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The soft sea urchins Echinothuriidae Thomson, 1872, constitute the most
commonly encountered sea urchins in the bathyal environment. The
echinothuriids are common and frequently abundant in the Indo-Pacific, but the
species diversity is still not completely known yet. Our examination of echinoid
specimens collected from seven seamounts in the Northwest Pacific Ocean
revealed three new species and two new records. The three new species are
described as Araeosoma cucullatum sp. nov., Araeosoma polyporum sp. nov., and
Hygrosoma involucrum sp. nov. The two new records included two species from
the genus Araeosoma. They are distinguished from each other and from
congeners by the following characteristics: coloring, ambulacrum,
interambulacrum, apical system, spines, and pedicellariae. The identities of the
five species are well supported by genetic distance and phylogenetic analyses
based on the mitochondrial cytochrome oxidase subunit | (COIl) and 16S rRNA
genes. Based on the distribution data, we explored the distribution patterns of
Araeosoma, Calveriosoma, Hapalosoma, Sperosoma, Tromikosoma, and
Hygrosoma, the six echinothuriid genera occurring in deep sea, and delineated
10 isolated deep-sea biogeographic provinces all over the world. The Western
Pacific harbors higher species diversity of deep-sea echinothuriids than other sea
areas worldwide, indicating that the Western Pacific may play an important part in
the dispersal and speciation of deep-sea echinothuriids.
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Introduction

The order Echinothurioida Claus, 1880, includes the families
Echinothuriidae Thomson, 1872a; Kamptosomatidae
Mortensen, 1934; and Phormosomatidae Mortensen, 1934. As
the largest family, Echinothuriidae includes 53 accepted species,
which belong to seven genera (Araeosoma Mortensen, 1903;
Asthenosoma Grube, 1868; Calveriosoma Mortensen, 1934;
Hapalosoma Mortensen, 1903; Hygrosoma Mortensen, 1903;
Sperosoma Koehler, 1897; and Tromikosoma Mortensen, 1903)
(Kroh and Mooi, 2022). The distinctive hoof-like tip of the oral
spines is the most characteristic feature of this family (Thomson,
1872a; Mortensen, 1935). The family Echinothuriidae is the
most commonly encountered sea urchin in the deep ocean.
They are primarily deep-sea inhabitants, with most species
observed at bathyal depths. Only the members of the Indo-
Pacific genus Asthenosoma Grube, 1868 are observed in shallow
depths (Mortensen, 1927; David and Sibuet, 1985; Stevenson
and Kroh, 2020).

Araeosoma is the largest genus in Echinothuriidae. Currently,
19 species are included in this genus. Dactylous pedicellariae is a
special characteristic of this genus, with nothing similar being
known to occur in any other echinothurid or in other echinoids
(Mortensen, 1935). The genus Hygrosoma is characterized by
having ambulacral pores on the oral surface arranged in a single
series near the adradial margin, as well as oral primary spines with
conspicuously large flaring hoofs (Anderson, 2016). This genus is
currently composed of three species: Hygrosoma hoplacantha
(Thomson, 1877), Hygrosoma luculentum (Agassiz, 1879), and
Hygrosoma petersii (Agassiz, 1880).

Mooi et al. (2004) studied the phylogenetic relationship of
the echinothurioids and confirmed that they are monophyletic
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@ 4. cucullatum sp. nov.
Y A. polyporum sp. nov.
& H. involucrum sp. nov.

A A. bivalvatum
@ A columnatum

FIGURE 1

Sampling sites in the seamounts of the tropical Western Pacific Ocean.
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and basal to most other extant echinoid groups. Anderson (2013;
2016) examined a large collection of echinothurioid echinoids
from museum collections in New Zealand and Australia and
described eight species in the genus Araeosoma and one in the
genus Hygrosoma. Thereafter, Araeosoma and Hygrosoma have
seldom been reported or investigated in the world oceans.

During surveys of the benthos in the Northwest Pacific Ocean
from 2014 to 2019, we collected 11 specimens of Araeosoma and
seven specimens of Hygrosoma from seven seamounts. These new
materials provide an opportunity to present: i) descriptions of
three new species and two new records; ii) assessment of the
intraspecific divergence between the new species and all other
known species; iii) evaluation of the systematic status of
Echinothuriidae; and iv) discussion of the diversity and
distribution and the biogeography of deep-sea echinothuriids.
Our study provides new insights into the diversity, phylogeny,
and distribution of deep-sea echinothuriids.

Materials and methods
Sampling and preservation

Specimens were collected from the Magellan (Kocebu
Guyot), Yap (Y3), Mariana, and Caroline (M4, M5, M7, and
M8) seamount areas (207-1,605 m) (Figure 1) using the
Remotely Operated Vehicle submersible (ROV) FaXian
(Discovery) on board the R/V KEXUE (Science) from 2014 to
2019. Subsequently, the specimens were immediately preserved
in 75% ethanol and deposited at the Marine Biological Museum
of Chinese Academy of Sciences (MBMCAS), Institute of
Oceanology, Chinese Academy of Sciences (IOCAS).

18°N
180°
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Morphology observation

The morphological characteristics of the outer test of
Echinothuriidae urchins were observed under a stereomicroscope
(ZEISS Stemi 2000-C, Wetzlar, Germany). Several pedicellariae of
each type that could be found on the type specimens were removed
using fine forceps. The pedicellariae were digested in 10% solution
of sodium hypochlorite to separate and remove the soft tissue from
the individual valves (Anderson, 2013). To avoid over exposure to
hydrogen peroxide, which might damage the ossicles, this digestion
process was observed under a stereomicroscope. The pedicellaria
ossicles were then washed three times in distilled water and dried
in absolute ethanol (Coppard and Schultz, 2006). The individual
valves and whole pedicellariae were then examined with a scanning
electron microscope (Hitachi S-3400N, Tokyo, Japan) and the
images recorded in digital format.

DNA extraction and sequencing

One specimen each of Araeosoma alternatum, Araeosoma
polyporum sp. nov., and Araeosoma bidentatum; four specimens
of Araeosoma cucullatum sp. nov.; and seven specimens of
Hygrosoma involucrum sp. nov. were collected for gene
sequencing. Total genomic DNA was extracted from the muscle
tissue (<30 mg) from the base of the primary spines of each
specimen using the E.ZN.A.® Tissue DNA Kit (Omega Bio-Tek,
Norcross, GA, USA) following the manufacturer’s instructions.
The DNA was eluted in 50 pl of sterile distilled H,O (RNase free)
and stored at —20°C. Mitochondrial cytochrome oxidase subunit I
(COIn (~650 bp) and 16S rRNA (16S) (~600 bp) genes were
amplified by polymerase chain reaction (PCR), which was carried
out in a reaction mix containing 1 ul of template DNA, 15 pl of
Premix TaqTM (Takara, Otsu, Shiga, Japan), 1 ul of positive and
negative primers (10 mM), and 12 pl of sterile distilled H,O to a
total volume of 30 ul.

