See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/366598943

Origin of Echinodermata

Article in Paleontological Journal - December 2022

DOI: 10.1134/S0031030122080020

CITATIONS
3

2 authors:

Olga Ezhova
Lomonosov Moscow State University

69 PUBLICATIONS 189 CITATIONS

SEE PROFILE

All content following this page was uploaded by Olga Ezhova on 21 January 2023.

The user has requested enhancement of the downloaded file.

READS
3,670

Vladimir Malakhov
Lomonosov Moscow State University

405 PUBLICATIONS 2,480 CITATIONS

SEE PROFILE

ResearchGate


https://www.researchgate.net/publication/366598943_Origin_of_Echinodermata?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/366598943_Origin_of_Echinodermata?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Olga-Ezhova?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Olga-Ezhova?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Lomonosov_Moscow_State_University?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Olga-Ezhova?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vladimir-Malakhov-2?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vladimir-Malakhov-2?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Lomonosov_Moscow_State_University?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vladimir-Malakhov-2?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Olga-Ezhova?enrichId=rgreq-e660a154ab5dcc95dd94a022ccfe4a0c-XXX&enrichSource=Y292ZXJQYWdlOzM2NjU5ODk0MztBUzoxMTQzMTI4MTExNDIwNDY2OEAxNjc0MzA5NzM4NzQy&el=1_x_10&_esc=publicationCoverPdf

ISSN 0031-0301, Paleontological Journal, 2022, Vol. 56, No. 8, pp. 938—973. © Pleiades Publishing, Ltd., 2022.

Origin of Echinodermata
O. V. Ezhova® * and V. V. Malakhov* **

¢ Lomonosov Moscow State University, Moscow, 119991 Russia
*e-mail: olga.ejova@gmail.com
**e-mail: vmalakhov@inbox.ru
Received August 31, 2020; revised February 16, 2021; accepted August 18, 2021

Abstract—The common ancestor of Ambulacraria was a mobile bilaterally symmetrical organism. Its body
was subdivided into a preoral (proboscis) region, a perioral (collar) region with ciliated tentacles, and a trunk
region with a metameric coelom and metameric gill slits. Like in other Bilateria, the preoral and tentacular
regions of Ambulacraria are free of Hox gene expression, which begins in the area of the first pair of gill slits
in compliance with the colinearity. The axial complex is a synapomorphy of the Ambulacraria clade. A bilat-
erally symmetrical ancestor of Echinodermata lay on its dorsal side, so its anus was shifted to the ventral side
as in present-day echinoderm larvae. This stage of evolution corresponds to the Early Paleozoic bilaterally
symmetrical forms, such as Protocinctus, Ctenocystis, and Ctenoimbricata. The common ancestor of echino-
derms had a symmetrical tentacular apparatus consisting of five ciliated tentacles on each side of a collar. At
the next stage, the ancestors of echinoderms lay on the right side that resulted in the reduction of the tentacles
on the right side and the right hydrocoel. This evolution stage includes various Early Paleozoic forms (Cothu-
rnocystis, Dendrocystoides, Syringocrinus, Castericystis, Coleicarpus, Rhenocystis, etc.). The next stage is
related to the sedentary lifestyle. During this stage, the mouth and tentacles occupied an apical position, the
anus has shifted up, and thus an intestinal loop was formed. The five primary tentacles of the left side of the
ancestor of Ambulacraria predestined the formation of pentaradial symmetry of echinoderms. The primary
tentacles remained only in Holothuroidea. The secondary ciliary grooves were formed between the primary
tentacles. These grooves were accompanied by hydrocoelic canals, which gave rise to the water-vascular
(ambulacral) system. The present-day echinoderms are characterized by several metameric rings formed by
the derivatives of the left somatocoel. They derive from the coelomic segments of the left side of the trunk of
the ambulacrarian ancestor and, thus, the echinoderms retain coelomic metamerism. The attachment of the
crinoid larvae by the preoral lobe reflects the ancient method of locomotion of deuterostomes using the pro-
boscis, but, in reality, the Pelmatozoa stalk is homologous to the Pterobranchia stalk, i.e., the posterior end
of the body, because the right somatocoel grows into it. During metamorphosis, the internal coelomic com-
plex of the larva is inverted by 180°. The significance of this inversion for the translocation of the anterior
genes of the Hox cluster is discussed. The ancestors of Eleutherozoa began to crawl on the oral surface, which
led to a shift of the anus to the aboral side. Thus, the ontogeny and phylogeny of echinoderms exhibits a
change from bilateral symmetry to dissymmetry, and then the development of pentameric symmetry.

Keywords: Echinodermata, Ambulacraria, Deuterostomia, comparative anatomy, paleontology, phylogeny,
larvae evolution, dissymmetry, coeloms, axial complex, Hox cluster, metamerism
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INTRODUCTION

Echinodermata is one of most morphologically
enigmatic animal groups. Perhaps, there is no other
animal phylum with such complex and confused ana-
tomical organization. For most bilaterally symmetri-
cal animals, it is easy to determine the anterior and
posterior parts of the body or the dorsal and ventral
sides, unlike Echinodermata. “Echinoderms could be
variations on celestial stars that fell to the Earth as
extraterrestrials, so extraordinary is their form and
function”: such an emotional observation in a present-
day zoological textbook results from the specific ana-
tomical organization of representatives of this animal
phylum (Ruppert et al., 2004, p. 873).

Most hypotheses on the origin of Echinodermata
were formulated as early as the end of the 19th—the
beginning of the 20th centuries (see Semon, 1888;
Bury, 1895; MacBride, 1896; Bather, 1900; Heider,
1912, 1913; Fedotov, 1923; Grobben, 1923). The
authors of these hypotheses derive Echinodermata
from a bilaterally symmetrical dipleuruloid ancestor
(the organization of which is more or less recapitulated
by the early echinoderm larvae), which became seden-
tary having attached to the substrate by the preoral lobe.
The authors of these hypotheses suggested that, after
the attachment, the primary bilateral symmetry was
completely lost and changed by pentaradial symmetry
in spite of different viewpoints on the formation of
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anatomical organization of the present-day echino-
derms (see Semon, 1888; Bury, 1895; Bather, 1900;
Grobben, 1923). These ideas were included in most
reviews and tutorials published in the second half of
the 20th—the beginning of the 21st centuries (Hyman,
1955; Beklemishev, 1964; Ubaghs, 1967; Ivanova-
Kasas, 1978a; Brusca, R.C. and Brusca, G.J., 2003;
Ruppert et al., 2004).

Recent decades yielded new studies of embryonic
and larval evolution and expression of regulatory genes
in the evolution of echinoderms, as well as refined data
on comparative anatomical analysis of present-day
echinoderms (Lacalli and West, 2000; Frobius et al.,
2008; Ezhova and Malakhov, 2021a, 2021b;
Bakalenko et al., 2013; Ezhova et al., 2013, 2014, 2015,
2017, 2018, 2020; Kaul-Strehlow and Stach, 2013;
Janssen et al., 2014; Dolmatov et al., 2016; Maletz and
Cameron, 2016; Martin et al., 2016; Gaunt, 2018;
Rakaj et al., 2019; Ggasiorowski and Hejnol, 2020;
etc.). New groups of fossil Echinodermata are
described (Rahman and Zamora, 2009; Zamora et al.,
2012, 2013; Rahman et al., 2015a, 2015b, 2019). Appli-
cation of molecular phylogenetics significantly
changed the ideas on the system and phylogeny of ani-
mals in general. All this allows us to once again con-
sider the problem of the origin of echinoderms. In this
work, we provide an original concept, which is mostly
based on comparative morphology of present-day
echinoderms, evolutionary biology, molecular phylo-
genetics, and new paleontological discoveries. Our
concept does not answer all the questions and is open
for criticism, but by publishing this material, we would
like to offer it up to open a new stage of the discussion
of the problem of the origin of echinoderms.

