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Abstract

The first morphological observation of a euryalid brittle star, Asteronyx loveni, using non-destructive X-
ray micro-computed tomography (uCT) was performed. The body of euryalids is covered by thick skin,
and it is very difficult to observe the ossicles without dissolving the skin. Computed tomography with
micrometer resolution (approximately 4.5-15.4 um) was used to construct 3D images of skeletal ossicles
and soft tissues in the ophiuroid’s body. Shape and positional arrangement of taxonomically important
ossicles were clearly observed without any damage to the body. Detailed pathways inside the vertebral os-
sicles, lateral arm plates, and arm spines for passage of nerves and water vascular structures were observed.
Inter-vertebral muscles were also observed. Forms and 3D arrangements of many important taxonomical
characters of the euryali xonomy of the class Ophiu ds were scrutinized by pCT in high enough resolution
for taxonomic description of ophiuroids.
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Introduction

The class Ophiuroidea (phylum Echinodermata) is globally distributed, ranging from
the equator to polar regions, and from the intertidal zone to the greatest depths (Stohr
et al. 2012; O’Hara et al. 2014). Ophiuroidea is the most diverse class in Echinoder-
mata, comprising approximately 2100 species (Stohr et al. 2012). Among the ophi-
uroids, the order Euryalida, one of two orders of superorder Euryaophiurida, compris-
es 186 valid species (Okanishi and Fujita 2013; O’Hara et al. 2017), which accounts
for about 10% of the species of Ophiuroidea.

The ophiuroid skeleton is composed of numerous small ossicles whose shapes and
sizes have been intensively used for taxonomy of the class Ophiuroidea (e.g., Fell 1960;
Smith et al. 1995; Stohr et al. 2012). Shapes and arrangements of their superficial os-
sicles, such as oral plates, adoral shields, and arm plates can be relatively easily observed
in the order Ophiurida and superorder Ophintegrida which are the ophiuroids other
than euryalids, through their thin integuments, but the order Euryalida has a thick skin
on their body surface which conceals the ossicles and impairs their external observation
(Baker 1980). In Euryalida, presence/absence or density of superficial external ossicles,
and length of very conspicuous radial shields have been used as taxonomic characters
(e.g., Lyman 1882; Déderlein 1911; Matsumoto 1917), but they cannot usually be
observed without removal of their skin. These characters can vary with growth, and
different developmental stages of the same species have been mistakenly described as
a different species (e.g., Astrothorax waitei, see Baker 1980; Asteronyx loveni, see Stohr
2005). Recently, many taxonomists have intentionally removed the skin and observed
the various ossicles directly, using the shape and size of each external ossicle, and their
arrangements, presence/absence of adoral shields, and layered structure of radial shields
as taxonomic characters in Euryalida (e.g., Stohr 2005; Okanishi and Fujita 2011).

To remove the skin in Euryalida, a solution of sodium hypochlorite has been used
which dissolves the epidermis (e.g., Mortensen 1933; Stéhr 2011). As a result, some
morphological characters are lost. For example, although intact parts were left after the
dissection as ophiuroids are pentaradial, part of the external ossicles and skin of the para-
types of Asterostegus sabineae and Squamophis lifouensis have been lost when treated with
bleach to reveal the deeper embedded ossicles (Stohr 2011; Okanishi and Fujita 2014).

The ossicles which are deep inside the body have been used for higher-level taxo-
nomic characters of Ophiuroidea (e.g., Matsumoto 1917; Smith et al. 1995). Matsu-
moto (1917) discussed that shapes and numbers of peristomial plates were diagnostic
characters to distinguish his four orders of Ophiuroidea, Chilophiurida, Gnathophi-
urida, Laemophiurida and Phrynophiurida. The peristomial plates have hardly ever
been observed or described by subsequent workers, because destructive dissection of
the disc is required for their observation. For example, the disc of the holotype of
Astrophyton annulatum Matsumoto, 1912 has been split into two halves (see Fujita
2006: Fig. 3D; the picture available also on http://umdb.um.u-tokyo.ac.jp/DDoubu-
tu/invertebrate/ophiuroidea/type.html). Such a destructive method increases the risk
of loss of characters, for example jaws, and many taxonomists refrain from applying
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destructive methods to specimens. As a consequence not only the peristomial plates,
but also oral and dental plates as well as genital plates, and other internal disc ossicles
have been observed and described in the type specimens of only a limited number of
ophiuroid species.