The primer sequences for each gene region are listed in
Supplementary Table S1. The PCR conditions consisted of an
initial denaturation at 94°C for 5 min, followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at 52°C for 30 s,
extension at 72°C for 1 min, and a final extension at 72°C for
7 min. The PCR products were examined with 1.5% agarose gel
electrophoresis and purified using the EZ-10 Spin Column DNA
Gel Extraction Kit (Sangon Biotech, Shanghai, China) before
sequencing. The purified PCR products were bidirectionally
sequenced using an ABI PRISM 3730 (Applied Biosystems,
Foster City, CA, USA) automatic DNA sequencer with the
same primer sets used for PCR amplification.
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Barcoding and phylogenetic analyses

The sequencing data were visualized and edited with the
Seqman program from DNASTAR (http://www.DNASTAR.
com). Manual examination was applied to ensure correct
assembly. The assembled sequences were checked using
BLAST searches (ncbi.nlm.nih.gov) to ensure that the
sequences were not contaminated. The new sequences were
then deposited in GenBank under the accession numbers listed
in Supplementary Table S2.

Two sequencing datasets were analyzed. The first dataset
contained the barcoding sequences of COI from all available
Echinothuriidae urchins, downloaded from BOLD (https://www.
boldsystems.org/) and NCBI (https://www.ncbi.nlm.nih.gov/)
databases, which was used to examine species delimitation
(Supplementary Table S2). To determine the systematic status of
the new Echinothuriidae species, the second dataset contained
concatenated sequences of the COI and I6S fragments of 94
species from Echinoidea and three outgroups from Holothuroidea
(Supplementary Table S2). The sequences of 16S were aligned using
MAFFT version 5 (Katoh et al., 2005) with default parameters. For
the protein-coding gene COI, alignment was conducted with
MEGA v.6 (Tamura et al., 2013) based on codon positions. The
Kimura two-parameter (K2P) genetic distances of COI among the
Echinothuriidae species were calculated with MEGA v.6. Neighbor-
joining (NJ) analysis of the Echinothuriidae species was conducted
using MEGA v.6 based on the K2P model. Branch supports were
estimated by bootstrapping with 1,000 replicates.

Phylogenetic trees were inferred from the concatenated
sequences using the maximum likelihood (ML) and Bayesian
inference (BI) methods. The best-fit partitioning schemes and
substitution models were selected using PartitionFinder 2.1.1
(Lanfear et al., 2017) (Supplementary Table S3). ML analysis was
carried out using the best-fit partition schemes and models in the
IQ-TREE web server (Trifinopoulos et al., 2016). The branch
support was assessed with 5,000 ultrafast bootstrap replicates
(Minh et al., 2013). BI analysis was conducted with MrBayes 3.1
software (Ronquist and Huelsenbeck, 2003) using partition
models. The Markov chain Monte Carlo (MCMC) was run for
50,000,000 generations, with sampling every 1,000 generation to
allow adequate time for convergence. The first 25% of the
sampled trees were discarded as burn-in, with the remaining
trees used to estimate the 50% majority rule consensus tree and
the Bayesian posterior probabilities (PPs). At the end of the run,
the average standard deviation of split frequencies decreased to
0.01. The effective sample size (ESS) values for all sampled
parameters were checked using Tracer v1.7 (Rambaut et al,
2018) to make sure convergence was reached.
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Biogeographic analysis

Existing distribution data of the echinothuriid species of
Araeosoma, Calveriosoma, Hapalosoma, Sperosoma, Tromikosoma,
and Hygrosoma were extracted (Supplementary Table S4) from the
Ocean Biodiversity Information System (https://obis.org/). The
distribution maps of these genera were illustrated with the
software Surfer 16. A database of presence (coded 1) and absence
(coded 0) for 44 echinothuriid species was established for 29 deep-
sea regions (Supplementary Table S5). Statistical analyses were
conducted using the software PRIMER v6 (Plymouth Marine
Laboratory, Plymouth, UK). The deep-sea biogeographic provinces
were delineated based on the unweighted pair group method with
arithmetic mean (UPGMA) cluster analysis (Bray—Curtis distance)
of all the echinothuriid species.

Results
Taxonomy
Order Echinothurioida Claus, 1880

Family Echinothuriidae Thomson, 1872a
Subfamily Hygrosomatinae Smith and Wright, 1990

10.3389/fmars.2022.1036914

Genus Hygrosoma Mortensen, 1903
Type species
Phormosoma petersii A. Agassiz, 1880, by original designation

Hygrosoma involucrum sp. nov.
Diagnosis

Adults of large size. Color of ethanol-preserved test and spines,
dark brown; tube feet, black. Primary tubercles limited to the outer
half of the oral side. Pore pairs of the aboral arranged into three to two
series. The hoof of the primary oral spines is white and large (about 8
mm), widely flared. Adapical spines invested in a dark brown skin
sheath. Large involute tridentate pedicellariae with long, narrow
blades, tip un-serrated; small involute tridentate pedicellariae with
short, narrow blades, tip finely serrated. Triphyllous pedicellariae of
the usual form. Ophicephalous pedicellariae not found (Figures 2-4).

Holotype
MBM286941, M4 seamount, station FX-Dive 136 (10°28' N,
140°05" E), depth 1,469 m, 20 August 2017.

Paratypes

MBM286947, a seamount near the Mariana Trench, station
FX-Dive 70 (11°16" N, 139°25" E), depth 1,372 m, March 27, 2016.
MBM286954, a seamount near the Mariana Trench, station FX-

FIGURE 2

Hygrosoma involucrum sp. nov., holotype, MBM286941 (test diameter, 161 mm). (A) Aboral view. (B) Oral view. (C—F) Details of the coronal plates:
(C), oral ambulacra (D), oral interambulacral (E), aboral ambulacra (F), aboral interambulacral. Scale bars, 50 mm (A, B) and 20 mm (C-F).
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FIGURE 3

10.3389/fmars.2022.1036914

Hygrosoma involucrum sp. nov. (A) Paratype, MBM286940. Apical system. (B, C) Ambulacral plates from the aboral side: (B) from the paratype,

MBM286970 (C). from the holotype, MBM286941. Scale bar, 10 mm.

