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Abstract
The fine structure of the mesodermal organs (water-vascular system, somatocoel derivatives, connective tissue, and mesen-
chymal cells) in late doliolaria, pentactula, and 1-month-old juveniles of the holothurian Apostichopus japonicus was studied. 
It has been shown that all the structures of the water-vascular system, the longitudinal muscle band anlagen, extracellular 
matrix, and different types of mesenchymal cells are present at the late doliolaria stage. However, even in 1-month-old juve-
niles, many organs do not reach their full development as in adults. During the developmental period under study, several 
stages of myogenesis can be distinguished, ranging from the appearance of single myoepithelial cells to the beginning of 
muscle bundle formation. These data are consistent with our hypothesis of the origin, development, and evolution of the 
muscular system in echinoderms. One-month-old juveniles already have all the main types of coelomocytes characteristic 
of adults. This means that the immune system of A. japonicus is already formed.
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Introduction

Mesoderm is the most important evolutionary novelty of ani-
mals (Rieger and Ladurner 2003; Technau and Scholz 2003; 
Martindale et al. 2004; Heger et al. 2020). This germ layer 
gives rise to many tissues and organs in Bilateria such as 
mesothelium, the muscular, circulatory, excretory, immune, 
and reproductive systems. Furthermore, connective-tissue 
formations, including the vertebrate skeleton, are considered 
a derivative of the mesoderm. In different groups of animals, 
specific organs can be composed of cells of the third germ 
layer. In particular, the unique water-vascular system of echi-
noderms, which is characteristic only of this animal phylum, 
is developed from the mesoderm. Despite the importance of 
derivatives of the mesoderm, its formation in ontogeny has 
not been studied in sufficient detail for Bilateria.

Echinoderms are an ancient group of marine inverte-
brates. Having a common ancestor with vertebrates and 
comprising with them the group Deuterostomia, they are 
of major research interest. In all deuterostome animals, the 
mesoderm is formed by the enterocoely, i.e., through the 
separation of the coeloms from the archenteron (Technau 
and Scholz 2003). Most classes of echinoderms have three 
pairs of coeloms: axocoel, hydrocoel, and somatocoel 
(Brusca and Brusca 2003). Axocoels and hydrocoels give 
rise to the organs of the water-vascular system. Somatocoels, 
while growing, form the mesothelium of internal organs, 
with its cavity becoming the animal’s secondary body cav-
ity. Further transformation and specialization of mesodermal 
cells in echinoderms are almost unstudied. There have been 
only a few publications considering the development of cer-
tain organs and tissues like muscles (Dolmatov and Ivantey 
1993; Dolmatov et al. 2007; Dolmatov 2010), coelomocytes 
(Li et al. 2014; Ho et al. 2016), and the water-vascular sys-
tem (Udagawa et al. 2022a, b).

Among echinoderms, holothurians attract special atten-
tion. These animals are an important target species of fish-
eries and aquaculture in many countries worldwide (Purcell 
2010). One of the most commercially valuable holothurian 
species in the Far Eastern region is Apostichopus japonicus 
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(Selenka, 1867). A large number of papers consider various 
aspects of the biology of this species (Yang et al. 2015). 
Nevertheless, the morphological pattern of development has 
not been sufficiently studied. Previously, we investigated 
the features of the formation of ectodermal and endodermal 
derivatives at late stages of larval development, metamor-
phosis, and formation of juvenile in A. japonicus (Dolmatov 
et al. 2016, 2017, 2018). In our present study, we focus on 
mesoderm transformation in this holothurian species.

Materials and methods

Larvae and settled specimens of the holothurian A. japoni-
cus were reared at the Research Module for Growing of Lar-
vae of Commercial Species of Marine Invertebrates, A.V. 
Zhirmunsky National Scientific Center of Marine Biology, 
Far Eastern Branch, Russian Academy of Sciences (NSCMB 
FEB RAS), Vladivostok, Russia, and kindly provided by 
S.I. Maslennikov. The material for transmission electron 
microscopy (TEM), immunocytochemistry, and 3D recon-
struction was processed as described previously (Dolmatov 
et al. 2016, 2017, 2018). Larvae and settled specimens were 
cut transversely.

For TEM analysis, samples were fixed with 2.5% glu-
taraldehyde for 1–7 days at 4 °C and then with a 1% solu-
tion of  OsO4 in cacodylate buffer for 1 h. The material was 
embedded in Araldite. Sections were cut with glass knives 
on an Ultracut E ultramicrotome (Reichert, Vienna, Austria). 

Ultrathin (50–70 nm) sections were contrasted with uranyl 
acetate and lead citrate and examined under a Carl Zeiss 
Libra 120 transmission electron microscope. For immuno-
cytochemical analysis, the material was fixed for 8 h in 4% 
paraformaldehyde. Larvae and settled specimens were incu-
bated in monoclonal mouse antibodies against alpha-tubulin 
(SIGMA, USA) and then in secondary antibodies against 
mouse immunoglobulins labeled with Alexa 546 (Invitrogen, 
Molecular Probes). Subsequently, the material was incu-
bated with FITC-labeled phalloidin (diluted 1/300) for 2 h 
at room temperature and embedded in anti-fade Vectashield 
medium (Invitrogen, Molecular Probes), containing DAPI. 
The material was analyzed using an LSM 780 (Carl Zeiss) 
confocal laser scanning microscope.

Results

Late doliolaria

Doliolaria larva is the last larval development stage in holo-
thurians with planktotrophic larvae. In A. japonicus, it forms 
on days 14–15 post-fertilization. Late doliolaria larva has a 
spindle-like shape (Fig. 1a, b). Its main organs have already 
formed (Dolmatov et al. 2016, 2017, 2018). Larvae swim 
vertically in the water column, with their future anterior 
end oriented upwards. Mesoderm derivatives are repre-
sented by the water-vascular system, mesothelium (coelomic 

Fig. 1  Late doliolaria of A. japonicus. a Three-dimensional recon-
struction of the body and digestive, water-vascular, and nervous 
systems (view from the dorsal side); orange color indicates water-
vascular system, green color—nervous system, yellow color—diges-
tive system, violet—body wall. b General view from the ventral side; 
green color indicates actin; red color—tubulin; blue color—nuclei. c 
Three-dimensional reconstruction of the water-vascular system (view 

from the right side). a anus, ci ciliary ring, g gut, hc hydroporic canal, 
ld left dorsal radial water-vascular canal, ln left dorsal radial nerve 
cord, mvc mid-ventral radial water-vascular canal, nr nerve ring, rd 
right dorsal radial water-vascular canal, rn right dorsal radial nerve 
cord, rv right ventral radial water-vascular canal, t tentacle, tf tube 
foot, v vestibulum, wr water-vascular ring



359Zoomorphology (2023) 142:357–376 

1 3

epithelium) of internal organs, and also by connective tissue 
and mesenchymal cells.