POSITION OF DEUTEROSTOMIA
IN BILATERIA

For the entire 20th century, biology was influenced
by dominant ideas on the system and phylogeny of
bilaterally symmetrical animals elaborated by the Aus-
trian zoologist K. Grobben (Grobben, 1908). The
studies of the last decades have significantly changed
ideas on the systematics of bilaterians (Aguinaldo
et al., 1997; Rosa et al., 1999; Balavoine et al., 2002;
Halanych, 2004; Dunn et al., 2008, 2014; Malakhov,
2009, 2010; Telford, 2013; Giribet, 2016; Laumer
etal., 2019). According to the current phylogenetic
concepts, Bilateria comprises three large groups of
organisms: Lophotrochozoa (Trochozoa and Lopho-
phorata), Ecdysozoa (Arthropoda, Lobopoda, Nema-
toda, Priapulida, Kinorhyncha, Loricifera, and
Nematomorpha), and Deuterostomia (Chordata,
Hemichordata, and Echinodermata) (Fig. 1). In spite
of a dramatic reconstruction of the Bilateria system,
the new system sustains the subdivision into Protosto-
mia and Deuterostomia suggested by Grobben (1908).
In the new system, the Deuterostomia includes the
same three groups (Chordata, Hemichordata, and
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Echinodermata) that were included in the structure of
this taxon by Grobben (1908). There are suggestions,
however, that the turbellarian-shaped organisms
Xenoturbellida, Nemertodermatida, and Acoela
should be included in the structure of Deuterostomia
(see Bourlat et al., 2006; Philippe et al., 2011, 2019).
These suggestions are based exclusively on molecular
phylogenetic data and are not supported by morpho-
logical or embryonic studies. Based on the analysis of
all molecular phylogenetic data, other authors con-
sider Xenoacoelamorpha (Xenoturbellida and Nemer-
todermatida + Acoela) a group of primitive multicel-
lular organisms, which is a sister group to true bilater-
ally symmetrical organisms (Jondelius et al., 2002,
2019; Hejnol et al., 2009; Ax, 2012; Achatz et al., 2013;
Cannon et al., 2016; Hejnol and Pang, 2016; Rouse
et al., 2016; Ruiz-Trillo and Paps, 2016). In the last
case, Deuterostomia, Ecdysozoa, and Lophotrocho-
zoa represent a monophyletic group. Two names have
been suggested for this group. The name Nephrozoa
Jondelius et al., 2002 is based on the presence of spe-
cific excretory organs of true bilaterians: meta-
nephridia and protonephridia (in the apomorphic
groups, they can be reduced and replaced by other
specific excretory organs, e.g., a Malpighian tubules,
etc.), whereas Xenoturbellida, Nemertodermatida,
and Acoela are devoid of specific excretory organs.
Later, Ax (2012) used the name Eubilateria Ax, 2012
for the same monophyletic group. The problem of
Xenoacoelomorpha requires additional discussion,
which is beyond the scope of our work.

As for the origin of the true bilaterians (Nephrozoa =
Eubilateria), the analysis of the morphological fea-
tures of Lophotrochozoa, Ecdysozoa, and Deu-
terostomia shows that all three groups share basic fea-
tures, e.g., the presence of a through intestine, a coe-
lomic cavity, metamerism, and metameric limbs (see
Malakhov, 2009, 2010, 2013; Malakhov and Bogo-
molova, 2016). Because it is difficult to assume that
these features appeared independently in three groups
Nephrozoa—Eubilateria, we should accept that the
last common ancestor of Eubilateria—Nephrozoa had
a complex morphological organization, i.e., it had a
through intestine, a metameric coelom, and even
metameric limbs (Malakhov, 2009, 2010, 2013).

Coelomic metamerism and metameric limbs are
found in the basal representatives of all main four
clades of true bilaterians: Ecdysozoa, Lophophorata,
Trochozoa, and Deuterostomia (Fig. 2) (Ezhova and
Malakhov, 2021b). The coelomic metamerism of Pro-
tostomia corresponds to metamerism of coelomod-
ucts, the funnels of which lie on dissepiments as in the
typical case of Annelida. The primary coelomic meta-
merism of the primitive mollusks Monoplacophora
includes six pairs of coelomoducts (Lemche and
Wingstrand, 1959; Warén and Hain, 1992). Brachio-
poda contains two pairs of lateral mesenteries with
nephridial funnels; suggesting that brachiopods have
three trunk segments (Malakhov and Kuzmina, 2006).
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Fig. 1. Position of Deuterostomia on a phylogenetic tree of Bilateria (after Dunn et al., 2014; Telford et al., 2015) and phylogenetic
interrelations between various phyla of Deuterostomia and various classes of Ambulacraria (Smith, 1984; Littlewood et al., 1997;

Bromham and Degnan, 1999; Ax, 2001; Reich et al., 2015).

This is in agreement with data on the larval evolution
of Craniida, which have three pairs of dorsal setal bun-
dles (Nielsen, 1991). The presence of one pair of lat-
eral mesenteries with nephridial funnels of Phoronida
suggests that phoronids have two trunk segments
(Temereva and Malakhov, 2011). Thus, at least two
groups of Lophophorata have relics of metamerism. A
common ancestor of Lophotrochozoa was probably a
metameric organism and this metamerism was typical
exactly of the coelom. Among Ecdysozoa, metamer-
ism is characteristic of arthropods and related groups,
such as Onychophora and Tardigrada; among Cyclo-
neuralia, metamerism is characteristic of Kkino-

PALEONTOLOGICAL JOURNAL

rhynchs. Traces of metamerism can be found in some
loricifers (e.g., Pliciloricus), the cuticle of which is
divided on 11 rings (Higgins and Kristensen, 1986). It
is noteworthy that this number coincides with the
number of segments (zonites) of kinorhynchs (Adri-
anov et al., 1989; Malakhov and Adrianov, 1995).
Probably, metamerism is characteristic of the common
ancestor of Ecdysozoa; and some groups of Cycloneu-
ralia lost metameric limbs and other metameric features
due to their burrowing lifestyle (Malakhov, 2009,
2010, 2013).

In the phylogenetic schemes corresponding to new
phylogenic concepts of Nephrozoa—Eubilateria (see
2022
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Fig. 2. Coelomic metamerism and its traces in the representatives of main branches of bilaterally symmetrical animals and in var-

ious phyla of deuterostome animals.

above), deuterostomes are positioned as a basal group,
which was separated early from the common clade of
true bilaterians (Fig. 1). Thus, the common ancestor
of Deuterostomia should have coelomic metamerism.
Among deuterostomes, coelomic metamerism is evi-
dently characteristic of chordate animals (Fig. 2). This
is metamerism of the coelomic sacs (somites), which
No. 8
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have enterocoelous origin to the left and to the right
from the gut (Hatschek, 1881, 1893; MacBride, 1898;
Dohrn, 1901; Conklin, 1932; Ivanov, 1937; Ivanova-
Kazas, 1978b; Holland et al., 2008b; Onai et al., 2017).
Traces of coelomic metamerism are also typical of
Hemichordata: the presence of metameric gill slits and
gill pores, the origin of which is probably related to the
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primary metamerism of coelomic nephridia and
endodermal intestinal pockets (Dohrn, 1875; Ezhova
and Malakhov, 2015).

In addition to metamerism of coelomic rudiments
inherited from the common ancestor of Bilateria, the
common ancestor of deuterostomes was also charac-
terized by symmetrical gill slits, which communicate
the endodermal pharynx with the environment. While
the coelomic metamerism is a feature common for all
Bilateria, the metameric gill slits are unique for Deu-
terostomia and occur in no other animal groups. Out-
side deuterostomes, similar organs are extremely rare.
Only one example can be provided: this is the pharynx
pores of gastrotrichs Macrodasyida (see Remane,
1927), which represent two symmetrical canals con-
necting the ectodermal pharynx with the environ-
ment. The pharynx pores of Macrodasyida are non-
homologous and are not even similar to the gill slits of
deuterostomes. The pharynx pores of the gastrotrichs
are formed by ectodermal part of the digestive system,
these are not metameric structures, and their function
is still unclear (they do not operate as breathing struc-
tures), whereas the gill slits of deuterostomes connect
the entodermal pharynx with the environment rather
than ectodermal one (Hyman, 1959; Ivanova-Kazas,
1978a; Benito and Pardos, 1997; Kaul-Strehlow and
Stach, 2013) and they are always metameric and are
necessary for breathing.

At present, only two phyla of deuterostome animals
have metameric gill slits (Chordata and Hemichor-
data). According to the current concepts, Hemichor-
data is a sister group of Echinodermata and together
they form the clade Ambulacraria (Figs. 1, 2) (Smith,
1984; Littlewood et al., 1997; Bromham and Degnan,
1999; Ax, 2001; Dunnetal., 2014; Reich et al., 2015; Tel-
ford et al., 2015). No present-day echinoderms have the
gill slits. Some Cambrian echinoderms of the extinct
group Stylophora (Homalozoa, or Carpozoa)— Cothu-
rnocystis elizae, C. (Nevadaecystis) americana, Scotiae-
cystis curvata, and Ceratocystis perneri, however, have
one row of metameric gill holes located on the upper
side of the animal (Bather, 1913; Ubaghs, 1963; Jeffe-
ries, 1969). According to Jefferies (1968, 1981), these
holes are homologous to the left row of gill slits of
Hemichordata and Chordata (Jefferies, 1968, 1981;
Gee, 1996). The bilaterally symmetrical (in contrast to
asymmetric Stylophora) Jaekelocarpus oklahomensis
belonging to the echinoderm group was described for
late Carboniferous Mitrata with two (left and right)
internal symmetrical rows of gill slits found using
computer X-ray tomography (Dominguez et al.,
2002). Thus, metameric gill slits evidently represent
the most important synapomorphy of deuterostomes,
lost by the present-day echinoderms (Figs. 2, 3). The
origin of this synapomorphy requires explanations.
From an evolutionary viewpoint, it is hard to imagine
the formation of symmetrical lateral rows of numerous
metameric paired holes connecting the intestine with
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the environment in the trunk of the common ancestor
of the deuterostome animals.