Dive 62 (11°16’ N, 139°22" E), depth 1,606 m, March 19, 2016.
MBM286973, M4 seamount, station FX-Dive 137 (10°35’ N, 140°
07" E), depth 1,309 m, August 21, 2017. MBM286972, M4
seamount, station FX-Dive 137 (10°35 N, 140°07’ E), depth
1,545 m, August 21, 2017. MBM286940, M4 seamount, station
FX-Dive 136 (10°28' N, 140°05" E), depth 1,281 m, August 20, 2017.
MBM286970, M4 seamount, station FX-Dive 138 (10°33’ N, 140°
07" E), depth 1,103 m, August 22, 2017.

Etymology
Named involucrum, from the Latin word involucrum (sheath),
after spines near the apical system invested in a skin sheath.

Description
Test of holotype (Figures 2A, B): Approximately 161 mm test
diameter (TD), flexible, flattened, and pentagonal in outline. Color

of ethanol-preserved test and spines, dark brown; tube feet, black.
Ratio of ambulacrum to interambulacrum width at ambitus, 1:2.

There are 51-58 plates in each column of the interambulacral,
with about 16-18 of these plates on the oral surface. There are 62—
65 plates in each column of the ambulacral, with about 18-19 of
these plates on the oral surface.

Oral test plating (Figures 2C, D): A primary tubercle occurs on
every interambulacral plate from the ambitus to about half of the
test, forming a regular adradial series. The other primary tubercles
occur on every plate from the ambitus to about half of the test,
forming a regular interradius series. In other specimens, e.g.,
MBM286973, primary tubercles also presented between these two
series on a few of the plates. Numerous secondary and miliary
tubercles are scattered over these plates. In the ambulacra, a primary
tubercle occurs on every plate from the ambitus to about half of the
test, forming a regular perradial series. Numerous secondary and
miliary tubercles are scattered over these plates.

FIGURE 4

Hygrosoma involucrum sp. nov.; holotype, MBM286973. SEM images of pedicellariae. (A, B) Large involute tridentate pedicellaria: (A) individual
valve (B) head. (C, D) Small involute tridentate pedicellaria: (C) head (D) individual valve. (E, F) Valves of triphyllous pedicellariae. Scale bar, 100 pm.
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The peristome is approximately 41 mm in diameter, with
about four to five boomerang-shaped plates in each column.
Each plate has a row of four to eight tubercles. The pore pairs are
arranged in a single series. Peristomial spines and tube feet are
dark brown colored. Gills moderate.

Aboral test plating (Figures 2E, F): Primary tubercles on the
aboral side smaller than those of the oral side. A primary tubercle
occurs on every interambulacral plate from the edge of the apical
system to the ambitus, forming a regular adradial series. In other
specimens, e.g., MBM286940, this differs in that the other primary
tubercles occur on a few plates near to the ambitus, forming an
irregular interradius series. In the ambulacra, a primary tubercle
occurs on every plate, forming a regular perradial series. A few
smaller primary tubercles parallel to those of the larger tubercles
occur on a few plates. Numerous secondary and miliary tubercles
are scattered over these plates. Pore pairs are arranged into two or
three discrete columns in series (Figures 3B, C).

The apical system measures 24 mm in diameter, pentagonal.
The genital pore is large, opening in the membranous gaps.
What is more interesting is that, in one specimen observed, the
genital plate is a long strip (Figure 3A). Madreporite distinct,
slightly raised, split clearly into three to six sections. Ocular plate
large, with one to three small tubercles.

Spines: Hollow and cylindrical, with the longest approximately
52 mm long, 1.5 mm in diameter. Primary spines of the oral surface
are smooth, slightly curved, and with about 32 fine longitudinal
striations. The hoof of the primary oral spines is white and large
(about 8 mm), widely flared. Spines near the apical system invested
in a dark brown skin sheath.

Pedicellariae (Figure 4): Two kinds of tridentate pedicellariae
are present. One is a large involute form (head length about 1.4
mm) with long, narrow blades; the un-serrated tips about a third of
the base width; and the blades in contact for only a small area. The
other is an involute form (about 0.4 mm long) with short, narrow
blades; the finely serrated tips about a third of the base width. The
valves are in contact for nearly half of their length. Triphyllous
pedicellariae (about 0.5-0.6 mm) the typical echinothurioid form.

Size range
The median TD of the seven specimens measured was 100
mm, with the largest specimen being 181 mm.

Distribution

Found on a seamount (M4) near the Caroline Ridge and a
seamount near the Mariana Trench in the Northwest Pacific
Ocean, where the water depth is about 1,103-1,606 m.

Remarks

The most obvious differences between H. involucrum sp. nov.
and the other three known species of Hygrosoma are the
characteristics of their pedicellariae. In H. hoplacantha (known
from the Indo-Pacific), the large tridentate pedicellariae have a

Frontiers in Marine Science

06

10.3389/fmars.2022.1036914

broad, strongly involute blade with a distinctly serrated edge (see
Figure 21 in Anderson, 2016). In H. luculentum (known from the
Indo-Pacific), the short, broad-bladed with un-serrated edge
tridentate pedicellariae usually present in great numbers (see Plate
XIII, Figure 16 in Mortensen, 1903). None of these pedicellariae
were found in the specimens examined.

The Atlantic H. petersii differs from the new species in terms
of the absence of obvious membranous gaps in the apical system
and adapical spines without skin sheath. In addition, the pore
pairs of H. petersii are arranged into two close vertical series on
the aboral side (Mortensen, 1935), while those of H. involucrum
sp. nov. are arranged into two or three series.

Subfamily Echinothuriinae Thomson,
1872

Genus Araeosoma Mortensen, 1903
Type species

Calveria fenestrata Wyville Thomson, 1872, by
original designation

Araeosoma cucullatum sp. nov.
Diagnosis

Adults of moderate size. The color of the ethanol-preserved
test and spines is light brown, darker on the tissue surrounding
the tubercles and tube feet, and the membranous gaps white.
Membranous spaces widest in the median area between the
plates of the interambulacra. A primary tubercle occurs on every
interambulacral plate on the oral surface, forming a regular
adradial series. The hoof of the primary oral spines is white,
moderately long (about 1 mm), slightly flared, and slightly
flattened distally. Three kinds of tridentate pedicellariae are
present; large tridentate pedicellariae with spoon-shaped valves
(Figures 5, 6).