Hydrocoel derivatives (water‑vascular system)

The water-vascular system of late doliolaria larva consists 
of a ring canal and five radial canals, five tentacular canals, 
a polian vesicle, and a hydroporic canal (Fig. 1c). Radial 
canals of the water-vascular system are developed to varying 
degrees (Fig. 1c). At this stage, the mid-ventral and dorsal 
water-vascular canals are developed to the greatest extent. At 
the end of the mid-ventral water-vascular canal, there is an 
anlage of the tube foot canal. The small polian vesicle grows 
from the left ventro-lateral radius of the water-vascular ring 
and is located between the gut and the coelom wall. The 
hydroporic canal extends from the water-vascular ring in 
the dorsal interradius. It crosses the coelom and the primary 
body cavity and opens through a hydropore on the dorsal 
side of the larva. The madreporite is located in the extracel-
lular matrix (ECM) outside of the coelom wall.

All parts of the water-vascular system have a similar his-
tological organization and consist of a luminal (water-vascu-
lar) epithelium, an external coelomic epithelium, and a con-
nective-tissue layer. The luminal epithelium is represented 
by low ciliated cells (Fig. 2a, b). On the apical surface, they 
bear short microvilli. The cells are connected to each other 
via septate junctions and desmosomes and to the basal lam-
ina via hemidesmosomes. Nuclei contain a moderate amount 
of heterochromatin and a nucleolus. In the apical part of 
the cytoplasm, small vesicles and sometimes multivesicular 
bodies are found. Moreover, the cells have mitochondria, 
the Golgi apparatus (GA), and oval or elongated cisterns 
of the rough endoplasmic reticulum (RER). The RER often 
contains material of medium electron density. Phagosomes 
are sometimes present in the cytoplasm.

The water-vascular epithelium of the ring canal and the 
ventro-lateral canals does not contain myoepithelial cells. 
Dorsal and, especially, mid-ventral radial canals are more 
developed. In their epithelium, single myoepithelial cells 
are found in the anterior part of the animal’s body and are 
located on the side facing the nerve cords (Fig. 2b). These 
are low ciliated cells. The basal part of the cytoplasm con-
tains a small bundle of myofilaments.

The water-vascular epithelium of the tentacular canals 
consists of ribbon-shaped myoepithelial cells located along 
the tentacle, forming its longitudinal musculature (Fig. 2c). 
Each cell bears a cilia and long microvilli on its apical sur-
face. The basal cytoplasm is filled with bundles of myofila-
ments. The cells extend numerous processes embedded in 
the basal lamina (Fig. 2d). The thickness of the basal lamina 
is 0.3–0.5 µm. The cytoplasm contains numerous expanded 
RER cisterns filled with a homogeneous content of medium 

electron density. In addition, the cells have a GA, mitochon-
dria, and, sometimes, phagosomes.

The luminal epithelium of the tube foot canal has the 
same structure (Fig. 2e). The cells are located on the basal 
lamina having a thickness of 0.2–0.4 µm or up to 0.9 µm in 
some areas. Unlike the luminal epithelium of the tentacles, 
the epithelial cells of the tube foot exhibit secretory activity. 
In their apical part, vacuoles of 0.2–0.3 µm in diameter with 
electron-lucent substance are located. The vacuole content 
is excreted into the foot canal cavity.

In the late doliolaria larva, a polian vesicle begins to 
form. It is a small protrusion of the ring canal wall in the 
ventral interradius. Its structure does not differ from that of 
the ring canal. At this developmental stage, the proximal part 
of the hydroporic canal is transformed into the stone canal 
(Fig. 2f–h). Its luminal epithelium is composed of columnar 
cells located on a relatively thick basal lamina that forms 
small plicae. The cells are tightly adjacent to each other, 
connected via septate junctions and desmosomes. They bear 
cilia and numerous long microvilli on their apical surface. 
The cells contain RER cisterns, a GA, mitochondria, and 
numerous free ribosomes. In the apical cytoplasm, there are 
small vesicles of different diameters. The stone canal ends 
with the forming madreporite. The madreporite consists of 
groups of sclerocytes surrounding the stone canal. Inside the 
madreporite, cavities are formed that are lined by flattened 
ciliated cells.

Distally of the madreporite, the luminal epithelium of 
the hydroporic canal is formed by cells whose basal parts 
are embedded in connective tissue (Fig. 2f, i). The apical 
surface of the cells bears long cilia and microvilli. Their 
nuclei are located in the basal part of the epithelial layer, are 
rounded or irregular in shape, contain large amounts of het-
erochromatin, and have a nucleolus. The cytoplasm contains 
a GA, RER cisterns, mitochondria, lipoprotein granules, and 
free ribosomes. Numerous electron-lucent vesicles of vari-
ous diameters are found in the apical cytoplasm. In the area 
of the hydropore, the luminal epithelium of the hydroporic 
canal passes into the epidermis (Fig. 2i).

Derivatives of somatocoels

The coelomic epithelium of internal organs is formed by low 
cells of a cubic, prismatic, or elongated shape (Fig. 3a, b). 
They have an oval or irregularly shaped nucleus with clumps 
of heterochromatin and one or two nucleoli. On the apical 
surface, the cell bears a cilium and rare short microvilli. In 
the cytoplasm, there are small vesicles, mitochondria, RER 
cisterns, and free ribosomes.

The muscle system of late doliolaria larvae is represented 
by visceral musculature of the intestinal tube and the body 
wall, as well as by longitudinal muscle bands (LMBs) that 
can be considered as somatic musculature. The formation of 
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the gut contractile system was described earlier (Dolmatov 
et al. 2017) and, therefore, we will not consider it here.

The visceral musculature of the body wall is formed by 
myoepithelial cells that are part of the coelomic epithe-
lium (Fig. 3c). At the late doliolaria stage, most of them 
are located in the anterior half of the larva’s body. The 

cell shape varies from flattened to prismatic. Myoepithe-
lial cells are usually located below peritoneocytes and 
are separated from the coelom by peritoneocytes’ lateral 
processes. Their nuclei contain a nucleolus and a small 
amount of heterochromatin. The basal parts of the cells 
are filled with myofilaments. The cytoplasm contains RER 

Fig. 2  Microanatomical organization of the water-vascular system of 
the late doliolaria of A. japonicus. a Transverse section through the 
mid-ventral water-vascular canal. b Myoepithelial cell in the epithe-
lium of mid-ventral water-vascular canal. c The water-vascular epi-
thelium of the tentacular canal. d Basal part of the water-vascular 
epithelium of the tentacular canal. e The water-vascular epithelium of 
the tube foot canal. f Longitudinal section of the hydroporic canal. g 
Semithin longitudinal section of the stone canal. h The water-vascular 

epithelium of the stone canal. i Distal part of the hydroporic canal. bl 
basal lamina, c cilia, ce coelomic epithelium, ct connective tissue, d 
desmosome, e epidermis, hc hydroporic canal, hd hemidesmosome, 
m mitochondrion, mb multivesicular body, mf myofilaments, mp 
madreporite, mt mitotic cell, mv microvilli, ph phagosome, rn radial 
nerve cord, rr rough endoplasmic reticulum, rw water-vascular canal, 
s sclerocyte, sc stone canal, sj septate junction, sv secretory vacuole, 
v vesicle
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cisterns, mitochondria, ribosomes, and electron-lucent 
vesicles.