We suggested a nephridial hypothesis, which
explains the origin of gill slits of deuterostomes on the
basis of two structural features of the present-day
Enteropneusta (see Ezhova and Malakhov, 2015). The
first feature is the presence of the metameric hepatic
pockets in a hepatic region of the intestine located
beyond the branchial region (Horst, 1939). The sec-
ond feature is related to the fact that the paired collar
coelomoducts of all known acorn worms do not
directly communicate with the environment but pene-
trate the septa between the collar and the trunk and are
the paths from the collar coelom to the gill sacs of the
first pair of gill slits (excluding the representatives of
the genus Stereobalanus without collar coelomoducts)
(Hyman, 1959). According to our hypothesis, the
ancestor of deuterostomes hosted a pair of the intesti-
nal pockets in each metameric trunk segment (Fig. 3).
In addition, each segment was characterized by a pair
of nephridia (coelomoducts), the funnels of which
opened to the cavity of the anterior segment, and the
canals penetrated the dissepiment to the posterior side
and laterally—dorsally opened outside (Fig. 3).
Exactly the same is observed in the structure of the
collar coelomoducts of the present-day acorn worms.
Later in evolution, the canals of coelomoducts in the
anterior segments merged with intestinal pockets
(Fig. 3). This led to the formation of an aperture to
both the intestine and the environment in each meta-
meric nephridium. If this hypothetical ancestor
organism was a deposit feeder, then its metabolic
products could be released outside (if the animal pro-
truded from sediments) or to the intestine (if the ani-
mal occurred inside sediments). The next stage is the
reduction of the dissepiments, as well as nephridial
funnels, in all segments except for the collar one
(Fig. 3). This leads to the formation of two rows of
metameric canals leading from the endodermal phar-
ynx to the environment. The metameric gill pores
originate from metameric excretory pores; the meta-
meric gill sacs derive from metameric endodermal
intestinal pockets merged with coelomoducts; and the
metameric gill slits correspond to the metameric aper-
tures connecting the intestine and metameric intesti-
nal pockets. Thus, the metamerism of the gill slits
originates from primary (for deuterostomes and, prob-
ably, for all Eubilateria) coelomic metamerism,
although the gill slits are an undoubted synapomorphy
of Deuterostomia. Only the first pair of gill slits of the
present-day acorn worms retains the ancestral organi-
zation communicating simultaneously with intestine,
the environment, and the coelom of the previous (col-
lar) segment. The suggested merging of the coelomod-
ucts and intestinal pockets occurred only in the ante-
rior segments. The posterior segments retained the
metameric intestinal pocket and metameric coelo-
moducts, which operates as the ducts of the meta-
Vol. 56
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Fig. 3. Formation of the gill apparatus of Deuterostomia.
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meric gonads (gonoducts) of present-day acorn
worms (Spengel, 1893; Horst, 1939).

The metameric common ancestor of Deuterosto-
mia was also probably characterized by metameric
paired limbs on the ventral side in addition to the
metameric gill slits and pores located closer to the dor-
sal side of the body (Fig. 3). During evolution, these
limbs merged in left and right extended folds along the
sides of the body. These folds could arch, meeting but
not merging over the dorsal side of the animal and,
therefore, form a peribranchial cavity (atrium) pro-
tecting the gill slits from contamination in sediments.
The ancestors of Hemichordata retain these folds as
the genital wings of the acorn worms containing the
metameric gonads. Taking into account the inversion
of the sides of the body, these folds of chordate ani-
mals form metapleural folds of Cephalochordata (also
containing metameric gonads), the homologs of
which are probably the fin folds of lower vertebrates
transiting to the paired fins and limbs of Tetrapoda
(Fig. 3).

COMMON ANCESTOR
OF AMBULACRARIA

It can be concluded from the aforesaid that the
possible ancestor of Ambulacraria was (i) a bilaterally
symmetrical organism, (ii) had the left and right rows
of metameric gill slits and gill pores, and (iii) had an
evolved coelom organized as metameric coelomic
sacs, which are located along the through digestive
system. Two anterior segments (preoral and perioral)
of most Eubilateria are differentiated specifically and
differ from other body segments, which is caused,
among other things, by a specific character of the
expression of regulatory genes (see below). The preo-
ral segment of the ancestors of Ambulacraria is differen-
tiated as the proboscis region and the perioral segment
is a collar region, whereas all other segments comprise
the third trunk region of the body. In accordance with
this division, the coelomic sacs were also reorganized
with position of the paired protocoels (axocoels) in the
preoral segment of the body, paired mesocoels (hydro-
coels) in the perioral region, and several or many pairs
of metameric metacoel sacs (somatocoels) in the
trunk region.

This subdivision of coelomic regions of the ances-
tor of Ambulacraria is evident from the ontogeny of
the present-day Hemichordata and Echinodermata
and morphology of their larvae that is so similar
(Fig. 4), that it allowed I.I. Metschnikoff to combine
these two phyla of deuterostomes into the clade
Ambulacraria (Metschnikoff, 1881). The similar for-
mation of the coelomic rudiments of hemichordates
and echinoderms and their homologous state (Fig. 4)
were mentioned in classical works (MacBride, 1898;
Fedotov, 1923, 1924; Svetlov, 1957; Beklemishev, 1964).
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During the larval development of the juveniles of
Hemichordata, three pairs of coelomic rudiments
form: (i) the anterior preoral protocoels, (ii) the peri-
oral mesocoels, and (iii) the posterior metacoels
(Bateson, 1884; MacBride, 1898; Davis, 1908;
Stiasny, 1914a, 1914b; Stiasny-Wijnhoff and Stiasny,
1926, 1927; Rao, 1953; Kaul-Strehlow and Stach,
2013). The left protocoel of the hemichordate larva is
much larger than the right protocoel and is open to the
environment by an aperture (hydropore) from the left
side of the larva (Fig. 4) (Bateson, 1885; Spengel,
1893; Horst, 1939; Ruppert and Balser, 1986; Kaul-
Strehlow and Stach, 2013). The mesocoels evolve
symmetrically forming the left and right collar coe-
loms (Fig. 4). The metacoels also evolve symmetri-
cally; however, the left gill pore originates earlier than
the right one during the formation of the first pair of
gill pores (Kaul-Strehlow and Stach, 2013).

Three pairs of coelomic rudiments are also charac-
terized for the larvae of Echinodermata: (i) the ante-
rior axocoels (protocoels), (ii) the intermediate hydro-
coels (mesocoels), and (iii) the posterior somatocoels
(metacoels). The asymmetry of echinoderm coeloms
with a dominant left side, however, is more pro-
nounced relatively to hemichordates (Fig. 4). The
common axohydrocoel rudiment of many echino-
derms remains undivided for a long time; it communi-
cates with the environment by a hydropore from the
left side. Further, the axohydrocoel is divided into two
parts: a large left axocoel merged with the left hydro-
coel and still opened outside by the hydropore and a
small right axocoel not connected with the environ-
ment. Often, no right hydrocoel forms (Field, 1892;
Bury, 1895; MacBride, 1903, 1907; Gemmiill, 1914;
Ohshima, 1921; Narasimhamurti, 1933; Olsen, 1942;
Ivanova-Kazas, 1978a; Ruppert and Balser, 1986;
Malakhov and Cherkasova, 1991; Balser et al., 1993).
The right somatocoel is small and either forms one
small ring around the gut or merges with the left soma-
tocoel, whereas the left somatocoel occupies a signifi-
cantly large volume in the body of the juvenile echino-
derm than the right somatocoel and also forms several
(3—6) independent rings around the gut (Selenka,
1867; Ludwig, 1880; Hamann, 1887; Bury, 1888, 1895;
Cuénot, 1888, 1891; Hérouard, 1889; MacBride,
1896, 1903, 1907; Goto, 1897; Clark, 1898; Brooks
and Grave, 1899; Reichensperger, 1905; Gemmill,
1912, 1914, 1915, 1920; Ubisch, 1913; Osterud, 1918;
Runnstrom, 1927; Narasimhamurti, 1933; Horsta-
dius, 1939; Olsen, 1942; Chia, 1968; Malakhov and
Cherkasova, 1992; Ezhova et al., 2013, 2014, 2015,
2017, 2018, 2020).