Holotype
MBM286942, Kocebu Guyot, station FX-Dive 175 (17°20" N,
153°12" E), depth 1,314 m, April 9, 2018.

Paratypes

MBM286963, M4 seamount, station FX-Dive 132 (10°23’ N,
140°09" E), depth 1,368 m, August 14, 2017. MBM286971, M7,
station FX-Dive 223 (10°04’ N, 140°15" E), depth 1,363 m, June
11, 2019. MBM286975, M5 seamount, station FX-Dive 214 (10°
05’ N, 140°10" E), depth 1,497 m, June 1, 2019.

Etymology

Named cucullatum, from the Latin word cucullatus (spoon-
shaped), after the spoon-shaped valves of large tridentate
pedicellariae.
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FIGURE 5
Araeosoma cucullatum sp. nov.; holotype, MBM286942 (test diameter, 105 mm). (A) Aboral view. (B) Oral view. (C—F) Details of the coronal plates:
(C), oral ambulacra (D), oral interambulacral (E), aboral ambulacra (F) aboral interambulacral. Scale bars, 50 mm (A, B) and 20 mm (C—F)

Description gaps white. Ratio of ambulacrum to interambulacrum width at
Test of holotype (Figures 5A, B): Approximately 105 mm TD, ambitus, 3:4.

flexible, flattened, and circular in outline. The color of the ethanol- There are 34-41 plates in each column of the interambulacral,

preserved test and spines is light brown, darker on the tissue with about 17-19 of these plates on the oral surface. There are 43—

surrounding the tubercles and tube feet, and the membranous 51 plates in each column of the ambulacral, with about 21-25 of

FIGURE 6

Araeosoma cucullatum sp. nov.; holotype, MBM286942. SEM images of pedicellariae. (A, B) Large tridentate pedicellaria: (A) individual valve
(B) head. (C, D) Rostrate tridentate pedicellaria: (C) individual valve (D) head. (E) Involute tridentate pedicellaria. (F, G) Valves of triphyllous
pedicellariae. Scale bar, 100 um
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these plates on the oral surface. Membranous spaces widest in the
median area between interambulacral plates on the aboral surface.
Adapical-most interambulacral plates angled slightly.

Oral test plating (Figures 5C, D): A primary tubercle occurs
on every interambulacral plate from the edge of the peristome to
the ambitus, forming a regular adradial series. The other primary
tubercles occur on every plate or every second plate from the
ambitus to about two-thirds of the test. These tubercles form an
irregular series adjacent to the interradius. One or two secondary
tubercles occur on a few plates. Numerous miliary tubercles
scattered over on interambulacral plates. In the ambulacra, a
primary tubercle occurs on every plate or every second plate,
forming an irregular perradial series. Secondary tubercles are
arranged irregularly on the adradial side and perradial side of the
pore pairs. Numerous miliary tubercles are scattered over on
ambulacra plates.

The peristome is approximately 23 mm in diameter, with
about 10 boomerang-shaped plates in each column. Each plate
has a row of two to three tubercles. The pore pairs are arranged
in a single series. Peristomial spines and tube feet brown colored,
the same color as that in the test. Gills large.

Aboral test plating (Figures 5E, F): A primary tubercle
occurs on every second interambulacral plate from the
ambitus to about four-fifths of the test, forming a regular
adradial series. Numerous miliary tubercles scattered over
these plates. In the ambulacra, a primary tubercle occurs
between every plate to the fifth plate, forming an irregular
perradial series. Numerous miliary tubercles are scattered over
these plates.

The apical system measures 21 mm in diameter, pentagonal.
Genital pores large, opening in the membranous gaps within the
disaggregated genital plates. Madreporite distinct, slightly raised,
kidney-shaped, and split clearly into one to two sections. Ocular
plate large, with three to five small tubercles.

Spines: Hollow and cylindrical, with the longest
approximately 14 mm long, 0.5 mm in diameter. The primary
spines of the oral surface are smooth, slightly curved, and with
about 20 fine, longitudinal striations. The hoof of the primary
oral spines is white, moderately long (about 1.8 mm), slightly
flared, and slightly flattened distally.

Pedicellariae (Figure 6): Three kinds of tridentate pedicellariae
are present. A large kind (head length about 1.5 mm) with
distinctly spoon-shaped valves, narrowest in the middle and
widened distally, un-serrated tip. The valves are in contact for
most of their length, and a base about two times the width of the
tip. Two smaller types are also present: one rostrate form (about
0.4-0.6 mm long) with straight-sided, narrow, and un-serrated
blades with a rounded tip; the other an involute form (about 1-1.5
mm long) with narrow, un-serrated blade, tips about one-fifth the
valve length, and base about four times the width of the tip.
Triphyllous pedicellariae (about 0.3-0.4 mm) of the typical
echinothurioid form. Dactylous pedicellariae not found.
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Size range
The median TD of the four specimens measured was 98.5
mm, with the largest specimen being 118 mm.

Distributions

Found on a seamount (Kocebu Guyot) near the Magellan
seamount and three seamounts (M4, M7, and M5) near the
Caroline Ridge in the Northwest Pacific Ocean, where the water
depth is about 1,314-1,497 m.

Remarks

The new species mostly resembles Araeosoma coriaceum
(Agassiz, 1879) (known from the Indo-Pacific) in terms of test
plate morphology and tuberculation. However, the two species
differ in aspects of their tridentate pedicellariae, hoof of primary
oral spines, and color. The distinct spoon-shaped valves of the
tridentate pedicellariae in A. cucullatum sp. nov. are not present
in A. coriaceum. In addition, in A. coriaceum, the rostrate form
of the tridentate pedicellariae has a coarsely serrated blade (see
Plate LXXIX, Figures 10-15 in Mortensen, 1935). The hoof of
the primary oral spines in A. coriaceum is smaller than that in A.
cucullatum sp. nov. The coloration of A. coriaceum (greenish
black or blackish brown) is quite distinct from that of A.
cucullatum sp. nov. (light brown) (Agassiz, 1879).

