonomy, moreover, the
phylogenetic trees based on concatenated 16-COI loci and a single COI locus showed somewhat
different topological structures. In the 16S-COI trees (Fig. 15), the phylogenetic relationships of
the family Laetmogonidae were clustered into two portions. Portion 1: Species of Laetmogone
formed a single clade (ML 100, BI 1). Portion 2: Species in genera Pannychia, Benthogone, and
Psychronaetes were grouped with low support (ML 72, BI 0.94). The only species in the family

Pelagothuriidae, Enypniastes eximia Théel, 1882, clustered with Psychronaetes isolates (ML 68,
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BI0.75), and it nested within Laetmogonidae. In the COI trees (Fig. 14), species of Laetmogone
formed a single clade (ML 100, BI 1), but the remaining three genera were not clustered
together, each branch had very low support (Fig. 14), and Enypniastes eximia formed a single
clade with low support (ML 71). The results showed poor support, which was likely due to the
limited sequences available for Laetmogonidae and Pelagothuriidae, therefore, more molecular
data need to be obtained for further study.

For Elpidiidae, the phylogenetic reconstructions of single COI loci showed quite similar
topologies compared with concatenated 16S-COl trees, and they provided higher resolution
(Figs. 14 and 15). Hence, we only used the topologies of the COI trees for checking the
phylogenetic relationships of Elpidiidae (Fig. 14). Species in Peniagone were grouped with a
single clade (ML 100, BI 1), sister to clade Amperima + Protelpidia + Scotoplanes + Elpidia
(ML 97, BI 1). The monophyly of the genera Peniagone and Elpidia were well supported (ML
100, BI 1). For the other three genera, the monophyly of Amperima, Protelpidia, and
Scotoplanes could not be verified because we had molecular data for only one species in each
genus.

In Psychropotidae, the phylogenetic analyses based on the combined genes (16S-COI) and
the single COI gene were similar, except for P. longicauda and P. cf. semperiana in 16S-COI
trees (the two species were absent in the COI trees). The COI trees provided higher quality
support, thus, the topologies of these reconstructed trees based on a single COI gene were
described here. Benthodytes was paraphyletic and divided into two clades with high support
(Clade I: ML 95, BI 0.97; Clade II: ML 100, BI 1), which was inconsistent with the traditional
classification system. The three new species and one new record from the Kermadec Trench fell
into the genus Psychropotes, which was a monophyletic group (ML 98, BI 0.99). Psychropotes
had three elades: Clade-1: Psychropotes depressa independently formed a sister clade with all
other congeners in Psychropotes (ML 98, BI 0.99); elade-2: P. diutiuscauda sp. nov. clustered
with P. dyscrita, P. moskalevi, and P. raripes (ML 92, BI 0.94), was a sister to P. nigrimargaria
sp. nov. with high support (ML 99, BI 1), then followed by P. pawsoni with full support (ML
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100, BI 1); and elade 3: P. asperatus sp. nov. clustered with P. verrucicaudatus (ML 97, BI1 0.97)

and was a sister to the only species of Psycheotrephes, P. exigua Théel, 1882 (ML 99, BI 1).

Discussion

Generic assignment, species delineation, and taxonomic characters

Both the morphology and molecular phylogenetic analyses supported the assignment of the three
new species to the genus Psychropotes. The external morphological features (i.e., absence of
ventral anus and circum-oral papillae) in Psychropotes species were most similar to species of
Psycheotrephes. However, Psychropotes had unpaired dorsal appendages, which were absent in
Psycheotrephes. The three new species in this study conformed to this unique feature, so they all
belonged to Psychropotes. P. asperatus sp. nov., P. diutiuscauda sp. nov., and P. nigrimargaria
sp. nov. were separated from other congeners by dorsal ossicle types, the length and position of
unpaired dorsal appendages, and the number of ventrolateral tube feet.