Micro-computed tomography (uCT) is a non-destructive imaging technique using
X-ray. This method allows rapid creation of three dimensional (3D) morphological
and anatomical images at pm scale resolution of biological materials. The output data
can then be analyzed with virtual dissection and with rotation optionally, so that 3D
arrangements of complex combinations of materials can be recognized (Faulwetter
etal. 2013). Micro-CT technology can be used for dried and wet biological specimens
(e.g., ethanol preserved and formalin fixed specimens) and is suitable for imaging of
hard materials, such as calcareous skeletons (e.g., Ziegler 2012). While this has been a
popular analytical method in paleontology (e.g., Hamada et al. 1991; Hendrickx et al.
2006; Tafforeau et al. 2006; Sutton 2008), the application of pCT to morphology
and anatomy of extant invertebrate taxa began only recently (Golding and Jones 2006;
Greco et al. 2008; Golding et al. 2009; Heim and Nickel 2010; McPeek et al. 2011;
Ziegler et al. 2011; Ziegler 2012; Faulwetter et al. 2013; Kohtsuka 2014; Sentoku
et al. 2015; Landschoff and Grifhiths 2015).

In the Ophiurida and Ophintegrida, pCT observation has been applied to
Ophiocomina nigra (Ziegler et al. 2011), Ophiomastix mixta and Ophiarachnella
gorgonia (Kohtsuka 2014) and these authors showed horizontal sections and 3D
reconstruction images. These images provide evidence that shapes and arrange-
ments of various ossicles can be clearly illustrated non-destructively. Recently, high
resolution 3D visualization was performed to observe brooding behavior in three
brittle stars, Amphiura capensis, Amphipholis squamara and Ophioderma wablbergii
(Landschoff and Griffiths 2015; Landschoff et al. 2015; Du Plessiss et al. 2015).
They successfully observed the positions and postures of brooded juveniles by 3D
construction of CT images, but their descriptions were not sufficient for anatomical
and/or taxonomical studies. Until now no pCT observations have been performed
on species in the order Euryalida.

Asteronyx loveni Miiller & Troschel, 1842 is a very fleshy brittle star and it is very
difficult to study the skeletal ossicles embedded in its thick skin. To study skeletal ele-
ments of this species, destructive anatomical dissection and dissolution of skin have
been employed (e.g., Mortensen 1912; Matsumoto 1917). In the present study, for
the first time, we applied pCT scanning to the Euryalida, using Asteronyx loveni to
non-destructively observe ossicle morphology at an enough resolution for taxonomic
description. We focused our analysis on the shape and arrangements of external ossicles,
oral plates and adoral shields because they have scarcely been observed or described in
euryalids but are well described for most species of Ophiurida and Ophintegrida as use-
ful taxonomic characters especially from external views. We observed a single vertebral
ossicle and illustrated pathways of radial nerve canals and radial water canals in the
ossicle, which have never previously been described. Additionally, we tried to observe
soft tissues such as muscles, which have not previously been observed by pCT scanning.
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Materials and methods

Sample preparations

Applying pCT to an entire specimen, an arm fragment from a second specimen, and
an isolated vertebra of Asteronyx loveni.

Two specimens of Asteronyx loveni deposited in the National Museum of Nature
and Science, Japan (NSMT), were selected for examination (Table 1). The entire body
of a specimen (NSMT E-6986, disc diameter 5.8 mm) and a basal part of an arm of
another specimen (NSMT E-5638, disc diameter 10.7 mm) were air-dried for uCT
study. A vertebral ossicle was isolated from the latter specimen by immersion in do-
mestic bleach (approximately 5% sodium hypochlorite solution), washed in deionized
water, and dried in air for digital microscope observation and pCT observation. We
examined shapes of a variety of skeletal ossicles and their positional arrangements,
internal structures of a vertebra and soft tissues.