Araeosoma polyporum sp. nov.
Diagnosis

Color of test is translucent, the tubercles and apical system
red, oral tube feet and peristome buft, and the membranous gaps
and spines white. Membranous spaces widest in the median area
between the plates of the column. A primary tubercle occurs on
every interambulacral plate on the oral surface, forming a regular
adradial series. Some aboral plates have four pore pairs. The hoof
of the primary oral spines is white, relatively short (about 0.5
mm), and only slightly flared. Involute tridentate pedicellariae
with long, narrow blades, the tip round (Figures 7, 8).

Holotype
MBM286949, a seamount near the Mariana Trench, station
FX-Dive 64 (11°18" N, 139°21" E), depth 207 m, June 22, 2016.

Etymology
Named polyporum, from the Greek word poly (many) and
porus (pore), after the four pore pairs present in aboral plates.

Description

Test of holotype (Figures 7A, B): Approximately 46.4 mm
TD, flexible, flattened, and pentagonal in outline. Color of test is
translucent, tubercles and apical system red, oral tube feet and
peristome buff, and the membranous gaps and spines white.
Ratio of ambulacrum to interambulacrum width at ambitus, 1:2.
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FIGURE 7

Araeosoma polyporum sp. nov.; holotype, MBM286949 (test diameter, 46.4 mm). (A) Aboral view. (B) Oral view. (C—F) Details of the coronal plates:
(C), oral ambulacra (D), oral interambulacral (E), aboral ambulacra (F) aboral interambulacral. Scale bars, 50 mm (A, B) and 10 mm (C—F)

There are 41-45 plates in each column of the interambulacral,
with about 20-22 of these plates on the oral surface. There are 61-
64 plates in each column of the ambulacral, with about 30-32 of
these plates on the oral surface. Membranous spaces widest in the
median area between the plates of the column. Adapical-most
interambulacral plates angled slightly.

Oral test plating (Figures 7C, D): A primary tubercle occurs
on every interambulacral plate from the edge of the peristome to
the ambitus, forming a regular adradial series. A smaller primary
tubercle occurs on a few plates. These tubercles form an irregular
series adjacent to the interradius. Numerous secondary and
miliary tubercles scattered over these plates. In the ambulacra,
a primary tubercle occurs on a few plates, forming an irregular
perradial series. Numerous secondary and miliary tubercles are
scattered over these plates.

The peristome is approximately 17 mm in diameter, with about
10 boomerang-shaped plates in each column. Each plate has a row
of two to three tubercles. The pore pairs are arranged in a single
series. Peristomial spines and tube feet buff. Gills small.

Aboral test plating (Figures 7E, F): A primary tubercle
occurs on each or every second interambulacral plate from the
ambitus to about half of the test, forming an irregular adradial
series. One secondary tubercle occurs on a few plates. Numerous
miliary tubercles are scattered over these plates. In the
ambulacra, a primary tubercle occurs on every plate or every
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second or every third plate, forming an irregular perradial series.
Numerous secondary and miliary tubercles are scattered over
these plates. The pore pairs are arranged into three discrete
columns in series, gradually curved near the apical system. Some
plates have four pore pairs.

The apical system measures 9 mm in diameter, sub-pentagonal.
Genital pores are large, opening in the membranous space at the
genital plates. Madreporite distinct, slightly raised, and kidney-
shaped. Ocular plates are small, with two to three small tubercles.

Spines: Hollow and cylindrical, with the longest
approximately 25 mm long, 0.3 mm in diameter. The primary
spines of the oral surface are smooth, slightly curved, and with
about 20 fine, longitudinal striations. The hoof of the primary
oral spines is white and relatively short (about 0.5 mm) and only
slightly flared.

Pedicellariae (Figure 8): Two kinds of tridentate pedicellariae
are present. One an involute form (head length about 1.8 mm)
with long, narrow, and un-serrated blades, tip rounded, and
almost the same width of the base; the valves touch only at the
widened tip. The other a rostrate form (about 1.5 mm long) with
straight-sided blades and an un-serrated tip only slightly
narrowing toward the base. The valves are in contact for most
of their length. Triphyllous pedicellariae (about 0.3-0.4 mm) of
the typical echinothurioid form. Dactylous pedicellariae
not found.
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FIGURE 8

Araeosoma polyporum sp. nov.; holotype, MBM286949. SEM images of pedicellariae. (A, B) Involute tridentate pedicellaria: (A) individual valve
(B) head. (C) Rostrate tridentate pedicellaria. (D, E) Valves of triphyllous pedicellariae. Scale bar, 100 um.

Size range
The TD of the single known specimen is 46.4 mm.

Distribution
Found only on a seamount near the Mariana Trench in the
Northwest Pacific Ocean, where the water depth is about 207 m.

Remarks

The pore pairs of A. polyporum sp. nov. reach up to four in
some aboral plates, making it most similar to Araeosoma owstoni
Mortensen, 1904 (known from the Western Pacific Ocean). A.
polyporum sp. nov. differs from A. owstoni in terms of the
presence of the involute form of tridentate pedicellariae and the
hoof of the primary oral spines being relatively shorter than that
in A. owstoni. The coloration of the holotype of A. owstoni (flesh
colored, aboral spines greenish) is quite distinct from that of A.
polyporum sp. nov. (red, spines white). However, the Hawaiian
specimens showed a wide range of color (the small individuals are
white, medium-sized specimens are reddish or brick red, and the
larger specimens are dull pale purplish and the spines pinkish)
(Agassiz and Clark, 1909).

Araeosoma alternatum Mortensen, 1934

Araeosoma coriaceum Doderlein, 1906: 122. Araeosoma
alternatum Mortensen, 1934:165; 1935:270; Anderson,
2013:556-559 (Figures 9, 10).

Material examined
MBM286966, Y3 seamount, station FX-Dive 21 (8°51’ N,
137°47" E), depth 307-381 m, December 24, 2014.
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Description

Test (MBM286966) (Figures 9A, B): Approximately 135.4
mm TD, flexible, flattened, and pentagonal in outline. Color of
ethanol-preserved test and appendages, nude. Ratio of
ambulacrum to interambulacrum width at ambitus, 9:10.

There are 81 plates in each column of the interambulacral,
with about 40 of these plates on the oral surface. There are 147 in
each column of the ambulacral, with about 58 of these plates on
the oral surface. Membranous spaces widest in the median area
between interambulacral plates on the aboral surface. These gaps
are relatively narrow compared with other Araeosoma species.
Adapical-most interambulacral plates angled slightly.