The inter- and intraspecific genetic divergences of the COI were calculated to investigate
the genetic distances in Psychropotes. For the COI alignment, the intraspecific distances ranged
from 0.00 to 1.23%, and the interspecific distances were in the range of 1.38—13.24%. The
minimum interspecific distance seemed low, but Bribiesca-Contreras et al. (2022) confirmed
that the COI gene seemed to be more conserved in the genus Psychropotes (1.1-13.4%), and the
interspecific divergence between some species pairs was < 2% (e.g., the genetic distances
between P. dyscrita and P. moskalevi were 1.38-2.64% in this study, and the genetic distances
were 1.1 + 0.4% in Bribiesca-Contreras et al. (2022). The genetic distances between P.
asperatus sp. nov. and congeners were in the range of 3.14-13.05%, between the new species P.
diutiuscauda sp. nov. and congeners in the range of 1.56—12.65%, and between P. nigrimargaria
sp. nov. and congeners in the range of 2.84—12.38%. These divergences were higher than the
known intraspecific variation in Psychropotes species (0.00—1.23%), which supported the
distinction between the three new species and other congeners.

The discovery of two new species, Psychropotes diutiuscauda sp. nov., and P.
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nigrimargaria sp. nov., increased the number of the psychropotid holothurians with long dorsal
appendages placed close to or at a short distance from the posterior body end to 10 species: P.
diutiuscauda sp. nov., P. dubiosa, P. dyscrita, P. fuscopurpurea, P. longicauda, P. monstrosa, P.
moskalevi, P. nigrimargaria sp. nov., P. pawsoni, and P. raripes. In addition, P. diutiuscauda sp.
nov. was the fourth reported yellowish-green psychropotid holothurian besides P. dyscrita, P.
moskalevi, and P. xenochromata. Psychropotes xenochromata was discovered as the first yellow-
green species, which was unusual for this genus. However, it was later found that the species in
the genus Psychropotes, especially the long-tailed species, had diverse colors, and the colors of
living specimens ranged from purple/violet to yellow/green/brown (Gebruk, Kremenetskaia &
Rouse, 2020).

Thus, even in the living state, only preliminary identification can be made using body color,
and body color cannot be used as the most effective morphological character for species
identification. In addition, the length of the dorsal papillae, and the bifurcated or single-pointed
dorsal appendages were not the most striking and recognizable characteristics of Psychropotes
(Hansen, 1975; Xiao, Li & Sha, 2018). In this study, we made a taxonomic key by reviewing
morphologically similar features of each species and different features that distinguished them
from other congeners. In addition to the stable morphological features of ossicle types, external
morphological features were used to identify species, which included the number of dorsal
papillae, the presence or absence of free ventrolateral tube feet, the number of ventrolateral tube

feet, and the length and position of the dorsal appendages.

Geographical distribution of psychropotid species

Based on the analysis of available data from OBIS and GBIF, the world distribution of
psychropotid species is as follows. In total, there are three genera and 44 species in the family
Psychropotidae, which include the three new species described here, 27 of which are distributed
in the Pacific Ocean (i.e., 13 species in Psychropotes, 11 species in Benthodytes, three species in

Psycheotrephes), 12 species in the Indian Ocean (i.e., nine species in Psychropotes and three
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species in Benthodytes), six species in the Atlantic Ocean (i.e., two species in Psychropotes and
four species in Benthodytes), and only one species in the Antarctic (i.e., Psycheotrephes recta).

Twenty-two species, which include three new species, in the genus Psychropotes are
distributed widely, with a depth range of 957-7250 m. P. verrucosa has the deepest record in the
genus (depth 7250 m), and P. depressa has the shallowest record (depth 957 m). Thirteen species
of Psychropotes were discovered in the deep water of the Pacific Ocean, and five of those
species were recorded from the South Pacific Ocean: P. asperatus sp. nov., P. depressa, P.
longicauda, P. loveni, and P. verrucosa. Seven species are only distributed in the Indian Ocean:
P. belyaevi, P. diutiuscauda sp. nov., P. fuscopurpurea, P. nigrimargaria sp. nov., P. minuta, P.
mirabilis, and P. xenochromata. Two other species, P. scotiae and P. semperiana, are distributed
mainly in the Atlantic and Indian Ocean. Among the four valid species of the genus
Psycheotrephes, three were recorded from the Pacific region (Fig. 16), and Psycheotrephes recta
(Vaney, 1908) is the only species distributed in the Antarctic (specific data not available). The
depth range of Psycheotrephes is 4182—5029 m. There are 18 species in the genus Benthodytes,
four of which were found only in the Atlantic: Benthodytes gosarsi Gebruk, 2008, B. lingua
Perrier R., 1896, B. valdiviae Hansen, 1975, and B. violeta Martinez, Solis-Marin &
Penchaszadeh, 2014. Three species are distributed only in the Indian Ocean: B. plana Hansen,
1975, B. superba Koehler & Vaney, 1905, and B. wolffi Rogacheva & Cross in Rogacheva et al.,
2009. The remaining species were found mainly in the Pacific Ocean. Benthodytes sibogae
Sluiter, 1901, and B. marianensis Li, Xiao, Zhang & Zhang, 2018 were collected from the
shallowest (694 m) and deepest (5567 m) depths recorded for this genus, respectively, with depth
information based on specimens collected in the Mariana Trench and the South China Sea (Li et
al., 2018; Xiao, Xiao & Zeng, 2020).