Morphological terminology follows Stohr et al. (2012). Some additional terms
for euryalid ophiuroids follow Byrne (1994), Stewart (2000), and Okanishi and Fu-
jita (2014). Especially, we here provide explanation about superficial ossicles of eury-
alid ophiuroids. Recently, both “epidermal ossicles” and “external ossicles” have been
used for those ossicles in descriptions of euryalid ophiuroids (e.g., Okanishi and Fujita
2014; Okanishi 2017). However, “epidermal ossicles” may not be suitable because
epidermis is frequently lost in echinoderms. Therefore, we use “external ossicles” for
the superficial ossicles in this study.

uCT observation and 3D reconstructions

A ScanXmate B100TSS110 pCT (Comscantecno Co., Ltd.) was used at the University
Museum, The University of Tokyo, Japan. Parameters of scanning are shown in Table 2.

3D reconstruction employed Molcer version 1.32 (http://www.white-rabbit.
jp/molcer.html) using image stacks of virtual sections. The single section images
were selected by using image] software 1.48 ver. (Figs 3B-D; 5B-G; 6D-0). Two
kinds of 3D reconstructive images were created by Molcer 1.32: volume rendering
and surface rendering. The rendering technique is the computer algorithm used to
transform serially acquired CT image data into 3D images. The volume and sur-
face rendering techniques project the 3D data into the 2D viewing plane from the
desired point of view (Rodt et al. 2006). Volume rendering examines the intensity
of the objects and the rendering images show all projected materials including in-
ternal structures. The surface rendering treats the isosurface from the voxel data.
This technique created 3D images composed of polygons, and use sharply shading
to show the location of a light source. Thus the surface rendered images only show
surficial information for each object, but they enable us to recognize the forms of
the materials more clearly. Both surface and volume rendering images were created
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Table 1. Sampling information of the two examined specimens of Asteronyx loveni.

Catalog . Water
Number Locality Depth (m) Date

East China Sea, southwestern Japan,

NSMT E-6986 26°56.30'N, 127°37.00'E

648 June 1, 2011

Off Miyako, northeastern Japan, 39°20.19'N,

NSMT E-5638 142°51.39'F; -39°19.22'N, 142°49.17'E

1709-1737 | November 6, 2007

Table 2. Scanning parameters of pCT for the observations of Asteronyx loveni.

Observed Source | Source Exposure time | Total number Toral nn}e Detector size | Resolution
specimen vo:{t age| current for 1 frame (sec)| of frames for scanning (pixel) (um)
(kV) (nA) (min)
Entire body 80 155 1.0 1,500 25 1,024 x 1,012 | 15.440
Basal parcof | 1051109 1.2 1,200 16 1,024 x 1,012 | 13.759
an arm
Isolated
vertebral arm 75 43 0.4 1,200 50 1,024 x 1,012 4.459
ossicle

from the same set of scans. All section images were non-destructively obtained by
using “virtual dissection” mode of Molcer version 1.32. Management and storage
of CT data was implemented in Morphobank (project 2440, http://www.morpho-
bank.org/; O’Leary and Kaufman 2012). This “project” is to store the images of this
paper and not public one.

Microscopic observations

The specimens were also examined by digital microscopes after pCT observations. The
entire specimen and a part of arm were observed with a Keyence VHX 1000. The sepa-
rated vertebral ossicles were observed and photographed with Keyence VHX D510
using a SEM mode.

Embedding 3D images into PDFs

Three supplementary PDFs with embedded surface were prepared rendering images
of the entire specimen of NSMT E-6986 (Suppl. material 1), a basal portion of an
arm (Suppl. material 2) and a vertebra (Suppl. material 3). Molcer version 1.32 and
Geomagic Sculpt version V2016.0.38 (3D Systems, Inc.: http://www.geomagic.com/en/
legal/patents-sensable) were used in preparing the 3D data in STL and U3D format,
respectively. “Interactive object tool” of Acrobat XI Pro (Adobe System Inc.) was used to
embed the images into PDFs.
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Results