Oral test plating (Figures 9C, D): A primary tubercle occurs
on every second interambulacral plate (a few occur on every
plate) from the edge of the peristome to the ambitus, forming a
regular adradial series. The other primary tubercles occur on
every plate or every second plate, forming an irregular
interradius series. Numerous secondary and miliary tubercles
are scattered over these plates. In the ambulacra, a primary
tubercle occurs on every plate or every second or third plate,
forming an irregular perradial series. Secondary tubercles are
arranged irregularly on the adradial and perradial sides of the
pore pairs. Numerous miliary tubercles are scattered over these
plates. The peristome is approximately 38 mm in diameter, with
about 11 boomerang-shaped plates in each column. Each plate
has a row of two to three tubercles. The pore pairs are arranged
in a single series. The peristomial spines and tube feet are nude
colored, the same color as that of the test. Gills small.

Aboral test plating (Figures 9, F): A primary tubercle occurs
on a few interambulacral plates from the ambitus to about half of
the test, forming an irregular adradial series. The other primary
tubercles occur on a few interambulacral plates from the ambitus to

frontiersin.org


https://doi.org/10.3389/fmars.2022.1036914
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zheng et al.

FIGURE 9

10.3389/fmars.2022.1036914

Araeosoma alternatum, MBM286966 (test diameter, 135.4 mm). (A) Aboral view. (B) Oral view. (C—~F) Details of the coronal plates: (C),oral
ambulacra (D), oral interambulacral (E), aboral ambulacra (F) aboral interambulacral. Scale bars, 50 mm (A, B) and 20 mm (C—F)

about half of the test, forming an irregular interradius series. In the
ambulacra, a primary tubercle occurs on a few plates, forming an
irregular perradial series. There are one to two secondary tubercles
in a column of the ambulacra near the apical system. Numerous
miliary tubercles are scattered over these plates.

The apical system measures 20 mm in diameter, circle.
Genital pores are small, opening in the membranous space at

the genital plates. Madreporite oval, not much raised. The ocular
plate is large, with one to three small tubercles.

Spines: Hollow and cylindrical, with the longest
approximately 32 mm long, 0.6 mm in diameter. The primary
spines of the oral surface are smooth, slightly curved, and with
about 20 fine, longitudinal striations. The hoof of the primary
oral spines is short and widely flaring (about 0.8 mm).

FIGURE 10

Araeosoma alternatum, MBM286966. SEM images of pedicellariae. (A) Large involute tridentate pedicellaria. (B, C) Large rostrate tridentate
pedicellaria: (B) individual valve (C) head. (D, E) Small tridentate pedicellaria: (D) individual valve (E) head. (F, G) Valves of triphyllous pedicellariae.

Scale bar, 100 um.
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Pedicellariae (Figure 10): Three kinds of tridentate pedicellariae
are present. One is a large (head length about 1.8 mm) involute
form, coarsely serrated, and the tip widening to half the width of the
base. The valves are in contact for most of the tip length. The other
is a large rostrate form (head length about 0.8 mm, base about 0.35
mm wide), with a coarsely serrated blade widening toward the base.
The valves are in contact for most of their length. Another is a small
tridentate rostrate form (about 0.5 mm long) with straight-sided,
narrow, and un-serrated blades. The valves are in contact for most
of their length, with a base about two times the width of the tip.
Triphyllous pedicellariae (about 0.38 mm long) with a cylindrical
middle, the blades involute and particularly elongated, the base
about as wide as the tip, on a long neck and stalk. These unusual
triphyllous pedicellariae are readily found on the specimens
examined. Dactylous pedicellariae not found.

Distribution

Depth of 307-1,289 m, in the western Indian Ocean, New
Caledonia, New Zealand, Southeast Australia, and the Yap
Trench area in the Northwest Pacific Ocean.

Remarks

The specimen was clearly a new record for the Northwest
Pacific Ocean, as the species was previously known only from the
western Indian Ocean and the South Pacific Ocean. The rostrate
tridentate pedicellariae and triphyllous pedicellariae in the
specimen examined look remarkably similar to Ddéderlein’s
figures of A. alternatum (see Tafel XXXVIII in Doderlein,
1906). We noticed some differences, including: 1) the absence
of ophicephalous pedicellariae compared to the Auckland Island
specimens (see Figure 31 in Anderson, 2013); however, the
ophicephalous forms are quite rare and very small, and they
have not been found on the holotype either; 2) the middle
section of the involute tridentate pedicellariae in the specimen
examined is relatively wider than that in the type specimen.

Araeosoma bidentatum Anderson, 2013
Araeosoma bidentatum Anderson, 2013:523-529
(Figures 11, 12).

Material examined
MBM286957, M8 seamount, station FX-Dive 224 (10°36’ N,
140°04" E), depth 1,314 m, June 12, 2019.

Description

Test (MBM286957) (Figures 11A, B): Approximately 61.5
mm TD, flexible, flattened, and pentagonal in outline. The color
of the oral test is buff, sucking disks and peristome orange, and
aboral test beige. The membranous connective tissue between
the plates is white. Ratio of ambulacrum to interambulacrum
width at ambitus, 2:3.

There are 48-52 plates in each column of the interambulacral,
with about 19-21 of these plates on the oral surface. There are 51-
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58 plates in each column of the ambulacral, with about 21-25 of
these plates on the oral surface. Membranous spaces widest in the
plates of the interambulacral.

Oral test plating (Figures 11C, D): A primary tubercle occurs on
every interambulacral plate from the edge of the peristome to the
ambitus, forming a regular adradial series. The other primary
tubercles occur on every plate from the edge of the peristome to
the ambitus, forming a regular interradius series. Numerous
secondary and miliary tubercles are scattered over these plates. In
the ambulacra, a primary tubercle occurs on every plate to every
third plate, forming an irregular perradial series. One secondary
tubercle occurs on a few plates. Numerous miliary tubercles are
scattered over these plates.

The peristome is approximately 18 mm in diameter, with
about eight boomerang-shaped plates in each column. Each
plate has a row of tubercles. The pore pairs are arranged in a
single series. The peristomial spines are curved, slightly
expanded distally. Gills small.

Aboral test plating (Figures 11E, F): A primary tubercle occurs
on every second interambulacral plate from the ambitus to about
half of the test, forming a regular adradial series. Numerous
secondary and miliary tubercles are scattered over these plates. In
the ambulacra, a primary tubercle occurs on a few ambulacra plates
from the ambitus to about half of the test, forming an irregular
perradial series. Numerous miliary tubercles are scattered over
these plates.