In A. japonicus at the late doliolaria stage, the LMB for-
mation begins in the anterior segment of the mid-ventral 
ambulacrum (Dolmatov et al. 2016). The LMB anlage is 
a group of myoepithelial cells of the body wall coelomic 
epithelium at the point of its contact with the radial water-
vascular canal (Fig. 3d). The apical processes of the peri-
toneocytes located on the sides of this group cover the 
myoepithelial cells and separate them from the coelom 
(Fig. 3d). The cells of the LMB anlage contain small bun-
dles of myofilaments in their basal part (Fig. 3e). They 
lose cilia, but centrioles are often retained in the cyto-
plasm. Myoepithelial cells and peritoneocytes are located 
on a common basal lamina and are connected to each other 
via apical desmosomes and septate junctions.

Connective‑tissue structures

Connective tissue of late doliolaria larva is represented by 
ECM, hyaline spheres, skeletal elements, and also by mes-
enchymal cells. ECM fills entirely the primary body cavity 
(Fig. 2g). It is composed of an amorphous component and 
small bundles of collagen fibers. Various mesenchymal cells, 
probably fibroblasts and coelomocytes, as well as sclero-
cytes, are found in connective tissue. At this stage, larvae 
retain five pairs of hyaline spheres (Dolmatov et al. 2016). 
All of them are located in the primary body cavity and are 
surrounded by bundles of collagen fibers (Fig. 4a, b). Hya-
line spheres consist of a granular substance of medium elec-
tron density. Collagen fibers are also found in them (Fig. 4c).

The largest skeletal elements of late doliolaria are two 
calcareous bodies retained from the auricularia stage 

Fig. 3  Microanatomical organization of somatocoel derivatives 
of the late doliolaria of A. japonicus. a Semithin transverse section 
through the middle part of the late doliolaria. b Coelomic epithe-
lium. c Myoepithelial cell of the coelomic epithelium. d LMB anlage 
in mid-ventral ambulacrum, asterisks indicate myoepithelial cells. e 
Myoepithelial and peritoneal cells of LMB anlage. bl basal lamina, 

bw body wall, c cilia, cc coelomic cavity, ce coelomic epithelium, d 
desmosome, g gut, hs hyaline sphere, mc myoepithelial cell, mf myo-
filaments, pc peritoneal cell, pv polian vesicle, rr rough endoplasmic 
reticulum, rw radial water-vascular canal, sj septate junction, tf tube 
foot
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(Dolmatov et al. 2016). These are located in the posterior 
part of the larval body under the last pair of hyaline spheres 
(Fig. 4d). The calcareous bodies are surrounded by scle-
rocyte processes (Fig. 4e). Furthermore, the formation of 
skeletal structures characteristic of adult holothurian is 

observed at this stage. Calcification of ECM occurs between 
the tentacular canals and the anterior segments of the radial 
water-vascular canals. Subsequently, this will result in the 
formation of a calcareous ring. A madreporite is observed to 
form (Fig. 2f, g). Under the body epidermis, as well as under 
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the epidermis of the tips of the tentacles and foot, there is a 
large number of sclerocytes forming spicules.

Sclerocytes, regardless of their localization, are similar 
in structure. These are separated from ECM by the basal 
lamina (Fig. 4e, f). The cell nuclei are rounded in shape 
and contain a nucleolus. The cytoplasm is characterized by 
a large number of free ribosomes. Also, it contains a small 
GA, short rounded RER cisterns, mitochondria, and elec-
tron-lucent vacuoles with heterogeneous contents. Centrioles 
are often located near the nucleus. Pinocytotic vesicles are 
found on the cell surface (Fig. 4g). Many sclerocytes con-
tain electron-lucent vacuoles (Fig. 4f). Apparently, these are 
vacuoles with calcite crystals that were removed during the 
decalcification of samples. Larger calcite crystals are sur-
rounded by groups of sclerocytes.

Coelomocytes

Several types of coelomocytes are present in the cavities 
of the water-vascular system and in the ECM of late dolio-
laria larvae. Quite many of them are found near degrading 
structures such as hyaline spheres and ciliary rings (Fig. 4a). 
Amoebocytes are found in the cavities of the water-vascu-
lar system. These cells have a rounded nucleus containing 
small clumps of heterochromatin (Fig. 4h). The cytoplasm 
of amoebocytes has RER cisterns, microvesicles, secretory 
vacuoles, and also lysosomes with electron-dense contents.

Amoebocyte-like cells are the cells found most frequently 
in connective tissue (Fig. 4a, i). They have a rounded or 
elongated nucleus with small clumps of heterochromatin and 
a large nucleolus. Their cytoplasm contains a well-developed 
GA apparatus, a large number of RER cisterns filled with a 
substance of medium electron density, and also large vacu-
oles with electron-lucent contents (Fig. 4i, j). A layer of 
heterogeneous material of medium electron density is fre-
quently observed along the periphery of vacuoles (Fig. 4k). 
Furthermore, electron-dense lysosomes and phagosomes 
with heterogeneous contents are found in the cytoplasm of 

amoebocyte-like cells. The phagosomes may contain frag-
ments of resorbing larval structures: the cells of ciliary rings 
and the substance of hyaline spheres (Fig. 4k, l). In addi-
tion, bacterial cells are often present within phagosomes, 
which indicates the protective functions of amoebocytes. 
Amoebocyte-like cells containing phagosomes form aggre-
gates, thus, building structures similar to the brown bodies 
of adults (Fig. 4l).

Two types of morula cells are found in the connective 
tissue of late doliolaria larva. The first type contains large 
electron-lucent granules in the cytoplasm (Fig.  4m). A 
characteristic feature of the second type is the presence of 
rounded heterogeneous granules of up to 1–2 µm in diameter 
(Fig. 4n). The granules consist of a fibrillar substance with 
an electron-dense “core”. The cytoplasm contains a GA, 
short RER cisterns, and mitochondria.

Pentactula

Hydrocoel derivatives (water‑vascular system)

During the metamorphosis, animals lose their ability to 
swim and settle on the substrate. All organs of the water-
vascular system increase in size compared to the late dolio-
laria stage. Changes in the radial canals become particularly 
noticeable. The dorsal and mid-ventral canals reach the pos-
terior end of the animal’s body (Fig. 5a). The ventro-lateral 
water-vascular canals have a shorter length and end approxi-
mately in the middle part of the pentactula. The polian vesi-
cle and the tube foot increase in size. The hydroporic canal 
and the hydropore are retained (Fig. 5). The luminal epi-
thelium cells in most organs of the water-vascular system 
are flattened. Nevertheless, their structure shows almost no 
changes compared to the previous stage.