Preoral Region of the Body and the Protocoel

The preoral region of the body (proboscis) was
probably used for locomotion (Fig. 5). For many pres-
ent-day hemichordate acorn worms (Enteropneusta:
Harrimaniidae, Ptychoderidae), it is a main locomo-
Vol. 56
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Fig. 4. Structure of larvae of Hemichordata and Echinodermata (based on Heider, 1909; Gemmill, 1914; Stiasny-Wijnhoff and
Stiasny, 1926, 1927; Malakhov and Cherkasova, 1991) and formation of their coelomic rudiments.

tory organ with an evolved musculature, which is
formed by epithelial-muscular cells organized into
several layers (see Ezhova and Malakhov, 2010). The
proboscis is used for burrowing sediments by peristal-
tic contractions, whereas the trunk is pulled following
the proboscis along the path produced (Knight-Jones,
1952; Rao, 1954; Hyman, 1959). Pterobranchia
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(Graptolithoidea) inhabit tubes or cavities of the coe-
necium and their preoral region is the main locomo-
tory organ. This is a discoid glandular shield, which
functions as a crawling foot (Johnston and Muirhead,
1951; Hyman, 1959; Lester, 1985; Ruppert et al.,
2004). Adults of extant echinoderms contain no evi-
dent preoral region. Nonetheless, at the end of the
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Fig. 5. Locomotory function of the preoral region (darker) of the body of Ambulacraria. Based on Enteropneusta (Knight-Jones,
1952), Graptolithoidea (Pterobranchia) (Schepotieff, 1907b; Lester, 1985), Crinoidea (Thompson, 1865; Seeliger, 1892; Engle,
2012), and Asteroidea (Goto, 1897; Gemmill, 1914; Ivanova-Kazas, 1978a).

pelagic stage, the planktotrophic larvae of sea stars
(Echinodermata: Asteroidea) are characterized by the
formation of three brachiolar arms (adhesive arms) on
the preoral lobe, which contain the diverticules of the
preoral coelomic region and a sucker-like organ is
developed between the brachiolar arms. The brachio-
lar arms are supplied by glands producing a glue-like
secretion and are necessary for temporary attachment
of the larva to various underwater objects, whereas a
larva uses a muscular sucker-like organ for long-term
attachment to the substrate before metamorphosis
(Goto, 1897; Gemmill, 1914; Ivanova-Kazas, 1978a).
Other classes of Eleutherozoa exhibit metamorphosis
without attachment, thus their preoral lobe is unclear
(Ivanova-Kazas, 1978a). The lecithotrophic larvae of
crinoids (Echinodermata: Crinoidea), a sister group to
other present-day echinoderms (Fig. 1), however, set-
tle on the substrate after 2—3 days of swimming and
are attached by the anterior end (Thompson, 1865;
Ivanova-Kazas, 1978a; Engle, 2012). At this moment,
the rudiment of the protocoel faces the anterior end of
the larva. During metamorphosis, when the anterior
end of the larva is elongated and transformed into a
stalk, the coelomic larval complex is inverted and the
rudiment of the right metacoel (right somatocoel)
comes to face the stalk. Exactly from the right
metacoel the five growths grow, which further form a

PALEONTOLOGICAL JOURNAL

chambered organ (Barrois,
Mortensen, 1920).

1888; Seeliger, 1892;

The most important synapomorphy of Ambu-
lacraria (axial complex or “heart-kidney”) is related to
the coelomic rudiments of the preoral region (left and
right protocoels) (Fig. 6). The axial complex is the kid-
ney of hemichordates and echinoderms (Ruppert and
Balser, 1986; Ruppert and Smith, 1988; Mayer and
Bartolomaeus, 2003; Cameron, 2005; Swalla and
Smith, 2008; Ziegler et al., 2009; Kaul-Strehlow and
Stach, 2013; Ezhova et al., 2016b; Ezhova and Malak-
hov, 2016a, 2021a). The central structures of the axial
complex are: (i) the axial or proboscis coelom (a deriv-
ative of the left protocoel) and its coelomoduct,
(ii) the pericardial coelom (a derivative of the right
protocoel), and (iii) the axial organ or glomerulus (a
system of haemal capillaries between the folds of the
coelothelia of the aforesaid coeloms) (Fig. 6). The
pericardial coelom embraces the heart and, due to
contraction of mioepithelial cells of pericardium,
blood from the heart is pushed to the capillaries of the
axial organ. Outside, the walls of the capillaries are
covered by podocytes (cells with an excretory func-
tion). The axial organ provides ultrafiltration of the
liquid from the haemal capillaries to the cavity of the
axial coelom through the basal lamina. Passing
between the podocyte processes, the primary urine is
modified into secondary urine, which contains meta-
Vol. 56
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Fig. 6. Axial or “heart-kidney” complex of Ambulacraria and evolutionary transformations of its forming protocoels.

bolic products and is evacuated through the coelo-
moduct (Fig. 6; see details in Ezhova and Malakhov,
2021a).

The left and right protocoels of the bilaterally sym-
metrical ancestor of deuterostomes were most likely
equally developed and each of them opened into the

PALEONTOLOGICALJOURNAL Vol. 56
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environment by its coelomoduct (Fig. 6) (the echino-
derms could be characterized by a typical atavism with
formation of two (rather than one) hydropores: left
and right; see Ivanova-Kazas, 1978a). The ancestors
of Ambulacraria, which were characterized by burrow-
ing or tubular lifestyle (evident from the presence of
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the genital wings protecting the gill slits) exposed only
the anterior end of the body to the water column.
Thus, the excretory function, which was primarily dis-
tributed between numerous metameric coelomoducts,
became focused in coelomoducts of the very anterior
coeloms: the proboscis and the collar. A similar event
(i.e., oligomerization of the amount of coelomoducts
and specialization of the anterior pair of coelomod-
ucts) is typical, e.g., for tube-dwelling annelids: Sabel-
lidae, Oweniidae, and Siboglinidae (Claparede, 1873;
Meyer, 1887; Fauvel, 1959; Ivanov, 1960; Land and
Norrevang, 1977; Malakhov et al., 1996; Karaseva
et al., 2012; Rimskaya-Korsakova et al., 2020).

Dissymmetry of the protocoels of Ambulacraria is
related to the transformation of one of the protocoels
(right one) to the pulsatory organ. This led to the
reduction of the right coelomoduct and hypertrophy
of the left protocoel and left coelomoduct (Fig. 6). It
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can be suggested that the choice of the right protocoel
as the pericardium and the left protocoel as the excre-
tory coelom (rather than vice versa) could be an occa-
sional evolutionary event (similar to torsion leading to
the fundamental dissymmetry of gastropods, which
could have occurred clockwise or counterclockwise,
but occurred counterclockwise in reality; see Naef,
1911). Dissymmetry of the protocoels (Figs. 4, 6, 7),
which originated as a result of extreme oligomerization
of excretory organs of the common ancestor of Ambu-
lacraria (only this dissymmetry is typical in Hemichor-
data), was responsible, to a certain degree, for the
direction of dissymmetry of Echinodermata.

Perioral Region of the Body and the Mesocoel

The representatives of the three phyla from the
taxon Deuterostomia are characterized by perioral cil-
Vol. 56
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iated tentacles, which are used for collection of small
food particles by means of mucociliary transport.
Among chordates, hemichordates, and echinoderms,
these tentacles are characteristic of Cephalochordata,
Pterobranchia, and Holothuroidea, respectively. In all
cases, ciliated tentacles are the appendages of the peri-
oral (collar) segment and are supplied by coelomic
canals from the second pair of coeloms. It is unlikely
that the ciliated tentacles, which were supplied by coe-
lomic cavities from the collar coeloms, appeared inde-
pendently in three branches of Deuterostomia. It is
possible that the common ancestor of Deuterostomia
had ciliated tentacles on the perioral segment, but they
only remained in a few present-day groups. Moreover,
there are grounds to believe that perioral ciliated ten-
tacles were typical of the common ancestor of Eubila-
teria (see Malakhov et al., 2019).

Thus, the presence of tentacles is not a synapomor-
phy of the Ambulacraria clade in contrast to the num-
ber of tentacles. The ancestor of Ambulacraria proba-
bly had two tentacle groups: five tentacles from each
side of the collar region. The same number of tentacles
(pinnate arms) occur from each side of representatives
of the pterobranchs Cephalodiscus (see Andersson,
1907; Ridewood, 1907; Schepotieff, 1907b, 1907c,
1908; Hyman, 1959; Lester, 1985; Benito and Pardos,
1997; Maletz and Cameron, 2016). Because of the
small sizes, another present-day representative of the
pterobranchs Rhabdopleura has simpler organization
(in particular, without gill slits) and possesses only a
pair of pinnate arms (by one from each side) (Schepo-
tieff, 1904, 1906, 1907a, 1907c; Hyman, 1959; Lester,
1985; Dilly, 1985; Halanych, 1993).

In two classes of Hemichordata, the collar region is
organized with considerable differences (Fig. 8).
Pterobranchia retain the tentacles, which collect the
food particles from the water column using up-stream
filtration (Halanych, 1993). The deposit feeders
Enteropneusta are characterized by reduced tentacles,
and they collect food by ciliated epithelium of the pro-
boscis and the collar, which move the mucus-food
cords with organic particles toward the mouth (Bar-
rington, 1940; Knight-Jones, 1953; Burdon-Jones,
1962; Thomas, 1972; Cameron, 2009; Gonzalez and
Cameron, 2009). The deep-water acorn worms of the
family Torquaratoridae exhibit a secondary epibenthic
lifestyle and collect food particles from a bottom water
layer and a surface sediment coat. They collect food
particles using wide lips of the collar region (Fig. 8),
which thus functionally replace the lost ciliated tenta-
cles (Holland et al., 2005; Osborn et al., 2012; Priede
et al., 2012; Jones et al., 2013).