Entire specimen (NSMT E-6986). The overall morphology of almost all ossicles was
clearly visible in volume rendered images and surface rendered images (e.g., Figs 1A-E,
G, H; 2; 3A-C; Suppl. material 1). Details of each ossicle were more clearly visible
on surface rendered images than volume rendered images (Fig. 1B, C). In the aboral
view of the surface rendered images, radial shields are clearly observed, not reaching to
the disc center (Fig. 1E). Radial shields are clearly multilayered (Fig. 1H). The outer
edges of radial shields are located on the abradial side of the 4th vertebra (Fig. 1D, E,
G, H). Peristomial plates are observed on the aboral side of each oral frame, situated
on the aboral side of the Ist vertebra and oral plates, and are oblong, twice as wide
as long (Fig. 1F). Smaller additional peristomial plates are present between the larger
peristomial plates, variable in shape and one-third to one-fourth of the peristomial
plates in length (Fig. 1F). External ossicles in the skin on the aboral disc are circular or
oblong and spheroid-shaped. The diameter of external ossicles are larger in the center
of disc and smaller in the peripheral disc, except some large ones in the interradial area
(Fig. 1E, H), which are separated from each other.

In the surface rendered image of the oral side of the disc, the outer edges of the
radial shields are articulated with the outer edges of the adradial genital plates on the
abradial side of the 4th vertebra (Fig. 2B, D). Adradial and abradial genital plates are
bar like and latter is much smaller. Adradial and abradial genital plates are articulated
on the abradial side of the 3rd vertebra (Fig. 2D). Adoral shields are rectangulare paral-
lelepiped (Fig. 2B), and connect to the first lateral arm plates (Fig. 2B, D). Oral plates
are triangular prism, slightly pointed to proximo-oral side, and in contact with each
other on the midline of each jaw (Fig. 2B). One small circular madreporite is located
on the distal side of the adoral shields (Fig. 2B, D). Spearhead-shaped teeth are situ-
ated on the top of the jaw (Fig. 2B, F). Five to six teeth form a vertical row on dental
plate, and another parallel row of two or three teeth is also formed in three of five jaws
(Fig. 2F). The length of teeth decreases from aboral toward oral side (Fig. 2F). Two or
three granule-like oral papillac present on the lateral side of oral plates, and they are
not acute, granule-like (Fig. 2F).

Section images are obtained non-destructively (e.g., Fig. 3A, B) and show the posi-
tional arrangement of the ossicles, the internal structure of vertebrae, dental plates, and
oral plates (Fig. 3B—-D). Oral plates are in contact with the first vertebra (Fig. 3B) and
the adoral shields are located on the oral side of the oral plates (Fig. 3B). Oblong dental
plates are observed on top of the oral plates (Fig. 3B, C). All dental plates are partly
vertically fragmented and a vertical crack is observed in one dental plate (Fig. 3B). The
adradial genital plates are in contact with the abradial genital plates on the abradial side
of the third vertebra (Fig. 3B). An adradial muscular depression is observed on the oral
plates (Fig. 3D). External skin and stomach are observed (Fig. 3B-D).

From the surface rendered images, soft tissues such as tentacles are not observed in
any pCT images (Fig. 2A-D) and tentacle pore depressions are observed to be formed
by lateral arm plate and ventral arm plate (Fig. 2B, D). First to third tentacle pores
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Figure 1. Microscopic (A, D, G), uCT volume rendered (B) and pCT surface rendered (C, E, F, H)
images of the entire body of Asteronyx loveni INSMT E-6986). A—C whole animal, oral view. Black arrow
heads indicate longitudinal dorsal midlines of vertebrae and white arrows indicate external ossicles embed-
ded in skin D, E whole animal, aboral view F mouth frame, virtually dissecting aboral view, peristomial
plates are colored green G, H disc, aboral view. White arrow heads indicate external ossicles and black

arrows indicate positions where components of plate shaped ossicles of the radial shields are layered. Oral
side of bodies were virtually dissected (H). Abbreviations: RS, radial shields; V, vertebra.