In all radial water-vascular canals of pentactula, numer-
ous myoepithelial cells are found on the side facing the radial 
nerve (Fig. 6a, b). In the ventro-lateral canals, myoepithelial 
cells are present only in their anterior parts. In the dorsal 
and mid-ventral canals, these are arranged all along their 
lengths. With the development of myoepithelial cells, their 
lateral sides form outgrowths. Outgrowths of adjacent cells 
intertwine with each other, forming a complex network of 
interdigitations (Fig. 6a). The nuclei of myoepithelial cells 
are rounded or irregular in shape. The basal cytoplasm con-
tains myofilaments, with their number greater than that at the 
late doliolaria stage. Furthermore, there are RER cisterns, 
ribosomes, mitochondria, and electron-lucent vesicles in the 
cytoplasm; lipoprotein granules are also frequently found.

Upon metamorphosing and settling, the animals have 
tentacles that increased in size. In their luminal epithelium, 
adjacent myoepithelial cells form numerous interdigitations 
(Fig. 6c). The number of myofilaments increases (Fig. 6d). 
In addition, the tube foot shows significant growth after the 

Fig. 4  Microanatomical organization of connective tissue of the late 
doliolaria of A. japonicus. a Hyaline sphere. b Bundles of collagen 
fibers surrounding the hyaline sphere. c Granular substance and col-
lagen fibers in the hyaline sphere. d Semithin transverse section of 
the posterior part of the late doliolaria. e Sclerocyte of the calcare-
ous body. f Sclerocytes forming the madreporite, arrows indicate 
centrioles. g Pinocytotic vesicle of the sclerocyte. h Amoebocyte. i 
Amoebocyte-like cells. j Cisterns of the rough endoplasmic reticulum 
of amoebocyte-like cell. k Vacuoles of amoebocyte-like cell. l Phago-
somes in the cytoplasm of amoebocyte-like cells, asterisks indicate 
fragments of cells of ciliary rings. m Morula cell with electron-lucent 
granules. n Morula cell with heterogeneous granules. ac amoebocyte-
like cell, bl basal lamina, cb calcareous body, cf collagen fibers, ci 
ciliary ring, eg electron-lucent granule, ga Golgi apparatus, hg het-
erogeneous granule, hs hyaline sphere, ls lysosome, m mitochondrion, 
ph phagosome, rr rough endoplasmic reticulum, va vacuole

◂
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metamorphosis. Its luminal epithelium is similar in structure 
to that of the tentacles.

After the metamorphosis, myoepithelial cells appear in 
the luminal epithelium of the polian vesicle (Fig. 6e). Peri-
toneal and myoepithelial cells are arranged on a 0.2 µm thick 
basal lamina, attached to it via hemidesmosomes. The cells 
are interconnected via apical desmosomes and septate junc-
tions. Peritoneocytes are flattened in shape. On the apical 
surface, they bear cilia and microvilli. The nuclei of the cells 
are irregular in shape. The cytoplasm contains numerous 
microvesicles, electron-lucent vacuoles of various diame-
ters, multivesicular bodies, RER cisterns, and mitochondria. 
Myofilaments are located in the basal part of myoepithelial 
cells. Peritoneocytes’ processes separate the myofilament-
containing parts of myoepithelial cells from the polian 
vesicle cavity. The rest of the cytoplasm contains the same 
organelles and inclusions as those in peritoneocytes. The 
hydroporic canal epithelium does not change compared to 
that at the previous stage.

Derivatives of somatocoels

After the metamorphosis, the structure of the coelomic 
epithelium of the body wall and internal organs shows 
only little changes. As in the previous stage, in pentactula 
it is represented by flattened peritoneal and myoepithelial 

cells (Fig. 7a). At this stage, the formation of the LMB 
is observed in the anterior parts of all five ambulacra. In 
the examined individuals, the myogenesis stages differ 
between radii. The initial stage of LMB formation occurs 
in the ventro-lateral ambulacra. Single myoepithelial cells 
are found in the coelomic epithelium bordering the radial 
water-vascular canal (Fig. 7b). These are separated from 
the coelom by apical processes of neighboring peritoneo-
cytes. In the dorsal radii, the number of myoepithelial cells 
in the LMB increases, and they form a continuous layer 
(Fig. 7c). Most of their cytoplasm is filled with myofila-
ments. This layer of myoepithelial cells is also separated 
from the coelom by bodies and processes of the peritoneo-
cytes located on the sides relative to the LMB. Thus, both 
types of cells are attached to a single basal lamina.

The content of ECM in mid-ventral LMB increases 
(Fig. 7d). Furthermore, the connective-tissue layer sep-
arating the LMB from the radial water-vascular canal 
develops. Myoepithelial cells, primarily their basal parts 
with myofilaments, are surrounded by ECM. Their parts 
containing nuclei remain located apically, under the bod-
ies and processes of peritoneocytes. The single layer of 
myoepithelial cells breaks down into separate groups. 
However, myoepithelial cells and peritoneocytes are 
located on a common basal lamina (Fig. 7e).

Fig. 5  Pentactula of A. japonicus. a Three-dimensional reconstruc-
tion of the body with digestive and water-vascular systems (view 
from the right-dorsal side); orange color indicates water-vascular 
system, blue color—calcareous ring, yellow color—digestive system, 
violet—body wall. b General view from the right-dorsal side; green 
color indicates actin; red color—tubulin; blue color—nuclei. c Three-
dimensional reconstruction of the water-vascular system (view from 

the right-dorsal side). cr calcareous ring, g gut, hc hydroporic canal, 
ld left dorsal radial water-vascular canal, lm longitudinal muscle 
band, lv left ventral radial water-vascular canal, lvn left ventral radial 
nerve cord, mp madreporite, mvc mid-ventral radial water-vascular 
canal, pv polian vesicle, rd right dorsal radial water-vascular canal, 
rv right ventral radial water-vascular canal, t tentacle, tf tube foot, wr 
water-vascular ring
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Connective‑tissue structures

As in late doliolaria, the entire primary body cavity in pen-
tactula between the epidermis and the coelom is filled with 
ECM (Fig. 8a). The outer, denser layer is 8–20 µm thick. 
Besides a large number of collagen fibers, it contains spic-
ules (Fig. 8b). The inner, 20–30 µm thick layer is looser. 
Numerous mesenchymal cells are found in it.

Remnants of hyaline spheres persist in pentactula. They 
have an irregular, flattened shape and are devoid of the sur-
rounding in the form of collagen fibers (Fig. 8b, c). Amoebo-
cyte-like cells with phagosomes can be found inside and on 
the surface of hyaline spheres. Some pentactula have brown 
bodies instead of hyaline spheres.