During metamorphosis, Holothuroidea possesses
five ciliated tentacles around the mouth. They are sup-
plied by coelomic canals only from the left hydrocoel,
which loops the esophagus in a horseshoe shape
(Selenka, 1876; Semon, 1888; Inaba, 1930; Chia and
Buchanan, 1969; Smiley, 1986; Malakhov and Cher-
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kasova, 1992; Dolmatov and Yushin, 1993). In the
subsequent stages of metamorphosis, five radial canals
of the water-vascular system are formed in the meta-
morphosing holothuroids between the five coelomic
canals extending into the ciliated tentacles. These five
radial canals grow from the hydrocoel ring in the
aboral direction (Selenka, 1876; Becher, 1907
Edwards, 1909; Runnstrom, 1927; Inaba, 1930; Mala-
khov and Cherkasova, 1992; Dolmatov and Yushin,
1993; Dolmatov et al., 2016). The presence of five pri-
mary tentacles (inherited from the common ancestors
of Ambulacraria) of the ancestors of echinoderms pre-
determined the formation of five radial canals and in
this way it predeterminded the formation of the pen-
taradial symmetry, which is dominant in organization
of Holothurozoa, Crinozoa, and other echinoderms
(Fig. 8).

Trunk Region of the Body and the Metacoel

The trunk region of Enteropneusta is characterized
by features of metamerism primary for Deuterostomia
(Fig. 9): the metameric gill slits, metameric hepatic
sacculations, and gonads. Enteropneusta contain no
dissepiments, which divide the trunk coelom into
metameric compartments. The reduction of the dis-
sepiments is typical of burrowing forms because the
dissepiments prevent from the movement of the coelo-
mic liquid during peristaltic locomotion inside the
sediment, e.g., for echiurids and sipunculids, the
metameric origin of which is proven (see Hessling,
2002; Struck et al., 2007; Kristof et al., 2008; Wan-
ninger et al., 2009; Goto et al., 2020). It is possible that
an atypical radial musculature across the coelom of
the trunk region of Enteropneusta (see Spengel, 1893;
Horst, 1939; Hyman, 1959; Benito and Pardos, 1997)
is a rudiment of the musculature of the reduced dis-
sepiments.

As for echinoderms, the aforementioned dissym-
metry of the protocoels and mesocoels is also typical
of the metacoels (somatocoels). The left metacoel
forms three to six circumintestinal rings, whereas the
right metacoel forms only one ring around the gut in
the aboral part of the body (Fig. 9). In Eleutherozoa,
this ring of the right metacoel communicates or even
merges with the largest left metacoel ring, thus form-
ing a common perivisceral coelom. The right metacoel
of Crinoidea is divided into five compartments and
form a chambered organ in the aboral part of the body,
which passes into the attaching stalk of sea lilies (Bar-
rois, 1888; Seeliger, 1892; Mortensen, 1920). We sug-
gest that these rings of the left somatocoel, which fol-
low each other along the gut, represent a remnant of
the primary coelomic metamerism of the common
ancestor of Bilateria (Fig. 9; for details, see Ezhova
and Malakhov, 2021b).

The comparison of expression of genes of the Hox
cluster of the present-day Hemichordata and Echino-
dermata can reveal the organization of the metacoelo-
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mic region of the ancestors of Ambulacraria and pos-
sible metamerism of the left metacoel of echinoderms.
The Hox genes regulate the formation of the regions of
the Bilateria body along the anterior-posterior axis.
The preoral and tentacle regions of the body of most

PALEONTOLOGICAL JOURNAL  Vol. 56

present-day Bilateria are free of expression of Hox
genes; their expression begins beyond the tentacle
region enhancing from the anterior end to the poste-
rior one (Fig. 10) (Frobius et al., 2008; Bakalenko
et al., 2013; Janssen et al., 2014; Martin et al., 2016;
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Gaunt, 2018; Gasiorowski and Hejnol, 2020). In pres-
ent-day Enteropneusta, Hox genes are also expressed
only in the trunk (metacoelic) region (Aronowicz and
Lowe, 2006; Cannon et al., 2009b; Urata et al., 2009;
Freeman et al., 2012; David and Mooi, 2014; Gonza-
lez et al., 2017). They are located following each other
in a cluster in a strong order and are expressed in the
ectoderm in compliance with the colinearity (Fig. 11).
It is evident that this is the ancestral organization of
the Hox cluster (Freeman et al., 2012; Gaunt, 2018)
and the expression of Hox genes of the ancestor of
Ambulacraria also began in the area of the first pair of
gill slits in compliance with the colinearity similarly to
the present-day acorn worms.

Present-day echinoderms are characterized by
striking rearrangements of the Hox cluster and consid-
erable violations of the colinearity (Fig. 11). Sea
cucumbers and sea urchins even exhibit translocation
of the anterior Hox genes (Hox1, Hox2, Hox3) to the
end of the cluster and inversion of the direction of its
transcription. One more difference between two phyla
of Ambulacraria is related to the expression of Hox
genes. In hemichordates, it occurs mostly in the ecto-
derm, whereas most Hox genes of echinoderms are
expressed in the mesoderm (Table 1) and not only in
the metacoels but also in the mesocoel. Thus, in con-
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trast to most Bilateria, the expression of Hox genes is
partly propagated to the tentacle region.

These changes in location and expression of Hox
genes are probably a result of complex morphological
transformations which affected echinoderms during
their evolution (Rozhnov, 2012). Similar events can be
observed in other groups of Eubilateria, which are
characterized by significant transformations of the
structure plan. For example, the violations in the
organization of Hox genes and colinearity are also reg-
istered for Tunicata (Fig. 11) (David and Mooi, 2014).
The Hox cluster of Ascidiacea is divided into several
parts (Ikuta et al., 2004) and HoxI0 occurs between
Hox4 and Hox5 (Caputi et al., 2008). The Hox cluster
of Appendicularia is “atomized” decomposing on
individual genes (Seo et al., 2004), which is probably
related to a strongly dominant few-celled develop-
mental type. During the development of the represen-
tatives of the basal mollusk group Polyplacophora, the
Hox genes are expressed in compliance with colinear-
ity (Fritsch et al., 2015), but this principle in expres-
sion of Hox genes is significantly violated in a series
Scaphopoda—Cephalopoda—Gastropoda (Wollesen
et al., 2018) as if parallel with more complex changes
in the structural plan of these mollusk groups. The
mollusks also exhibit a “shift” of the area of expression
of Hox genes (Ggsiorowski and Hejnol, 2020) similar
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to that observed in Ambulacraria (Table 1). If most
Hox genes of Annelida and Brachiopoda are expressed
in the ectoderm and only some Hox genes (in addition
to ectoderm) are expressed in the mesoderm, than all
ten Hox genes of Polyplacophora are expressed in the
mesoderm and only five of ten genes are additionally
expressed in the ectoderm. Gastropoda, which under-
went the most complex rearrangement, exhibits a
nearly complete “shift” of the expression of Hox genes
from the ectoderm.

The comparison of the character of spatial expres-
sion of Hox genes of Ambulacraria and animals with
evident segmentation (Cephalochordata (Deuterosto-
mia), Annelida, and Arthropoda (Protostomia)) is
noteworthy. These groups are characterized by seg-
ment-by-segment expression of Hox genes typically
with a step of one or two segments (Fig. 12). The
expression of Hox genes of Echinodermata is “shifted”

PALEONTOLOGICAL JOURNAL

to the metacoels (Table 1), but nonetheless, it remains
segment-by-segment as for true metameric animals
(Fig. 12). The solution of this problem requires addi-
tional studies focused on the localization of Hox gene
expression not only in echinoderm larvae, but also in
juvenile stages with the metacoel already divided on
the metameric coelomic rings.

Types of Larvae and Life Cycle

A pelagic-benthic life cycle with planktotrophic
larvae arranged by a common plan is initial for Ambu-
lacraria. Metschnikoff (1870) found that tornaria,
which was previously mistaken for an echinoderm
larva, is a stage of the development of hemichordates.
On the basis of this observation, Metschnikoff (1881)
suggested a new taxon Ambulacraria Metschnikoff,
1881 including Echinodermata and Hemichordata.
Vol. 56

No. 8 2022
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Mena et al., 2000; Byrne et al., 2016), and Holothuroidea (Kikuchi et al., 2015); in general part—David and Mooi, 2014; Byrne
et al., 2016; Gaunt, 2018; figures of animals are based on the following works (Delage and Hérouard, 1898; MacBride, 1898;
Cuénot, 1948; Ivanova-Kazas, 1978a; Ruppert and Balser, 1986; Malakhov and Cherkasova, 1992; Arenas-Mena et al., 2000;
Aronowicz and Lowe, 2006; Holland et al., 2008a; Amemiya et al., 2015; Kikuchi et al., 2015; Martin et al., 2016).
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Fig. 12. Segment-by-segment expression of Hox genes of animals with striking metamerism of coeloms and limbs (Polychaeta,
Crustacea, Cephalochordata) and representatives of Ambulacraria (based on Wada et al., 1999; Arenas-Mena et al., 2000; Arono-
wicz and Lowe, 2006; Hara et al., 2006; Bakalenko et al., 2013; Tsuchimoto and Yamaguchi, 2014; Kikuchi et al., 2015; Martin
et al., 2016; Gaunt, 2018).