Overall, species in the family Psychropotidae span a wide range of depths (694—7250 m),
which extend from bathyal depths (300-2000-m) to the hadal zone (6000—11000-m)- Such high
species richness and wide geographical distribution indicate that there are likely more species to

be discovered in the Pacific Ocean. There is no doubt that it i1s necessary to conduct more
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investigations of deep-sea holothurians in different areas to unravel their taxonomy and

phylogeny.

Conclusions

We described a new species (Psychropotes asperatus sp. nov.) and one new record
(Psychropotes depressa) from the Kermadec Trench region in the South Pacific Ocean, and two
new species (Psychropotes diutiuscauda sp. nov. and Psychropotes nigrimargaria sp. nov.) from
the WZFZ in the East Indian Ocean. We developed an dichotomous key for Psychropotes. The
yellow-green body color, the size of the dorsal papillae, and unpaired dorsal appendages that
were single-pointed or divided in varying degrees at the tip could not be used as unique
identification features to distinguish the species. The key morphological features were the
number of dorsal papillae, the number of free ventrolateral tube feet, the length and position of
the unpaired dorsal appendages, and the ossicle types. Phylogenetic analyses showed that the
family Laetmogonidae is polyphyletic, and the genus Benthodytes in the family Psychropotidae
is paraphyletic. The family Psychropotidae exhibits a broad geographical range, with the Pacific

Ocean displaying the greatest variety of species, hosting 27 out of the 44 recognized species.
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Figure 1

Sampling locations of the studied Psychropotes species in the Kermadec Trench region
and the Wallaby-Zenith Fracture Zone.
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Figure 2

Psychropotes asperatus sp. nov., holotype (NIWA164003).

(A, B) The holotype specimen in situ. (C, D) The holotype in preserved state. (E) Dorsal warts.
(F) Closeup shooting of warts on dorsum. Scale bars: 2 cm (C, D), 500 um (E, F).
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Figure 3

Psychropotes asperatus sp. nov., SEM, holotype (NIWA164003).
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Figure 4

Psychropotes asperatus sp. nov., SEM, holotype (NIWA164003).

(A-D) Ossicles from tentacles; (E, F) tube feet; (G-J) ventral body wall. Scale bar: 300 um.
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Figure 5

Psychropotes diutiuscauda sp. nov., holotype (FDZ188-F01).

(A, B) In situ images. (C) Specimen before fixation in absolute ethanol. (D, E) Preserved in

absolute ethyl alcohol after a few days. Scale bars: the distance between the two laser points
is 10 cm (A, B); 3 cm (C-E).
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Figure 6

Psychropotes diutiuscauda sp. nov., SEM, holotype (FDZ188-F01).

(A-I) Ossicles from dorsal body wall. Scale bar: 100 um.
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Figure 7

Psychropotes diutiuscauda sp. nov., SEM, holotype (FDZ188-F01).

(A-P) Ossicles from ventral body wall. Scale bar: 50 um.
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Figure 8

Psychropotes diutiuscauda sp. nov., SEM, holotype (FDZ188-F01).

(A-Q) Ossicles from tube feet; (R-V) tentacles. Scale bars: 100 um.
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Figure 9

Psychropotes nigrimargaria sp. nov., holotype (FDZ188-F02).