After the metamorphosis, the small (right) calcareous 
body disintegrates, while the large (left) calcareous body 
is partially retained in the posterior part of the pentactula 
body. The madreporite embraces the dorsal and lateral sides 
of the stone canal with a narrow ring (Fig. 5a, b). Between 
the base of the tentacular canals and the anterior segments 
of the radial water-vascular canals, the amount of ECM and 
collagen fibers increases (Fig. 8d). Sclerocytes are found 
in the forming connective tissue (Fig. 8e). These cells have 
extensive vacuoles, which indicates the formation of calcite 
crystals. The increase in the amount of ECM and its calcifi-
cation causes a calcareous ring to form (Fig. 5a).

Numerous rounded spicules are located in the surface 
layer of the connective tissue of the animal’s body wall. 

Fig. 6  Microanatomical organization of the water-vascular system of 
the pentactula of A. japonicus. a Transverse section through the mid-
ventral water-vascular canal. b Transverse section through the ventro-
lateral water-vascular canal. c Interdigitations of myoepithelial cells 
of the tentacle. d Luminal epithelium of tentacle. e Luminal epithe-

lium of the polian vesicle. bl basal lamina, c cilia, d desmosome, hd 
hemidesmosome, ij interdigitations, lf lipofuscin, m mitochondrion, 
mf myofilaments, mv microvilli, pc peritoneal cell, rn radial nerve 
cord, v vesicle, va vacuole
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Spicules are also present in ECM of the tips of the tenta-
cles and tube foot, as well as in the connective tissue of 
the cloaca. These are formed both by single sclerocytes 
and their groups (Fig. 8f, g). In the latter case, a common 
vacuole is formed.

Sclerocytes of different skeletal structures have similar 
structure. As in the previous stage of holothurian develop-
ment, they are surrounded by the basal lamina and have 
euchromic nuclei with a large nucleolus (Fig. 8f–i). The 
cytoplasm contains RER cisterns, ribosomes, and numer-
ous mitochondria. Centrioles are often found near the 
nucleus (Fig. 8h). In sclerocytes of pentactula, the GA 
becomes more pronounced, and the number of dicty-
osomes increases. Multivesicular bodies and myelin-like 
bodies appear in the cytoplasm of sclerocytes (Fig. 8i).

Coelomocytes

As in the late doliolaria, the cavities of the water-vascular 
system and ECM in pentactula contain various amoebocyte-
like and morula cells. Their composition and structure have 
not changed compared to the previous developmental stage.

One‑month‑old juveniles

Hydrocoel derivatives (water‑vascular system)

Animals at this developmental stage reach a body length of 
700–800 µm. On the outside, they are covered with numer-
ous spicules. The arrangement of the internal organs changes 
little compared to the previous stage (Fig. 9). Anteriorly of 

Fig. 7  Microanatomical organization of somatocoel derivatives of the 
pentactula of A. japonicus. a Coelomic epithelium of the body wall. 
b LMB anlage in ventro-lateral ambulacrum. c LMB anlage in dorsal 
ambulacrum. d Mid-ventral LMB. e Separate groups of myoepithelial 
cells in mid-ventral LMB. bl basal lamina, c cilia, ct connective tis-

sue, dc dorsal water-vascular canal, hd hemidesmosome, lf lipofuscin, 
mc myoepithelial cell, mf myofilaments, mvc mid-ventral radial water-
vascular canal, pc peritoneal cell, vc ventro-lateral water-vascular 
canal
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the tube foot, there is a second foot. In addition, another 
two tube feet are laid down in the anterior half of the juve-
nile’s body. On each of the dorsal water-vascular canals, two 
canals of dorsal papillae are located. The hydroporic canal 
in juveniles retains a connection with the environment and 
opens on the dorsal side through a narrow hydropore.

The luminal epithelium of the water-vascular system 
organs has not undergone significant changes compared to 
the previous stage. It is formed by flattened ciliated cells 
(Fig. 10a, b). Myelin bodies and lipoprotein granules vanish 
in the cell cytoplasm. In the basal part of the luminal epithe-
lium of the stone canal, myoepithelial cells appear (Fig. 10c, 
d). These are distinguished by bundles of myofilaments 

Fig. 8  Microanatomical organization of connective tissue of the pen-
tactula of A. japonicus. a Semithin transverse section of the anterior 
part of the pentactula. b Semithin transverse section of the body 
wall, asterisks indicate amoebocyte-like cells. c Remnants of hyaline 
sphere. d Semithin transverse section of the calcareous ring. e Scle-
rocytes of the calcareous ring. f Sclerocyte in the wall of tube foot. g 
Sclerocyte in the body wall. h Centriole (arrow) in sclerocyte cyto-

plasm. i Multivesicular bodies and myelin-like bodies in the cyto-
plasm of sclerocytes. bl basal lamina, co coelom, cr calcareous ring, 
ct connective tissue, ex external layer of connective tissue, ga Golgi 
apparatus, hc hydroporic canal, hs hyaline sphere, in internal layer 
of connective tissue, m mitochondrion, mb multivesicular body, mi 
myelin-like body, og outgrowth, s sclerocyte, t tentacle, v vesicle, va 
vacuole
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present in the cytoplasm. A layer of denser connective tissue 
containing sclerocytes and calcite crystals appears around 
the stone canal (Fig. 10c).

In all radial water-vascular canals, the luminal epithelium 
contains myoepithelial cells. They are absent only from the 
posterior segments of the ventral canals (Fig. 10e). The bod-
ies of myoepithelial cells and their processes with myofila-
ments are located in the basal part of the epithelium and are 
covered with peritoneocytes’ processes (Fig. 10f).

One-month-old individuals have two tube feet (Fig. 9a). 
In their luminal epithelium, the number of processes of 
neurosecretory cells with large electron-dense granules 
increases (Fig. 10g). Bodies of these cells are sometimes 
found. Within the epithelium, nerve cell processes contain-
ing dense core vesicles appear for the first time (Fig. 10h).

The structure of the luminal epithelium of the tentacles 
has changed compared to that in the previous stage (Fig. 10i, 
j). Most of the cytoplasm of myoepithelial cells is filled with 
myofilaments. The number of interdigitations between cells 
decreases. Unlike the foot canal, neurosecretory cells and 
their processes are not found in the luminal epithelium of 
the tentacles.

Derivatives of somatocoels

In 1-month-old juveniles, the structure of the coelomic epi-
thelium of the body wall and internal organs has changed 
little compared to that of the previous stage. Unlike those 
in pentactula, myoepithelial cells are found in all interradii. 
They form the circular musculature of the animal. In the 
anterior half of the body, the body wall coelomic epithelium 
creates numerous deep plicae formed by tall peritoneal and 
myoepithelial cells (Fig. 11a–c). In the posterior part of the 
body, it consists of flattened myoepithelial and peritoneal 
cells (Fig. 11d).