This suggestion was not recognized by contemporaries has been brought back to life, and the taxon Ambu-
and was not adopted for a long time. Only nowadays, lacraria became firmly established in zoological liter-
due to successes in molecular phylogenetics, his idea ature (Furlong and Holland, 2002; Dohle, 2004;

PALEONTOLOGICALJOURNAL Vol.56 No.8 2022
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Peterson, 2004; Bourlat et al., 2006; Cannon et al.,
2009a; Hejnol et al., 2009; Edgecombe et al., 2011;
Perseke et al., 2011, 2013; Freeman et al., 2012; Tarver
et al., 2013; Kaul-Strehlow and Rottinger, 2015; Kaul-
Strehlow et al., 2015; Ezhova and Malakhov, 2016a,
2016b; Peterson and Eernisse, 2016; Formery et al.,
2019).

The blastula and gastrula stages of Enteropneusta
occur below the egg cover, but the cells of the ectoder-
mal epithelium at the gastrula stage become ciliated
and the embryo begins to spin actively (see Tagawa
et al., 1998; Urata and Yamaguchi, 2004; Urata et al.,
2014). After hatching, the secondary mouth appears
on the ventral side of the larva following by the forma-
tion of the ciliary bands and the larva starts active
feeding (Figs. 4, 13). The ciliary ornament of tornaria
is well known from classical and present-day works
(Agassiz, 1872; Bateson, 1884; Morgan, 1891, 1894;
Spengel, 1893; Heider, 1909; Stiasny, 1914a; Stiasny-
Wijnhoff and Stiasny, 1926, 1927; Dawydoff, 1948;
Jagersten, 1972; Urata and Yamaguchi, 2004; Miya-
moto and Saito, 2007; Nielsen and Hay-Schmidt,
2007; Lin et al., 2016; Gonzalez et al., 2018). It
includes an adoral ciliary zone rimmed by preoral and
postoral ciliary bands, a neurotroch (a ciliary band
along the middle line of the ventral side), and a ring
telotroch around the anus on the posterior end of the
larva, which plays an important role in locomotion
(Fig. 4).

The comparative analysis shows that the elements
of the ciliary ornament of tornaria could be compared
with ciliary structures of the trochophore larvae: the
preoral and postoral ciliary bands of tornaria could be
homologous with a prototroch and a metatroch,
respectively, whereas the neurotroch of the trocho-
phore and the telotroch of the trochophore corre-
spond to the neurotroch of tornaria and telotroch of
tornaria, respectively (Malakhov et al., 2019). Within
the hypothesis of the cited work, the bilaterally sym-
metrical larvae of Eubilateria originate from the bot-
tom-dwelling juvenile individuals, which were uplifted
into the water column as a result of prolongation of the
pelagic stage of life cycle. The ciliated tentacles of the
bottom-dwelling individuals gave rise to the adoral cil-
iary zone of the larvae rimmed by ciliary bands
(Fig. 14). The suggested common ancestor of Eubilat-
eria used these tentacles to collect food particles by
mucociliary transport, and this function is preserved
by the larvae (Malakhov et al., 2019). The larvae of the
deuterostome animals use up-stream collecting of
food particles, when the cilia of ciliary bands beat away
in opposite directions providing an inflow of water in
the adoral ciliary zone and food particles fall to this
zone due to reversal of the action of cilia (Strathman,
1971, 1975; Strathmann and Bonar, 1976; Gilmour,
1985, 1986, 1988; Hart, 1991; Lacalli, 1993; Riisgard
and Larsen, 2010).

PALEONTOLOGICAL JOURNAL
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The form of the adoral ciliary zone and ciliary
bands of the planktotrophic tornariae can be very
intricate. At Metschnikoff stage, the preoral and
postoral bands form loops (Fig. 13) (Metschnikoff,
1870; Morgan, 1891, 1894; Spengel, 1893; Stiasny-
Wijnhoff and Stiasny, 1926, 1927). The large tornariae
exhibit a more complex structure of the ciliary bands.
At Krohn stages, the tentacle-like processes form
along the course of the preoral and postoral ciliary
bands (Fig. 13) (Krohn, 1854; Morgan, 1891; Stiasny-
Wijnhoff and Stiasny, 1927; Damas and Stiasny, 1961;
Hadfield, 1975; Strathmann and Bonar, 1976; Nielsen
and Hay-Schmidt, 2007). The planktotrophic larvae
of Enteropneusta reach 9 mm in size and swim in the
water column for up to five months (Kaul-Strehlow
and Rottinger, 2015). At the next developmental stage
(Spengel stage), the larva significantly decreases in
sizes, the tentacle-like processes are reduced, and the
configuration of the ciliary band is simplified (Spen-
gel, 1893; Morgan, 1894; Stiasny, 1914b). This larva
swims in the water column but does not feed, using the
reserves accumulated at the previous planktotrophic
stage (Fig. 13). During metamorphosis (Agassiz
stage), the larva loses all ciliary bands except the telo-
troch (Fig. 13), falls down onto the seabed, and its
body is subdivided into the proboscis, collar, and
trunk regions (Agassiz, 1873; Morgan, 1891, 1894;
Stiasny-Wijnhoff and Stiasny, 1926, 1927; Dawydoff,
1948; Jagersten, 1972; Urata and Yamaguchi, 2004;
Miyamoto and Saito, 2007; Nielsen and Hay-
Schmidt, 2007; Lin et al., 2016; Gonzalez et al., 2018).

In the development of the acorn worms of the fam-
ily Harrimaniidae, a lecithotrophic larva correspond-
ing to Agassiz stage is hatched from an egg and swims
for a short period of time in the bottom water layer
before its metamorphosis (Bateson, 1885, 1886; Bur-
don-Jones, 1952; Stach and Kaul, 2012). The develop-
ment of present-day Graptolithoidea (Pterobranchia)
is also lacks planktotrophic larvae. In pterobranchs, a
planuliform larva with ciliated epithelium is released
from the egg, and it immediately settles the metamor-
phosis (Stebbing, 1970; Dilly, 1973, 2013; Lester,
1988a, 1988b; Sato et al., 2008). Development with
planktotrophic larvae (Fig. 13) can be considered ini-
tial for Hemichordata, whereas the transition to the
lecithotrophic development is an apomorphic feature,
which independently appeared in various phyloge-
netic branches of this phylum.

The planktotrophic development of Echinoder-
mata is also considered a primary feature of the life
cycle (Arnone et al., 2015). Development with plank-
totrophic larvae is typical of all classes of Eleutherozoa
(although all classes include forms with lecithotrophic
development). The representatives of the class Cri-
noidea include only development with lecithotrophic
larvae (Fig. 15). Echinoderms with planktotrophic
development (Fig. 13) demonstrate hatching ciliary blas-
tula ready for free living (Selenka, 1876; Field, 1892;
Grave, 1899a; Boveri, 1901; Ubish, 1913; Holland, 1981;
Vol. 56
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Fig. 13. Life cycle of most Enteropneusta (Hemichordata) (see Heider, 1909; Stiasny, 1914a, 1914b; Stiasny-Wijnhoff and Stiasny,

1926; Burdon-Jones, 1952; Gonzalez et al., 2017, 2018) and life

cycle of Echinodermata using the example of Holothuroidea

(Metschnikoff, 1869; Semon, 1888; Bury, 1895; Smiley, 1986; Malakhov and Cherkasova, 1991, 1992; Lacalli, 1993; Lacalli and

West, 2000; Dolmatov et al., 2016; Rakaj et al., 2019).

Malakhov and Cherkasova, 1991). All further develop-
mental stages occur in the water column. The early
release of larvae from eggs at the ciliary blastula stage
should be considered an archaic feature, which
emphasizes the basal position of deuterostomes on the
phylogenetic tree of Eubilateria.

The early larvae of the representatives of various
classes of echinoderms (dipleurula larvae) have a sim-
PALEONTOLOGICALJOURNAL Vol. 56

No.8 2022

ilar structure. The echinoderm larvae are evidently
similar to the tornariae of the acorn worms, but they
differ in several important features (Fig. 4). The sec-
ondary mouth of the hemichordate larvae is opened
on the ventral side, whereas the anus evolving instead
of the blastopore, remains at the posterior end of the
larva. The mouth of the echinoderm larvae also
appears on the ventral side, whereas the anus, which is



958

Preoral

ciliary band Postoral

Brachiolar arms ciliary band

Brachiolaria of Asteroidea
(left view, schematized)

Outgrowths (lobes)
of the adoral ciliary zone

EZHOVA, MALAKHOV

Cephalic shield

Ciliary
tentacles

Assumed bilaterally symmetric
ancestor of Echinodermata
(left view)

Fig. 14. Structure of the adoral ciliary zone and intestine of sea star larva and reconstruction of the tentacle apparatus and diges-

tive system of the suggested ancestor of echinoderms.