have no arm spine and fourth or more distal tentacle pores have one, ovoid arm spine
(Fig. 2D). The arm spines are approximately half the length of the corresponding arm
segment. First ventral arm plate is conspicuous on the third arm segment, ellipse and



Masanori Okanishi et al. /| ZooKeys 663: 1-19 (2017)

Figure 2. Microscopic (A, C, E) and pCT surface rendered (B, D, F) images of the entire body of
Asteronyx loveni (NSMT E-6986). A, B a part of disc, oral lateral view C, D basal part of an arm, oral
lateral view E oral disc, oral view. An arrow in E indicates the orientation of observation of F; F two jaws,
lateral view. The other jaws are virtually dissected. Parallel teeth are indicated by numeral with apostro-
phe or double apostrophe. Abbreviations: ABG, abradial plate; ADG, adradial plate; ASH, adoral shield;
ASP, arm spine; GSL, genital slit; LAP, lateral arm plate; M, madreporite; OPA, oral papilla; OPL, oral
plate; RS, radial shield; TC, tentacle; TO, tooth; TP, tentacle pore; V, vertebra; VAP, ventral arm plate.
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Figure 3. Micro CT surface rendered (A) and 2D section (B—-D) images of the entire body of Asteronyx
loveni (NSMT E-6986). A oral view, section planes of figures B-D are shown by dotted tetragons B disc
and basal part of an arm, horizontal section, a white arrow head indicates vertical crack of a dental plate, a
black arrow head indicates the indistinct border of a 1st vertebrae and an oral plate C disc and basal part of
an arm, vertical section of central disc D disc and basal part of an arm, vertical section of abradial disc. Ab-
breviations: AMD, adradial muscular depression; ABG, abradial plate; ADG, adradial plate; ASH, adoral
shield; DP, dental plate; ES, external skin; LAP, lateral arm plate; OPL, oral plate; RNC, radial nerve canal;
RS, radial shield; RWC, radial water canal; S, stomach; TO, tooth; V, vertebra; VAP, ventral arm plate.
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Figure 4. Microscopic (A), uCT volume rendered (B) and surface rendered (C, D) images of basal

part of arm (7-13th arm segments) of Asteronyx loveni NSMT E-5638). Oral view. Upper and lower
sides indicate distal and basal orientation, respectively. Oral side is virtually dissected in D Inter-vertebral
muscles are colored purple in D Black arrow heads in B and D indicate identical vertebra, and ST and AS
labels also indicates the identical characters in A, B and C. Abbreviations: ASP, arm spine; LAP, lateral
arm plate; ST, secondary teeth.

flat (Fig. 2B, D). From fourth arm segment, rudimentary ventral arm plates are ob-
served and they decreased in size distally.

Stereom structure of the ossicles are not observed but difference in density of os-
sicles, which depends on the volume of stereom interstices is recognized by volume
rendered images (Fig. 1B). For example, the longitudinal median line of vertebrae is
more whitish than the other parts of the vertebrae (Fig. 1B). This indicates that stere-
om with reduced pores and interstices are smaller, and higher density in the median
part of vertebrae (Figs 1B; 6D-0O). In 2D section images, internal canals of vertebrae
are observed (Fig. 3B, C).

Arm specimen (NSMT E-5638). Position of articulation for arm spines of lateral
arm plates and detailed shapes of arm spines are observed on volume rendered images
without any virtual dissections (Fig. 4A, B), but not on surface rendered images. In
the latter case, dried and shrunken thick skin on the arm is detected by X-ray (see
also Figs 4D; 5A; Suppl. material 2). The thick skin conceals surface features of the
ossicles. Lateral arm plates, arm spines, and vertebrae are observed by 2D section im-
ages (Fig. 5B—G). Lateral arm plates are located on the oral lateral side of vertebrae,
bar-like, but slightly curved to around the vertebra, approximately twice long wide
(Fig. 5B-G). Arm spines are hook-shaped with several (two to five) secondary teeth
(Fig, 4B). External ossicles are observed in the skin on the aboral side, small, granule-
shaped (Fig. 5B). Inter-vertebral muscles are observed by virtual dissection of surface
rendered images (Figs 4D; 5B, C, E, F).