The apical system measures 12 mm in diameter, circular. Genital
pores are large, opening in the membranous space at the genital
plates. Madreporite distinct, slightly raised, and subtriangular. The
ocular plate is small, with two to five small tubercles.

Spines: Hollow and cylindrical, with the longest approximately
53 mm long, 0.5 mm in diameter. The primary spines of the oral
surface are smooth, slightly curved, and with about 24 fine,
longitudinal striations. The hoof of the primary oral spines is
white and relatively short (about 0.8 mm), only slightly flared.
Primary aboral spines invested in a translucent skin sheath.

Pedicellariae (Figure 12): Three kinds of tridentate pedicellariae
are present. One a large (about 1.8 mm long) involute form with
serrated tips in contact for most of the tip length, with the tip about
two-thirds of the width of the base. Two bidentate types are also
present. One is straight-sided (about 1.1 mm long) with no involute
blades, with the base slightly wider than the blade and the tip slightly
serrated. The valves are in contact for most of their length. The other
is a rostrate form (about 0.3 mm long) with wide un-serrated blades,
only slightly narrowing toward the base. The valves are in contact for
most of their length. Triphyllous pedicellariae (about 0.3-0.4 mm) is
the typical echinothurioid form. Dactylous (about 2.1 mm): form
typical of the genus, with six valves, the blade edges finely “crimped.”

Distribution
Depth of 760-1,314 m, in New Zealand, Australia, and the
Caroline Ridge area in the Northwest Pacific Ocean.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1036914
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zheng et al.

10.3389/fmars.2022.1036914

FIGURE 11

Araeosoma bidentatum, MBM286957 (test diameter, 61.5 mm). (A) Aboral view. (B) Oral view. (C—F) Details of the coronal plates: (C), oral
ambulacra (D), oral interambulacral (E), aboral ambulacra (F) aboral ambulacra. Scale bars, 50 mm (A, B) and 10 mm (C—F).

Remarks

The specimen was clearly a new record for the Northwest
Pacific Ocean, as the species was previously known only from the
South Pacific Ocean.

The bidentate pedicellariae are known only from A.
bidentatum, and this characteristic pedicellaria is common on
the single specimen examined. The specimen from the Caroline
Ridge area differs from the type specimens regarding the
presence of two types of bidentate pedicellariae and the
dactylous pedicellariae with six valves. The type specimens
only have one type of bidentate pedicellariae and dactylous
pedicellariae with five valves (see Figure 5 in Anderson, 2013).
Additionally, the coloration of the type specimens (deep red) is
quite distinct from that of the specimen examined (buff). We
believe that these differences are individual differences, and
barcoding and the phylogenetic relationships supported this
view (see analysis for details; Figure 13).

Barcoding and phylogenetic relationships

In total, 27 new sequences (14 for COI and 13 for 16S) were
obtained (Supplementary Table S2) for A. alternatum, A. polyporum
sp.nov., A. bidentatum, A. cucullatum sp. nov.,and H. involucrum sp.
nov. For A. cucullatum sp. nov. and H. involucrum sp. nov., multiple
specimens (four and seven specimens per species, respectively) were
analyzed to document the intraspecific variability. We observed a
hierarchical increase in divergence (K2P distance) according to the
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different taxonomic levels, within species (from 0% to 0.8%), within
congeners (from 1.5% to 12.6%), and within family (16.9%)
(Figure 13A). There was a clear barcoding gap for the family
Echinothuriidae, which supported the identification of the three
new species. The NJ tree showed that the sequencing records for 53
queries representing 12 species formed distinct barcode clusters
(Figure 13B), also indicating their successful identification.

In order to explore the phylogenetic position of
Echinothuriidae, BI and ML analyses were conducted. The
phylogenetic trees resulting from both BI and ML analyses were
congruent and generally well supported (Figure 13C). Tree
topologies supported the closed relationship of Echinothuriidae
and Phormosomatidae. The order Echinothurioida grouped with
the lineage Aspidodiadematoida + Pedinoida. Within the family
Echinothuriidae, different specimens of A. cucullatum sp. nov. and
H. involucrum sp. nov. were grouped together with high support
(BP= 99%-100%, PP =
Araeosoma was well supported (BP =

1.00). The monophyly of the genus
100%, PP = 1.00). The
monophyly of Hygrosoma could not be verified because only H.
involucrum sp. nov. was included in our study; however, it was
supported to be a sister to Araeosoma (BP = 99%, PP = 1.00).

Biogeographic analyses
The UPGMA cluster analysis found 10 main groups among

the 29 deep-sea fields (Figure 14): East Pacific Rise and Northern
Atlantic Boreal (1-3), Yap Trench and Indian Ocean (4-5),
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FIGURE 12

Araeosoma bidentatum, MBM286957. SEM images of pedicellariae. (A, B) Large tridentate pedicellaria: (A) individual valve (B) head.
(C, D) Straight side bidentate pedicellaria: (C) individual valve (D) head. (E) Rostrate bidentate pedicellaria. (F, G) Valves of triphyllous pedicellariae

(H, 1) Dactylous pedicellaria. Scale bar, 100 um

Western and Central Pacific (6-7), Northern Pacific Boreal (8),
North Indian Ocean (9-10), Southwest Pacific (11-13), Indo-
Pacific (14-18), Atlantic (19-24), Mariana Trench (25), and
Caroline Ridge and the Magellan seamount (26-29). The
Mariana Trough, Yap Trench, and Caroline Ridge formed
separated groups from each other. The Kocebu Guyot of the
Magellan seamount clustered together with Caroline Ridge M4,
M5, and M7. However, only one shared species was found in
these seamounts, suggesting the low connectivity between
seamount populations.

Discussion

Diversity and distribution
of echinothuriids

Echinothuriids comprise an abundant echinoderm group
widely distributed in deep water. Among the echinothuriid genera
inhabiting deep water, Araeosoma Mortensen, 1903 was observed in
the highest abundance, with a total of 21 valid species including the
four newly described species here (Figure 15). To date, 20 species of
Araeosoma have been discovered in Pacific Ocean deep water,
except for Araeosoma belli Mortensen, 1903, which was reported
from the Gulf of Mexico and the Caribbean Sea (Felder and Camp,
2009; Alvarado, 2010). Among these 20 species, 18 occurred in the
Western Pacific. Compared to the abundance of Araeosoma, only
nine species of Sperosoma Koehler, 1897, seven species of
Tromikosoma Mortensen, 1903, four species of Hygrosoma
Mortensen, 1903, three species of Hapalosoma Mortensen, 1903,
and two species of Calveriosoma Mortensen, 1934, have been
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described to date (Figure 14). Like Araeosoma, the members of
Sperosoma and Calveriosoma are mainly found in the Western
Pacific, which hosts about 55.6% and 50.0% of their total numbers,
respectively. All members of Hygrosoma and Hapalosoma are
distributed in the Western Pacific, while the members of
Hygrosoma, Sperosoma, and Calveriosoma are recorded in the
North Atlantic. The members of Tromikosoma are likely to be
rarer in the West Pacific than in the East Pacific and North Atlantic.