a derivative of the blastopore, is shifted to the ventral
side (Fig. 4). Thus, the intestine of the planktotrophic
larvae of echinoderms forms a specific loop, as a result
of which the mouth and the anus become approached
on the ventral side. It is likely that this feature is related
to the absence of a circumanal ciliary ring (telotroch)
of the echinoderm larvae. The adoral ciliary zone
rimmed by preoral and postoral ciliary bands acquires
the intricate configuration, which differs in the repre-
sentatives of various echinoderm classes. The preoral
and postoral ciliary bands of larvae of sea cucumbers,
sea urchins, and brittle stars transit into each other
forming a common circumoral ciliary band, whereas
the preoral and postoral bands of the larvae of sea stars
are divided in the area of the anterior larval end
(Fig. 14) (Miiller, 1853; MacBride, 1896, 1903;
Dawydoff, 1928; Ivanova-Kazas, 1978a). It is note-
worthy that the adoral ciliary zone of the developed
sea star larvae (late bipinnaria and brachiolaria) forms
five processes on each body side (Fig. 14). The traces
of this pentameric organization of the adoral ciliary
zone can be found in the position of auricules of the
ciliary band of the holothuroid larvae or arms of plu-
teus of sea urchins (Lacalli, 1993). If we accept a
hypothesis that the circumoral larval zone rimmed by
the ciliary band is the perioral ciliary tentacles trans-
formed to the larval stage (see Malakhov et al., 2019),

PALEONTOLOGICAL JOURNAL

it can be suggested that the five processes of the adoral
ciliary zone of the larvae correspond to the five peri-
oral ciliated tentacles (from each side) of the common
ancestor of Ambulacraria (Fig. 14). It is noteworthy
that, on the oral side, the Early Silurian ophiocistoid
Sollasina cthulhu had five bundles of probably tube
feet, which were located radially symmetrically
around the mouth rimmed by the ambulacral ring
(Sollas, 1899; Rahman et al., 2019). The structural
plan of ophiocistoids is considered a possible ancestral
scenario of the organization of the first holothuroids
(Smith and Reich, 2013), although the presence of an
Aristotle’s lantern brings the ophiocistoids closer to
ancient sea urchins (Reich and Smith, 2009).

The ciliary bands of the echinoderm larvae perform
the locomotory and feeding functions at the same
time. Like hemichordates, the planktotrophic larvae
of echinoderms collect food particles using up-stream
filtration (Strathman, 1971, 1975; Gilmour, 1985,
1986, 1988; Hart, 1991; Lacalli, 1993; Riisgdrd and
Larsen, 2010).

There are two planktonic larvae in the life cycle of
echinoderms with planktotrophic development simi-
larly to the acorn worms: the feeding stage with com-
plexly organized ciliary bands and short-lived non-
feeding stage with simplified ciliary structures
(Fig. 13). Two larval stages are better expressed in the
Vol. 56

No. 8 2022
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Fig. 15. Details of the larval development of Crinoidea: auricularia and doliolaria of sea lilies after (Nakano et al., 2003) and posi-
tion of coelomic rudiments in the attached crinoid Anfedon, (modified after Barrois, 1888; Seeliger, 1892).

development of the holothuroids (Metschnikoff, 1869;
Semon, 1888; Bury, 1895; Smiley, 1986; Malakhov
and Cherkasova, 1992; Lacalli, 1993; Lacalli and
West, 2000; Dolmatov et al., 2016; Rakaj et al., 2019).
The planktotrophic larva of the holothuroids (auricu-
laria) has a complex configuration of the ciliary band,
which forms the auricular (‘ear-shaped’) processes
(Fig. 13). The auricularia swims in the water column
for 2—3 weeks reaching 0.7—1.7 mm in size. The next
stage larva in the development of the holothuroids
(doliolaria) (Fig. 13) does not feed and uses resources
accumulated by the auricularia. During the transition
to doliolaria, the larval size decreases to 40—50%, and
the body becomes barrel-shaped. The continuous cil-
iary band of the auricularia decomposes to five pairs of

PALEONTOLOGICALJOURNAL Vol.56 No.8
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incomplete ciliary arches (Metschnikoff, 1869;
Semon, 1888; Bury, 1895; Smiley, 1986; Malakhov
and Cherkasova, 1992; Lacalli, 1993; Lacalli and
West, 2000; Dolmatov et al., 2016; Rakai et al., 2018).
The duration of the doliolaria stage of various species
varies from 1—2 to 8—9 days. After that, the larva loses
the ciliary rings, settles on the seabed, and undergoes
metamorphosis transforming into a bottom-living
juvenile stage (pentactula) (Fig. 13).

There are two trends in the evolution of ontogene-
sis of echinoderms. The life cycle of sea stars, sea
urchins, and brittle stars, as a rule, is characterized by
the presence of a planktotrophic larva with ciliary
bands, which is transformed into a bottom-living juve-
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Fig. 16. Influence of living conditions on development of calcified covers of ancestors of echinoderms and primary (bilaterally
symmetrical) stage of the formation of the echinoderm body plan: the shift of the anus to the ventral side due to burrowing in

sediment by the posterior end of the body.

nile stage without doliolaria stage during the meta-
morphosis. On the other hand, most present-day cri-
noids have no planktotrophic larva and the barrel-
shaped doliolaria is released from the egg (Fig. 15).
There are grounds to believe that both these simplified
scenarios of the life cycle formed from a more complex
life cycle, which includes both planktotrophic larva
with ciliary bands and non-feeding larva with ciliary
rings. The development of some sea urchins and brittle
stars prior to metamorphosis is characterized by the
formation of the barrel-shaped stages with several cil-
iary rings that can be considered the evidence of the
presence of doliolaria in ancestors of these groups
(Grave, 1899b, 1903). On the other hand, the doli-
olarian stage in the ontogenesis of the sea lilies follows
the lecithotrophic auricularia stage, which is similar to
the planktotrophic auricularia of the holothuroids
(Fig. 15). The continuous ciliary band of the auricu-
laria of the crinoids decomposes into separate frag-
ments, which give rise to incomplete ciliary rings of
the doliolaria, similar to the development of the holo-

PALEONTOLOGICAL JOURNAL

thuroids (Lacalli, 2003; Nakano et al., 2003). All this
suggests that initially the life cycle of Ambulacraria
included two larval stages: the planktotrophic larva
with a complex configuration of the ciliary band and a
non-feeding larva with a simplified organization of
ciliary stuctures. This developmental type is still char-
acteristic of representatives of Enteropneusta among
hemichordates and in Holothuroidea and stalked Cri-
noidea among echinoderms.

FORMATION OF THE ECHINODERM
BODY PLAN

The origin of echinoderms can be subdivided into
several stages.

(1) The common ancestor of Ambulacraria was an
epibenthic mobile organism, which, probably, inhab-
ited the soft sediment and could burrow the surface
sediment layer leaving a symmetrical tentacle appara-
tus in the water column (Fig. 16). It had a differenti-
ated preoral (proboscis) region, a perioral (collar)
Vol. 56

No. 8 2022
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Fig. 17. Second (dissymmetric) stage of the formation of the echinoderm body plan: transition to lying on the right side of the
body resulted in the disappearance of the right bundle of tentacles, right mesocoel, right row of gill slits, and a significant reduc-

tion of the right metacoel.

region with ciliated tentacles, and a trunk region with
metameric gill slits and gill pores protected from con-
tamination by genital wings curved to the dorsal side.
The common ancestor of Ambulacraria, probably,
partially retained the metamerism of the trunk coe-
loms, but the excretory function has already been
focused only on the anterior coeloms like other bur-
rowing animals (see above). Further evolution of
Hemichordata was related to living in deep burrows in
the sediments (Enteropneusta) or in tubes of coene-
cium (Graptolithoidea). This allowed Hemichordata
to keep the soft covers but led to the reduction of the
coelomic metamerism of the trunk region (Figs. 9,
16). The ancestors of Echinodermata probably lived in
the uppermost sedimentary layer or on the substrate
surface, thus they acquired the rigid covers, which
were formed by skeletal plates of the connective tissue
(Fig. 16). The common ancestor of Ambulacraria was
generally a bilaterally symmetrical organism with dis-
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symmetry only in the preoral (proboscis) coeloms and
the position of an excretory pore (on the left side of the
body) (Fig. 16), which was related to intensified excre-
tory function.

(2) The organization of the early larvae of Echino-
dermata (dipleurula) indicates that the common
ancestor of echinoderms was also a bilaterally sym-
metrical organism. The shift of the anus of the larvae
to the ventral side suggests that the common ancestor
of echinoderms lived in the sediment with the dorsal
side partly buried (Fig. 16). The anus of Hemichor-
data, which are temporarily (as in juvenile Saccoglos-
sus) or permanently attached by the posterior end of
the body, is shifted to the dorsal side and this shift is
especially striking in tubicolous Graptolithoidea
(Pterobranchia).

Beginning from the Early Cambrian to the Devo-
nian, bilaterally symmetrical animals, which are
assumed to be echinoderms are known from the fossil
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Fig. 18. Third stage of evolution of the echinoderm body plan: transition to sedentary lifestyle due to attachment by the posterior

end of the body and formation of secondary radial symmetry.

record, e.g., Protocinctus, Ctenocystis, and Ctenoimbri-
cata (see Robison and Sprinkle, 1969; Rahman and
Clausen, 2009; Rahman and Zamora, 2009; Zamora
et al., 2012; Rahman et al., 2015a). Many of them had
a segmented mobile stalk, which, as suggested, was
used for burrowing into the soft sediment or even for
movement. The common ancestor of echinoderms
was characterized by a symmetrical tentacle apparatus
composed of five ciliated tentacles from each side
(Figs. 16, 17), which were used to collect the food par-
ticles by mucociliary transport of the up-stream filtra-
tion type. This evolutionary stage is reflected in the
development of five symmetrical processes of the
adoral ciliary zone from each side of the larvae of some
echinoderms (e.g., sea stars) (Fig. 14). Cambrian
Edrioasteroidea also preserved bilateral symmetry at
early ontogenic stages (Zamora et al., 2013).