Two pairs of canals are observed inside vertebrae: radial nerve canals and radial wa-
ter canals (Figs 3B, C; 5B—G). In lateral arm plates, up to five nerve canals are observed
on the oral side of each lateral arm plate (Fig. 5D, E, G). The number of arm spines
corresponded to the number of nerve canals (Fig. 5B, D, E, G).
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Figure 5. Micro CT surface rendered (A) and 2D section (B—G) images of the basal part of arm (7-13th
arm segments) of Asteronyx loveni (NSMT E-5638). A basal lateral view. Section planes of figures B—G are
shown by dotted tetragons B vertical longitudinal section, adradial side of the arm C, D horizontal longi-
tudinal section, aboral view € is set on more aboral side than D horizontal longitudinal section, oral view
E-G transverse vertical sections from basal (E) to distal (G) arm, basal view. Vertebrae, lateral arm plates,
arm spines and muscles are colored red, blue, yellow and purple, respectively. Red and blue arrow heads
(B=G) indicate radial nerve canals and radial water canals, respectively. Arrows indicate the orientations
(ab, aboral; ba, basal; dis, distal; or, oral). Abbreviations: E, epidermis; EO, external ossicle.

Isolated vertebra (NSMT E5638). Moderate resolution (4.5 pm) images are ob-
tained for the isolated vertebra (Fig. 6B—O, Suppl. material 3). Stereom structure is
clearly observed in surface rendered images (Fig. 6B). The resolution of the surface
rendered images is equivalent to that of SEM images (Fig. 6A). Detailed morphology
of radial nerve canals and radial water canals are observed (Fig. 6D-0O). A pair of ra-
dial water canals opened into the basal part of the oral groove of the vertebra (Fig. 6C;
Suppl. material 3), and a radial water canal connected to a depression for tube feet
opens on the oral lateral side of the vertebra (Fig. 6D-I). A pair of radial nerve canals
opens in a distal position to the oral groove of the vertebra (Fig. 6C). The radial nerve
canals extend to the distal side and dead-ended inside the vertebra (Fig. 6K-O).
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Figure 6. SEM (A), pCT surface rendering (B, C) and 2D section (D-0O) images of the isolated ver-
tebral ossicles of Asteronyx loveni (NSMT E-5638). A, B basal view, arrow heads indicate oral groove
C oral view D=O transverse vertical sections from basal (D) to distal (O) arm, basal view. Arrow heads
indicate radial water canals (D=l) and radial nerve canals (K=O). Arrows indicate the orientations (ab,
aboral; ba, basal; dis, distal; or, oral). Abbreviations: RNC, pore of radial nerve canal; RWC, pore of radial

water canal.
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Discussion

In the present study, the shapes, numbers, and arrangement of various ossicles of As-
teronyx loveni were successfully observed by uCT (Figs 1H, 2D, 3, 4B and 5; Suppl.
materials 1, 2). The shape, size and arrangement of external ossicles were recently em-
ployed as species-level diagnostic characters for euryalids (e.g., Okanishi and Fujita
2009; Okanishi and Fujita 2011), however to examine these characters, once ossicles
were extracted by bleaching, their positional relationships to each other could not be
obtained. These characteristics of external ossicles were simultaneously observed by
pCT without the need to extract them destructively (Fig. 1E, H). Their shape was
circular, the size differed depending on the position in the disc, and they were slightly
separated from one another (Fig. 1G, H).

Presence of adoral shields is an important diagnostic character of the genus Aszero-
nyx (Stohr 2005). Adoral shields of Asteronyx were observed by dissolving the surround-
ing skin in previous studies (e.g., Mortensen 1912; Stohr 2005), but they were clearly
observed non-destructively in this study (Fig. 2B, D; Suppl. material 1). Two types of
ossicle components of radial shields have been known for Euryalida. Astrocharidae has
monolayer radial shields and the other families have multilayer radial shields (Okanishi et
al. 2011). These shield characters had not previously been recognized without removing
the skin with external ossicles of the disc (e.g., Okanishi and Fujita 2009; Stohr 2011).
In this study, uCT observation clearly showed that Asteronyx loveni has multilayer radial
shields and one radial shield is composed of at least eight plates (Fig. 1H).