Biogeography of deep-sea echinothuriids

Based on the water temperature, dissolved oxygen, the
particulate organic flux to the seafloor, and salinity, Watling
et al. (2013) delineated 14 deep-sea benthic provinces in the
world ocean: Arctic Bathyal, North Pacific Boreal, West Pacific
Bathyal, Southeast Pacific Ridges, North Pacific Bathyal,
Antarctic Bathyal, North Atlantic Boreal, North Atlantic
Bathyal, Cocos Plate, Subantarctic, Nazca Plate, New Zealand
Kermadec, Indian Ocean Bathyal, and South Atlantic. This
model needs to be examined with documented locations of
select benthic marine species.

Based on the distribution data of Araeosoma, Sperosoma,
Tromikosoma, Hygrosoma, Hapalosoma, and Calveriosoma in
deep water, we delineated 10 isolated deep-sea provinces: East
Pacific Rise and Northern Atlantic Boreal, Yap Trench and
Indian Ocean, Western and Central Pacific, Northern Pacific
Boreal, North Indian Ocean, Southwest Pacific, Indo-Pacific,
Atlantic, Mariana Trench, and Caroline Ridge and the Magellan
seamount (Figure 14). In our analysis, the North and South
Indian Oceans likely represent two independent deep-sea
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FIGURE 13

(A) Cytochrome oxidase subunit | (COI) genetic divergence within echinothuriid species. (B) Neighbor-joining (NJ) tree inferred from the COI
seqguences showing the relationships of the echinothuriid species based on the Kimura two-parameter (K2P) model. (C) Maximum likelihood
(ML) and Bayesian inference (BI) trees of Echinoidea based on the combined sequences of COl and 16S. Numbers at the nodes represent the ML
(left) and BI (right) support values. Only values higher than 0.50 are shown. Newly sequenced echinothuriids are in bold.

provinces, while the East Pacific Rise and Northern Atlantic
Boreal appear to represent a combined province rather than
independent ones, which did not coincide with the model
provided by Watling et al. (2013). In the present study, the
Western Pacific likely included six provinces. Similar to the
models proposed in previous studies (Bachraty et al.,, 2009;

Rogers et al,, 2012; Watling et al,, 2013; Wu et al.,, 2019), the
Western Pacific was geographically more complex than initially
thought. In the study of Bachraty et al. (2009), the Western
Pacific represented two provinces. Similarly, the Western Pacific
was regarded as three provinces in Watling et al. (2013) and Wu
et al. (2019) and four provinces in Rogers et al. (2012). Previous
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Geographical clustering of the 29 deep-sea fields studied based on the unweighted pair group method with arithmetic mean (UPGMA) cluster
analysis (Bray—Curtis distance) and an 10-province model based on the data of deep-sea echinothuriid species.
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Distribution of deep-sea echinothuriid species based on the records of the Ocean Biodiversity Information System (https://obis.org/).
(A) Araeosoma Mortensen, 1903. (B) Sperosoma Koehler, 1897. (C) Tromikosoma Mortensen, 1903. (D) Hygrosoma Mortensen, 1903.
(E) Hapalosoma Mortensen, 1903. (F) Calveriosoma Mortensen, 1934. Colors denote different echinothuriid species.

studies have proposed the East Pacific Rise as the biogeographic
center of deep-sea hydrothermal vent fauna (Van Dover and
Hessler, 1990; Bachraty et al., 2009). The distribution of
echinothuriids showed that the Western Pacific harbored the
highest species diversity. This result supported the “possible
ancestral position of the Western Pacific” (Moalic et al., 2012;
Sun et al., 2018).

The Mariana Trough, Yap Trench, and Caroline Ridge
formed separated clusters, although their positions are in close
proximity. This is consistent with the estimated low connectivity
between the seamount populations (de Forges et al, 2000).
However, the Kocebu Guyot of the Magellan seamount, which
was far away from Caroline Ridge, clustered together with M4,
M5, and M7. The Mariana Trough, as an independent province,
is in accordance with the partition scheme of the Northwest
Pacific suggested by Kojima and Watanabe (2015) and Wu et al.
(2019). Due to the lack of data regarding echinothuriids from
these seamounts, we were unable to further delineate the deep-
sea provinces, especially those in the Magellan seamount and
Caroline Ridge. The 10-province model still needs to be
examined by complementary data on other seamounts and
other animals.
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Conclusion

Based on the examination of specimens of Echinothuriidae
collected from seamount areas [Magellan (Kocebu Guyot), Yap
(Y3), and Mariana and Caroline (M4, M5, M7, and M8)] in the
Northwest Pacific Ocean from 2014 to 2019, we identified three
new species—Araeosoma cucullatum sp. nov., Araeosoma
polyporum sp. nov., and Hygrosoma involucrum sp. nov.—and
two new records including two species from the genus
Araeosoma. The characteristics of the coloring, ambulacrum,
interambulacrum, apical system, spines, and pedicellariae of these
species were different from each other and their congeners. There
was a clear barcoding gap (K2P genetic distance) for the family
Echinothuriidae, and the NJ tree showed distinct barcode clusters
for these species, which supported the identification of the five new
species. The BI and ML analyses revealed the monophyly of
Echinothuriidae. Moreover, UPGMA cluster analysis revealed 10
deep-sea provinces: East Pacific Rise and Northern Atlantic Boreal,
Yap Trench and Indian Ocean, Western and Central Pacific,
Northern Pacific Boreal, North Indian Ocean, Southwest Pacific,
Indo-Pacific, Atlantic, Mariana Trench, and Caroline Ridge and
Magellan seamount. Our analysis revealed low connectivity between
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the seamount populations. The Western Pacific is geographically
complex and harbors a higher species diversity of deep-sea
echinothuriids than other sea areas, suggesting the pivotal role of
the Western Pacific in the dispersal and speciation of deep-
sea echinothuriids.
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