The apical surface of the peritoneal cells bears cilia and a 
moderate number of long microvilli. The nuclei of cells are 
oval or irregular in shape, with a nucleolus and a moderate 
content of heterochromatin. The cytoplasm is almost entirely 
filled with numerous RER cisterns (Fig. 11e). In addition, 
the cells have a GA, electron-lucent vesicles, and mitochon-
dria, there are also heterophagosomes, multivesicular bod-
ies, and myelin-like bodies.

Myoepithelial cells are separated from the coelom by 
processes and bodies of peritoneocytes. The apical surface 

Fig. 9  One-month-old juvenile of A. japonicus. a Three-dimensional 
reconstruction of the body with digestive and water-vascular systems 
(view from the right side); orange color indicates water-vascular sys-
tem, blue color—calcareous ring, yellow color—digestive system, red 
color—longitudinal muscle band; gray—body wall. b General view 
from the right-dorsal side; green color indicates actin; red color—

tubulin; blue color—nuclei. cr calcareous ring, dn dorsal radial 
nerve cord, g gut, hc hydroporic canal, lm longitudinal muscle band, 
lvn left ventral radial nerve cord, mp madreporite, mvc mid-ventral 
radial water-vascular canal, pa papilla, pv polian vesicle, rd right dor-
sal radial water-vascular canal, rv right ventral radial water-vascular 
canal, t tentacle, tf tube foot
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Fig. 10  Microanatomical organization of water-vascular system of the 
1-month-old juvenile of A. japonicus. a Luminal epithelium of water-
vascular ring. b Luminal epithelium of polian vesicle. c Transverse 
section of the stone canal. d Myoepithelial cells in the luminal epithe-
lium of the stone canal. e Transverse section of the posterior segment 
of ventral water-vascular canal. f Myoepithelial cells in the luminal 
epithelium of water-vascular canal. g Luminal epithelium of water-
vascular canal of tube foot. h Nerve cell processes with dense core 

vesicles (arrows). i Longitudinal section of the luminal epithelium of 
tentacle. j Transverse section of the luminal epithelium of tentacle. 
bl basal lamina, c cilia, ct connective tissue, hd hemidesmosome, ij 
interdigitations, m mitochondrion, mc myoepithelial cell, mf myofila-
ments, mv microvilli, ns processes of the neurosecretory cell, nsc neu-
rosecretory cell, pc peritoneal cell, rr rough endoplasmic reticulum, s 
sclerocyte
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of myoepithelial cells is devoid of microvilli and cilia; the 
basal bodies of the latter are sometimes found in the cyto-
plasm. The nucleus situates in the apical part of the cell. 
The basal part of the cell is filled with myofilaments. In 

the basal part, numerous thin cytoplasmic processes with-
out myofilaments are observed. The cytoplasm contains 
RER cisterns, ribosomes, mitochondria, electron-lucent 
vesicles, and sometimes multivesicular bodies. Within the 

Fig. 11  Microanatomical organization of coelomic epithelium of the 
1-month-old juvenile of A. japonicus. a Semithin transverse section 
of the dorsal ambulacrum in the anterior part of the body. b Perito-
neocytes of the coelomic epithelium of the anterior part of the body. 
c Myoepithelial cells of the coelomic epithelium of the anterior part 
of the body. d Coelomic epithelium of the posterior part of the body. 

e Apical part of peritoneal cells. f Nerve processes in the coelomic 
epithelium. bl basal lamina, c cilia, ce coelomic epithelium, d des-
mosome, ga Golgi apparatus, lm longitudinal muscle band, m mito-
chondrion, mc myoepithelial cell, mf myofilaments, mv microvilli, np 
nerve processes, rn radial nerve cord, rr rough endoplasmic reticu-
lum, v vesicle
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body wall coelomic epithelium, processes of nerve cells 
are found (Fig. 11d, f).

In 1-month-old juveniles, the LMB development con-
tinues. The ventro-lateral and dorsal LMBs have similar 
structures and consist of a single layer of myoepithe-
lial cells separated from the coelom by peritoneocytes 
(Fig. 12a, b). Nevertheless, in the ventro-lateral LMBs, 
the width of the myoepithelial cell layer is smaller. Fur-
thermore, the accumulation of ECM between peritoneal 
and myoepithelial cells begins in the dorsal LMBs. The 
connective-tissue layer separating the LMBs from the 
radial water-vascular canal increases.

In the mid-ventral LMB, peritoneocytes are completely 
separated from myoepithelial cells and form the flattened 
epithelium covering the LMB (Fig. 12c). Below, the volume 
of ECM, in which rare collagen fibers are visible, increases. 
At this myogenesis stage, myoepithelial cells of the mid-
ventral LMB are more correctly referred to as myocytes. 
These are separated from the surrounding connective tissue 
by their own basal lamina, thus, forming muscle bundles 
(Fig. 12c). The basal lamina is absent only from the apical 
part of the cells. Myocytes form hemidesmosomes not only 
in the basal part but also on the lateral and apical sides. 
Processes of neurosecretory cells are found in the muscle 
bundles and in the LMB connective tissue (Fig. 12d).

Fig. 12  Microanatomical organization of longitudinal muscle bands 
of the 1-month-old juvenile of A. japonicus. a Transverse section of 
dorsal LMB. b Transverse section of ventral LMB. c Transverse sec-
tion of mid-ventral LMB. d Neurosecretory cells in the LMB. e Coe-
lomic epithelial cell embedding into LMB. bl basal lamina, bm mus-

cle bundle, c cilia, co coelom, ct connective tissue, dc dorsal radial 
water-vascular canal, hd hemidesmosome, m mitochondrion, mc 
myoepithelial cell, mf myofilaments, ns processes of the neurosecre-
tory cell, pc peritoneal cell, rr rough endoplasmic reticulum, v vesicle
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In 1-month-old individuals, the onset of a myogenic 
transformation of the coelomic epithelium cells covering 
the LMB is observed. This process occurs in the mid-ventral 
LMB. Epithelial cells form long processes extending into the 
LMB connective tissue. Bundles of myofilaments are visible 
in these processes (Fig. 12e).

Connective tissue structures

At this ontogeny stage, the ECM formation continues. The 
animal’s body wall consists of three layers (Fig. 13a). The 
outer, densest layer contains spicules and a large number 
of fibers. In all internal organs, the connective-tissue layer 
between the luminal and coelomic epithelia grows. The 
number of collagen fibers and mesenchymal cells in it also 
increases. At this developmental stage, another mesenchy-
mal cell type, granulocytes, is found in the body wall ECM 
(Fig. 13b). These cells have an amoeboid shape. Their cyto-
plasm contains numerous granules filled with a substance 
having a medium electron density. The diameter of the gran-
ules is ca. 0.2 µm. The cytoplasm also contains RER cisterns 
and mitochondria.