(3) The next stage of the morphological evolution
of Echinodermata is a transition from bilaterally sym-

PALEONTOLOGICAL JOURNAL

metrical structure to dissymmetrical organization. In
the ontogenesis of echinoderms, this stage is reflected
in a complete reduction of the right hydrocoel and
greatest development of the left somatocoel in com-
parison with the right somatocoel (Figs. 4, 8, 9). The
reduction of the right hydrocoel (as well as right half of
the tentacle apparatus) and the preferential develop-
ment of the left somatocoel mean that the ancestor of
the present-day echinoderms started to rest on the
right side at a certain evolutionary stage (Fig. 17)
(Malakhov, 1989; Jefferies et al., 1996). This position
of the organism on the substrate surface could be pre-
ferred, because, in this case, the excretory pore
(madreporite) located from the left was at the top and
was open to the water column (Fig. 17). Thus, the dis-
symmetry of the protocoels, which originated as a
result of intensification of the excretory function,
could be a trigger for the choice of a dissymmetry
sign, i.e., which side of the ancestor of the present-
Vol. 56

No. 8 2022
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Fig. 19. Metamerism in structure of the left somatocoel of the present-day echinoderms.

day echinoderm was chosen for the settlement in the
sediment.

This stage of the morphological evolution of echi-
noderms includes a large diversity of Early Paleozoic
forms with dissymmetrical organization (see Ubaghs,
1968). The substrate-facing (probably, right) side was
flat or even concave in contrast to the opposite (left)
convex side as was shown, e.g., for Syringocrinus (see
Gill and Caster, 1960; Ubaghs and Caster, 1967; Jeffe-
ries, 1986). The convex side of some forms is charac-
terized by a row of metameric holes (probably, gill
slits), the anal cone or madreporite (e.g., Cothurnocys-
tis; see Bather, 1913; Ubaghs, 1963; Jefferies, 1969). A
stalk, as can be suggested, served for anchoring and
movement in the soft sediment (see Jefferies, 1972;
Kolata et al., 1991, Jefferies et al., 1996; Sutcliffe et al.,
2000; Lefebvre, 2003).

(4) The next stage of the evolutionary formation of
Echinodermata is a transition to the sedentary lifestyle
on the solid substrate (Fig. 18). At this stage, the
ancestors of echinoderms were attached by the poste-
rior end of the body. The mouth and surrounding ten-
tacles became apical and the anus (as in many seden-

PALEONTOLOGICALJOURNAL Vol.56 No.8
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tary forms) was also shifted up, resulting in the forma-
tion of a typical intestinal loop. The lying Cambrian
Cincta were characterized by a short stele at the poste-
rior end, whereas the anal cone was already shifted lat-
erally and forward closer to the mouth that indicates
the formation of the intestinal loop (Zamora et al.,
2012; Rahman et al., 2015b). The stele of Ordovician
Soluta was used for attachment to solid substrates
(Zamora et al., 2017).

The formation of secondary radial symmetry
related to a sedentary lifestyle is accepted in most con-
cepts of the origin of echinoderms (see Semon, 1888;
Bury, 1895; Bather, 1900; Grobben, 1923; Hyman,
1955; Beklemishev, 1964; Ubaghs, 1967). This sym-
metry is pentaradial, which is probably because the
common ancestor of echinoderms (probably, the
common ancestor of Ambulacraria) was characterized
by five tentacles from each side of the collar region
(Fig. 18). The ancestor of Pelmatozoa+Eleutherozoa
retained only five tentacles on the left side supplied by
coelomic canals from the left hydrocoel (Fig. 18). The
left hydrocoel forms a ring around the esophagus. In
addition, present-day echinoderms contain several
metameric rings formed by the derivatives of the left
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anterior Hox genes (Hox1, Hox2, Hox3) of present-day Echinozoa by rotation of the embryonic coelomic complex occurred

during the attachment of larval ancestral forms to the substrate.

somatocoel (Fig. 19). Taking into account that the
common ancestor of Ambulacraria was a metameric
organism, it is logical to suggest that these rings corre-
sponded to the left metamers of the trunk coelom
(Figs. 9, 19). The right somatocoel forms one ring,
which probably corresponds to one of the posterior
coelomic segments of the right side (Figs. 9, 19). The
right metacoel (right somatocoel) is preserved because
the derivatives of this coelomic segment formed a coe-
lom of the stalk of attached echinoderms. During the
metamorphosis of present-day Crinoidea, the right
metacoel embraces the gut and, further, gives rise to
five tubular diverticula growing to the stalk and form-
ing a chambered organ (a coelomic system of the stalk)
(Mortensen, 1920; Ivanova-Kazas, 1978a).

PALEONTOLOGICAL JOURNAL

This circumstance raises a question on the origin of
the attaching stalk of Pelmatozoa. In most concepts of
the origin of echinoderms, it is suggested that the
attaching stalk of Pelmatozoa originates at the expense
of the preoral lobe, i.e., the proboscis region (Semon,
1888; Bury, 1895; Bather, 1900; Grobben, 1923;
Hyman, 1955; Beklemishev, 1964; Ubaghs, 1967).
This opinion originated because, during metamor-
phosis, the crinoid larvae are attached to the substrate
by the ventral side of the anterior end of the body,
which later gives rise to the stalk (Thompson, 1865;
Barrois, 1888; Bury, 1888; Seeliger, 1892; MacBride,
1896). Temporary attachment by the preoral lobe is
typical of the metamorphosing larvae of sea stars
(Fig. 5) (Goto, 1897; Gemmil, 1914). If we consider
this process as a recapitulation of the transformation
Vol. 56
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of the preoral lobe into the stalk of ancient echino-
derms, then the presence of the coelomic cavity of the
protocoel (i.e., proboscis coelom) within the stalk
should be expected. The chambered organ in the stalk
of Crinoidea, however, originates from the right soma-
tocoel rather than from the proboscis coelom (Barrois,
1888; Mortensen, 1920). The metamorphosis of Cri-
noidea reflects two stages of their evolution. The
attachment to the substrate by the preoral lobe (which
is also observed in the larvae of sea stars) reflects the
ancient locomotion of deuterostomes using the pro-
boscis region of the body (Fig. 5). Graptolithoidea
(Pterobranchia) can crawl on the cephalic shield,
which is a preoral lobe, and adult acorn worms use the
proboscis region as the main burrowing organ. It is
likely that the ancestors of echinoderms used the preo-
ral lobe for crawling or temporary attachment. How-
ever, during the sedentary lifestyle, the ancestors of
echinoderms were attached to the substrate by mor-
phologically adjusted posterior end of the body (stalk),
in a similar way to pterobranchs and some juvenile
representatives of acorn worms, e.g., Saccoglossus.

During metamorphosis, the crinoid larva attaches
to the substrate by the anterior end of the body and the
vestibulum closes. After that, the inner complex of
organs is rotated so that the right larval somatocoel in
the posterior end becomes positioned in front of the
attachment area (future stalk) (Figs. 15, 20). It is likely
that these processes in the larval evolution of the echi-
noderm ancestors are responsible for the violation of the
colinearity in location of Hox genes of the present-day
Echinozoa, namely, translocation of genes HoxI—Hox3
to the posterior end of the Hox cluster (Figs. 11, 20).

The sedentary lifestyle changed the structure of the
tentacle apparatus, which is associated with the left
hydrocoel (Fig. 8). The food-collecting grooves
underlain by coelomic canals originated from the left
hydrocoel were formed between the primary tentacles.
These collecting grooves gave rise to the ambulacral
(water-vascular) system: synapomorphy of the Pelma-
tozoa + Eleutherozoa clade. Exactly this new system
of most echinoderms replaces the tentacle apparatus
(Fig. 8). Primary tentacles, which are characteristic of
the common ancestor of both Ambulacraria and Deu-
terostomia (possibly even the common ancestors of
Eubilateria), are retained only in Holothuroidea.

(5) The last large evolutionary stage of echino-
derms is related to the formation of the Eleutherozoa
clade. In classical concepts (see Semon, 1888; Bury,
1895; Bather, 1900; Grobben, 1923; Hyman, 1955;
Beklemishev, 1964; Ubaghs, 1967), the origin of Eleu-
therozoa is related to the transition to a mobile life-
style: crawling on the oral surface. This lifestyle led to
a shift of the anus (as well as the madreporite) to the
aboral side (Fig. 19). The reverse displacement of the
madreporite to the oral side was typical of Ophi-
uroidea, and is reflected in their larval evolution (see
MacBride, 1907; Ezhova et al., 2015, 2016a).
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Numerous traces of these stages of the evolution of
Echinodermata in the structure and ontogenesis of
present-day echinoderms need to be considered in
detail in further work.
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