Moreover, shapes and 3D positional relationships of radial shields, adradial and abra-
dial genital plates, and the shapes and number of peristomial plates were also successfully
observed (Figs 1F; 2A, B). These characters have been considered important for the iden-
tification of (sub)orders of Ophiuroidea (e.g., Matsumoto 1917; Smith et al. 1995), but
they have been examined for only a very small number of species, and only by destructive
dissection. Additional small plates between the peristomial plates were here observed for
the first time in Ophiuroidea (Fig. 1F). The above taxonomically important characters of
the ossicles have not been confirmed for many type specimens of Ophiuroidea but this
study showed they can be easily observed by pCT scanning. This study has shown that
pCT is a powerful tool for species- to order-level taxonomy in Ophiuroidea as Ziegler
(2012) suggested. Considering that specimens remain non-dissected following uCT obser-
vations (Figs 1A, D, G; 2A, C, E; 4A; 6A), this tool is ideal for observing type specimens.

Recently, the micromorphology of the ossicle surface (e.g., articulation forms of lat-
eral arm plates) have become heavily used as taxonomic characters of ophiuroids (e.g.,
Stohr et al. 2008; Stohr and Muths 20105 Okanishi and Fujita 2009, 2011, 2013; Mar-
tynov 2010; Thuy and Stohr 2011; Gondim et al. 2015; Thuy and Stéhr 2016). On the
other hand, internal structures of ossicles, such as radial water canals and radial nerve ca-
nals in vertebrae, have scarcely been observed and their taxonomic significance has never
been discussed. In this study, radial water canals and radial nerve canals in the vertebra,
as well as nerve canals in lateral arm plates and arm spines, were observed (Figs 3B, D;

5B-G; 6D-0). The resolution of pCT images in this study (ca. 4.5-15.5 pum) was
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high enough to observe the density of interstices of stereom structure, and the detailed
pathway of radial water canals and radial nerve canals were recognized (Fig. 6D-O).
Martynov et al. (2015) observed the canals by serial cross-sections of resin embedded
specimens. However, this method is time-consuming and destructive. In the present set-
ting, the total time required for scanning and reconstruction of 3D images ranged from
16 to 50 minutes, much shorter than the time used for cross-sectioning methods.

In this study, inter-vertebral muscles of the dried specimen were observed along
with its ossicles (Figs 4D; 5B, C, E, F), which is the first observation of ophiuroid mus-
cles by pCT. Muscles might be increased in density by shrinking when dried, making
them detectable by X-ray.

The most novel and remarkable aspects of this study is that complete morpho-
logical information of all fundamental ossicles of the order Euryalida was successfully
obtained from puCT observations. Micro CT observation has increased the number of
available taxonomic characters, which have hardly ever been observed and/or never
explored. These taxonomic characters obtained in Euryalida may be compared to those
in the order Ophiurida and the superorder Ophintegrida which should accelerate fu-
ture taxonomic study of the class Ophiuroidea.
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Figure S1

Authors: Masanori Okanishi, Toshihiko Fujita, Yu Maekawa, Takenori Sasaki

Data type: 3D model

Explanation note: The interactive 3D model of p CT surface rendering images of the
entire body of Asteronyx loveni (NSMT E-6986). This image can be activated by
clicking on the image in Adobe Acrobat Reader (version 8 or higher) and can be
rotated, moved and magnified.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Figure S2

Authors: Masanori Okanishi, Toshihiko Fujita, Yu Maekawa, Takenori Sasaki

Data type: 3D model

Explanation note: The interactive 3D model of p CT surface rendering images of the
basal part of an arm of Asteronyx loveni NSMT E-5638).

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Figure S3

Authors: Masanori Okanishi, Toshihiko Fujita, Yu Maekawa, Takenori Sasaki

Data type: 3D model

Explanation note: The interactive 3D model of p CT surface rendering images of the
isolated vertebral ossicles of Asteronyx loveni NSMT E-5638).

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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