(A, B) In situ images. (C) Specimen before fixation. (D, E) Specimen after preservation. Scale

bars: 10 cm (A, B), 3 cm (C-E).
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Figure 10

Psychropotes nigrimargaria sp. nov., SEM, holotype (FDZ188-F02).

(A-G) Ossicles from dorsal body wall; (H-]) ventral body wall. Scale bars: 100 um.
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Figure 11

Psychropotes nigrimargaria sp. nov., SEM, holotype (FDZ188-F02).

(A-K) Ossicles from tube feet; (L-N) tentacles. Scale bars: 100 um.
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Figure 12

Psychropotes depressa (Théel, 1882) (NIWA164160).

(A) In situ images. (B) Specimen after fixation. (C-J) Dorsal ossicles under SEM. Scale bars:

(A) the distance between the two laser points is 10cm ; (B) 1 cm; (C-J) 200 um.
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Figure 13

Psychropotes depressa (Théel, 1882), drawing and SEM, (NIWA164160).

(A) Ossicles from dorsal papillae; (B) dorsal body wall; (C) unpaired dorsal appendage; (D)

tentacles. Scale bars: 100 um.
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Figure 14

Maximum-likelihood (ML) and Bayesian inference (Bl) phylogenetic trees based on COI
sequences that show phylogenetic relationships among elasipodid species.

Numbers near branches indicate the bootstrap values (BS) from ML and posterior
probabilities (PP) of Bl, and the asterisk (*) indicates that the branch is not supported by the

Bl tree. The sequences of three new species and one new record of Psychropotes provided in

this study are in red.
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Figure 15

Maximum-likelihood (ML) and Bayesian inference (Bl) phylogenetic trees based on
concatenated 16S-COIl sequences that show phylogenetic relationships among
elasipodid species.

Numbers near branches indicate the bootstrap values from ML and posterior probabilities of
Bl, and the asterisk (*) indicates that the branch is not supported by the Bl tree. The

sequences of three new species and one new record provided in this study are in red.
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Figure 16

The world distribution of species of Psychropotidae based on OBIS and GBIF data.

(A) Psychropotes Theel, 1882. (B) Benthodytes Theel, 1882. (C) Psycheotrephes Théel, 1882.

Species are represented by different colors.

Peer] reviewing PDF | (2024:08:105583:0:2:NEW 5 Sep 2024)


Reviewer
テキスト注釈
Psychropotes and Benthodytes have a large number of species, and some their symbols are difficult to distinguish by color in the figures, so some ingenuity such as mixing multiple symbol designs is necessary. In addition, some records such as P. longicauda are included that do not reflect the results of recent taxonomic revision, so annotations for such species should be provided in the text or in the figure captions.
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Table 1l(on next page)

Interspecific and intraspecific uncorrected p-distances at COI of nine species of
Psychropotes.

Intraspecific distances are in bold. ‘- means no data.
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Table 1. Interspecific and intraspecific uncorrected p-distances at COI of nine species of Psychropotes.

1 2 3 4 5 6 7 8 9
1. P. asperatus sp. nov. —
2. P. depressa 9.99% -
3. P. diutiuscauda sp. 11.33% 12.05% -
nov.
4. P. dyscrita 13.05% 12.81% 2.55% -
5. P. moskalevi 10.22— 12.07- 1.56-2.27% 1.38-2.64% 0.00-0.82%

11.23% 13.06%
6. P. nigrimargaria sp. 10.41% 12.02% 2.84% 4.47% 3.48-4.40% -
nov.
7. P. pawsoni 10.27% 12.96% 4.30% 6.21% 4.99-5.24% 4.52% -
8. P. raripes 12.21% 13.01% 2.47% 2.77% 2.47-3.00% 4.85% 431% -
9. P. verrucicaudatus 3.14-3.26% 10.79— 11.70— 12.99— 10.46— 11.49- 11.02— 12.83— 0.22-
11.06% 12.65% 13.54% 12.66% 12.38% 11.35% 12.85% 1.23%

1 Intraspecific distances are in bold. ‘—’ means no data.
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