The left calcareous body, previously located in the poste-
rior part of the animal, disappears. Simultaneously, 1-month-
old juveniles show an increase in the size and thickness of 
the calcareous ring (Figs. 9a, 13c). Not only the lateral but 
also the posterior walls of the tentacular canals undergo cal-
cification. The juvenile’s body is covered with numerous 
needle-like spicules (Fig. 13a). Unlike spicules in pentactula, 
these are distributed all over the animal’s surface. Spicules 
are also present under the epidermis of the tips of the tenta-
cles and tube feet, as well as in the cloaca connective tissue. 
Sclerocytes of juveniles are distinguished by a large number 
of mitochondria and long narrow RER cisterns (Fig. 13d, e). 
Centrioles and lipoprotein granules are sometimes found in 
their cytoplasm.

Coelomocytes

The diversity of coelomocyte types increases in juveniles. 
In addition to amoebocytes and morula cells, juvenile cells 
are also found. These are cells of 3–5 µm in diameter with 
a high nuclear-cytoplasmic ratio (Fig. 13f, g). They differ 
in the cytoplasm volume and the degree of development of 
the synthetic apparatus. Small cells of ca. 3 µm in diameter 
have an oval nucleus with large clumps of heterochromatin. 
A small volume of cytoplasm contains single microvesicles. 
In cells of 4–5 µm in diameter, the volume of cytoplasm 
increases, it contains short RER cisterns, microvesicles of 
smooth endoplasmic reticulum, and a GA. Single mitochon-
dria are present.

Crystal cells are found in the cavities of the water-vas-
cular system. They have a large electron-lucent vacuole 

occupying the major part of the cytoplasm (Fig. 13h). Vesi-
cles of various diameters are present in the vacuole. The cell 
nucleus is elongated, hyperchromic, and displaced to the 
cell periphery. The cytoplasm contains mitochondria, RER 
cisterns, small granules, and multivesicular bodies.

Discussion

Our previous studies showed that A. japonicus larvae at 
the late doliolaria stage have all the main organs typical of 
the adult organism (Dolmatov et al. 2016, 2017, 2018). In 
addition to the digestive and nervous systems, the coeloms 
transform and various mesodermal organs develop. Thus, 
by the time of metamorphosis and settling, juvenile indi-
vidual becomes almost completely formed. It has external 
appendages (a tube foot and tentacles) and also the digestive, 
muscular, and nervous systems. However, these organs are 
developed insufficiently and are, apparently, not fully func-
tional. The metamorphosis in A. japonicus and, probably, 
in other holothurians with planktotrophic larva consists in 
changing the body shape and destroying the ciliary rings 
(Smiley 1986; Nakano et al. 2006; Dolmatov et al. 2016).

The third germ layer emerged in the evolution of Bilateria 
due to the need to develop and complicate the muscular sys-
tem (Rieger and Ladurner 2003; Technau and Scholz 2003; 
Martindale et al. 2004). However, the origin and stages of 
the formation of complexly organized contractile systems 
remain poorly understood. In this regard, echinoderms are 
convenient model objects, since they show the recapitulation 
of the stages of the muscular system evolution during muscle 
development (Dolmatov and Ivantey 1993; Dolmatov et al. 
2007; Dolmatov 2010). Furthermore, certain stages of dif-
ferentiation of coelomic epithelial cells during their trans-
formation into myocytes can be distinguished in A. japoni-
cus. However, different coeloms had, apparently, somewhat 
different evolutionary trajectories, which is related to their 
eventual destination.

Hydrocoel derivatives

Hydrocoels in echinoderms give rise to a unique system 
of organs, the water-vascular system. It is represented by 
tubular or sac-like formations whose luminal epithelium is 
formed from the epithelium of hydrocoels. Late doliolaria 
of A. japonicus already possesses all the components of this 
system. Changes in metamorphosis and further development 
are mainly associated with the myogenic differentiation of 
the water-vascular epithelium cells. Two stages can be dis-
tinguished in this process. The initial stage is associated with 
the myogenic differentiation of epithelial cells and myoepi-
thelium formation. It is characterized by the emergence and 
increase in the number of myofilaments in the cytoplasm 
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of myoepithelial cells. Different phases of this stage can be 
identified in the organs of late doliolaria, from the epithe-
lium containing no myoepithelial cells (water-vascular ring 

canal) to the myoepithelium (tube foot). The second stage 
of complication of the water-vascular epithelium is associ-
ated with the onset of organs’ functioning and consists in 

Fig. 13  Microanatomical organization of connective tissue of the 
1-month-old juvenile of A. japonicus. a Semithin transverse section 
of body wall. b Granulocyte. c Semithin transverse section of the cal-
careous ring. d General view of sclerocyte. e Long narrow RER cis-
terns in the cytoplasm of sclerocyte. f Small juvenile cell. g Juvenile 
cell with increased volume of the cytoplasm. h Crystal cell. bl basal 

lamina, cr calcareous ring, ex external layer of connective tissue, g 
granules, in internal layer of connective tissue, m mitochondrion, mb 
multivesicular body, n nucleus, og outgrowth, rr rough endoplasmic 
reticulum, s sclerocyte, sr smooth endoplasmic reticulum, tw water-
vascular canal of the tentacle, v vesicle, va vacuole



374 Zoomorphology (2023) 142:357–376

1 3

strengthening the mechanical connection between adjacent 
myoepithelial cells, as well as between these cells and ECM. 
This is, apparently, required for more efficient transmission 
of contractions from epithelium to connective tissue of the 
organ. The formation of cell processes embedded in the 
basal lamina of the myoepithelium can be considered the 
first phase of this process, which can be observed in the ten-
tacles of late doliolaria. The processes allow better attach-
ment of myoepithelial cells to the connective tissue. The fol-
lowing phase is the development of interdigitation between 
adjacent myoepithelial cells (the tentacles and tube foot 
of pentactula). The interdigitation formation leads to even 
greater mechanical adhesion of contractile cells and allows 
the epithelium to contract as an integral whole. Such inter-
digitations between contractile cells are also characteristic 
of vertebrates (Cullinan et al. 1986; Yoshida et al. 2010).

Interestingly, the myogenic differentiation of epithelial 
cells of the water-vascular radial canals begins with the 
side of the nerve cords. In the juveniles that we examined, 
myoepithelial cells occupy the entire part of the epithelium 
facing the nerve cord. It is not clear whether the myogenesis 
expands to the remaining part of the epithelium during fur-
ther development. There is a lack of data on the morphology 
of radial water-vascular canals in adult holothurians. Sea 
urchins and sea stars have these canals lined by nonmuscular 
epithelium (Cavey and Märkel 1994; Chia and Koss 1994).

In 1-month-old individuals of A. japonicus, myoepithe-
lial cells were identified in the stone canal epithelium. No 
similar cells have been described from stone canals of other 
holothurian species. These have not been found in ophiurans, 
sea stars, and sea urchins as well. However, myoepithelial 
cells are present in the water-vascular lining of stone canals 
of crinoids (Heinzeller and Welsch 1994). According to 
Heinzeller and Welsch (1994), these form a circular mus-
culature, whose contraction interferes with ciliary activity 
and prevents the fluid from flowing into the water-vascular 
system. The absence of myoepithelial cells from the stone 
canal epithelium in most echinoderms is probably explained 
by the insufficient knowledge of this organ. More detailed 
studies are expected to identify these cells.

Somatocoel derivatives

The analysis of the LMB development in A. japonicus is 
consistent with our hypothesis of the origin, development, 
and evolution of the muscular system in echinoderms (Dol-
matov and Ivantey 1993; Dolmatov et al. 2007; Dolmatov 
2010). Since the development of ambulacra in holothuri-
ans occurs unevenly (Dolmatov and Yushin 1993; Mash-
anov and Dolmatov 2000; Dolmatov et al. 2016), this pro-
vides the opportunity to observe all the major myogenesis 
stages. In late doliolaria, one of the early myogenesis stages 
occurs in the mid-ventral LMB: the development of single 

myoepithelial cells above the water-vascular canal. Then 
the number of these cells increases, which results in the 
formation of a typical echinoderm pseudostratified myoepi-
thelium (Rieger and Lombardi 1987). The following stage 
of the muscular system complication is the surrounding of 
contractile cells by connective tissue. Initially, the amount 
of ECM under the myoepithelium increases. This stage is 
observed in dorsal LMBs of 1-month-old individuals. With 
the further development of holothurians, this process will 
continue and, as a result, the connective-tissue basis of LMB 
will be formed. Then the ECM begins to accumulate also 
between the peritoneocytes located on the LMB surface and 
the myoepithelial cells. This stage, in our opinion, recapitu-
lates the evolutionary stage of embedding contractile cells 
into connective tissue. The ECM accumulation leads to the 
origin of submerged myoepithelia that consist of externally 
located peritoneocytes and myoepithelial cells embedded 
in connective tissue. In this case, all cells are arranged on a 
common basal lamina.

The following stage of LMB formation is the separa-
tion of myoepithelium into epithelial and muscle cells. In 
1-month-old juveniles of A. japonicus, this stage is not yet 
completed, since the muscle bundles have not yet formed. 
They are not completely separated from the ECM by the 
basal lamina. However, the process of new muscle bundle 
formation is already beginning in 1-month-old juveniles 
of A. japonicus through the myogenic differentiation and 
embedding of coelomic epithelial cells into the formed ECM 
of LMB.

Connective tissue

A significant change in the connective tissue of A. japoni-
cus occurs in the process of metamorphosis and defini-
tive organogenesis. The spaces of the primary body cavity 
between developing organs and somatocoels are gradually 
filled with ECM. This leads to the formation of various 
structures and organs in holothurians: the body wall, the 
digestive tube, and the water-vascular system. The ECM 
contains a large number of various mesenchymal cells. Dur-
ing the ontogeny of holothurians, these give rise to several 
cell types (Smiley 1994). However, despite the advanced 
development of connective tissue, no typical fibroblasts are 
found. It is likely that amoebocyte-like cells perform the 
function of synthesis of collagen fibers and ECM.

Sclerocytes of A. japonicus have a structure typical of 
holothurians (Stricker 1986). Their feature, which distin-
guishes this cell type from other mesenchymal cells, is 
the presence of basal lamina. Its function is still unclear. 
According to Stricker (1986), the presence of the basal lam-
ina indicates the ectodermal origin of sclerocytes. However, 
these are most likely of mesodermal origin. The basal lamina 
is probably necessary for the fixation of spicules in ECM.



375Zoomorphology (2023) 142:357–376 

1 3

The structure of sclerocytes gradually alters during the 
transition from doliolaria to a 1-month-old juvenile. In 
their cytoplasm, the number of mitochondria and dicty-
osomes of GA increases, and numerous RER cisterns are 
formed. These changes apparently indicate an intensifica-
tion of the synthetic activity of cells and the calcification 
process. After settling, animals have a large number of 
spicules formed on their body surface and in the tentacles 
and tube foot, as well as the development of the calcareous 
ring and madreporite.

One of the noteworthy and intriguing structures of holo-
thurian larvae is hyaline spheres. According to Peters-Didier 
and Sewell (2019), these function as nutrient storage struc-
tures for accumulating neutral lipids. Besides lipoproteins, 
they include collagen fibers (Dautov 1997; this article). In A. 
japonicus, the hyaline spheres degrade after metamorphosis, 
which is confirmed by previously obtained data (Dautov and 
Kashenko 1995; Dautov 1997).

After the metamorphosis, A. japonicus show also changes 
in the composition of mesenchymal cells (coelomocytes). 
Echinoderm coelomocytes represent a heterogeneous popu-
lation of immune cells (Chia and Xing 1996; Ballarin et al. 
2021). At the late doliolaria stage, there are already two 
populations of coelomocytes: amoebocyte-like cells and 
morula cells. Such a division into two populations occurs 
early in the ontogeny, at the gastrula stage (Ho et al. 2016). 
Amoebocyte-like cells are involved in the removal of 
structures degraded during the metamorphosis, primarily 
hyaline spheres and ciliary rings. In A. japonicus, the first 
morula (spherule) cells are found at the blastula stage (Li 
et al. 2014). At the late doliolaria stage, two types of these 
cells are identified: with electron-lucent and heterogeneous 
granules. These types of morula cells persist during further 
development and are found in adults (Eliseikina and Magar-
lamov 2002; Xing et al. 2008).

In 1-month-old juveniles of A. japonicus, the diversity of 
coelomocytes increases. Crystal and juvenile cells appear. 
Crystal cells are probably involved in the regulation of salt 
metabolism in echinoderms (Chia and Xing 1996). Juve-
nile cells (lymphocytes) are considered progenitor cells that 
give rise to other coelomocyte types in echinoderms (Smiley 
1994; Eliseikina et al. 2010; Zavalnaya et al. 2020). Cells 
that differ in the volume of cytoplasm and the degree of 
organelles’ development probably represent various stages 
of differentiation of juvenile cells.

Thus, our study has shown that the main mesodermal 
organs are already formed at the late doliolaria stage. All the 
structures of the water-vascular system, the LMB anlagen, 
extracellular matrix, and different types of mesenchymal 
cells are present. However, even in 1-month-old juveniles, 
many organs do not reach their full development as in adults. 
This particularly applies to the contractile system. Neverthe-
less, 1-month-old juveniles already have all the main types 

of coelomocytes characteristic of adults. This means that the 
immune system of A. japonicus is already formed.
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