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Aspects of asexual reproduction in holothurians are discussed. Holothurians are significant as fishery and aquaculture items and
have high commercial value. The last review on holothurian asexual reproduction was published 18 years ago and included only 8
species. An analysis of the available literature shows that asexual reproduction has now been confirmed in 16 holothurian species.
Five additional species are also most likely capable of fission. The recent discovery of new fissiparous holothurian species indicates
that this reproduction mode is more widespread in Holothuroidea than previously believed. New data about the history of the
discovery of asexual reproduction in holothurians, features of fission, and regeneration of anterior and posterior fragments are
described here. Asexual reproduction is obviously controlled by the integrated systems of the organism, primarily the nervous
system. Special molecular mechanisms appear to determine the location where fission occurs along the anterior-posterior axis of
the body. Alteration of the connective tissue strength of the body wall may play an important role during fission of holothurians.
The basic mechanism of fission is the interaction of matrix metalloproteinases, their inhibitors, and enzymes forming cross-link

complexes between fibrils of collagen. The population dynamics of fissiparous holothurians are discussed.

1. Introduction

Asexual reproduction is the most ancient mode of repro-
duction and is observed in representatives of all phyla of
modern Metazoa [1-3]. Because asexual reproduction is
closely related to the structure of an animal, its types are as
diverse as the animals themselves [4]. The variety of manifes-
tations of this phenomenon is even greater because asexual
reproduction in different species has different biological
functions, such as population growth, regulation of body size,
colonization of new sites, and survival under adverse condi-
tions. The evolution of multicellular organisms has apparently
passed through repeated losses and restorations of various
forms of asexual reproduction [3]. Among modern groups
of asexually reproducing invertebrates, holothurians deserve
special consideration because of their commercial value.
Holothurians, or sea cucumbers, are a class in the phylum
Echinodermata. Holothurians have elongated often worm-
shaped bodies that are covered with various outgrowths.
Similar to all other echinoderms, holothurians are exclusively
marine animals and inhabit all oceans at a broad range of

depths, from shallow intertidal zones to 5,000 m and more.
Most holothurians are benthic organisms [5, 6], although
there are swimming species and most likely completely
pelagic ones [7].

Holothurians are significant for commercial fishery and
aquaculture. Approximately 66 holothurian species are com-
monly exploited throughout the world [8-11]. People in these
regions consider holothurians not only a traditional com-
modity but also a commercial resource [9, 12]. Global wild
captures and aquaculture production of holothurians during
the last 30 years have been increased 7 times amounting more
than 20000 t dry weight/annum [12]. Moreover, holothurians
are a major source of biologically active substances in biotech-
nology and medicine [8, 13-16]. They have a wide array of
vitamins, minerals, saponins, chondroitin sulfates, polysac-
charides, sterols, phenolics, lectins, peptides, glycoprotein,
glycosphingolipids, and essential fatty acids [13]. Thus, var-
ious aspects of biochemistry, physiology, and developmental
biology of these animals are being actively studied.

Holothurians are also notable because they possess
diverse regeneration abilities [17-19]. Some species can expel
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their internal organs, mainly the digestive system, in response
to various stimuli and then can quickly restore them [20-
24]. Furthermore, many holothurians can regenerate after a
transverse cut [25-28].

Some holothurian species are capable of asexual repro-
duction. Most fissiparous holothurians live in tropical and
subtropical zones. The only exceptions are Ocnus planci and
O. lactea which were observed to undergo fission off the
coast of la Manche, France [22]. In the southern hemisphere,
Staurothyone inconspicua also occurs beyond the subtropical
zone. This species, with probably dividing juveniles, was col-
lected in Opossum Bay in southern Tasmania [29]. Because
of the high commercial value of holothurians, researchers
attempt to use their regenerative property and fission ability
to develop cultivation methods and increase natural popula-
tions [30-36].

The last review on holothurian asexual reproduction was
published 18 years ago [37]. This review included only 8
fissiparous species. Since then, asexual reproduction has been
observed in additional species (see, e.g., [25, 26, 38]). The
discovery of new fissiparous species indicates that this type of
reproduction in the class Holothuroidea is more widespread
than previously believed. Moreover, new data on the regen-
eration, population dynamics, and other biological aspects
of fissiparous species have been obtained. This information
requires systematization. The goal of this review is to analyze
the available data on asexual reproduction in holothurians.
All the species names used in this paper are provided in accor-
dance with WoRMS (the World Register of Marine Species).

2. History of the Discovery of Asexual
Reproduction in Holothurians

All currently known fissiparous species of holothurians
belong to two orders: Aspidochirotida and Dendrochirotida.
Asexual reproduction was first described in dendrochirotids.
Dalyell (1851, cited by Monticelli [39]) observed dividing
Ocnus (as Cucumaria) lactea and Ocnus (as Cucumaria)
planci. Moreover, according to Monticelli [39], Semper
described a case of fission in Havelockia (as Cucumaria)
versicolor. However, both Dalyell and Semper stated only that
fission occurred and did not describe the process. Chadwik
(1891, cited by Crozier [40]) provided the first brief descrip-
tion of fission in O. planci. Subsequently, Monticelli [39]
published a comprehensive study of asexual reproduction in
this species.

Benham [41] apparently was the first to provide evidence
of asexual reproduction among holothurians from the order
Aspidochirotida. He observed four specimens of Holothuria
difficilis (as Actinopyga parvula) which had lighter colored
posterior regions and less developed tube feet in a collection
of fixed animals from the Kermadec Islands. These animals
had regenerated their posterior regions as Benham [41] had
believed.

Crozier [40] was the first to directly observe fission in
aspidochirotids. He described the fission process in Holothu-
ria surinamensis and Holothuria parvula (as Captiva). Deich-
mann [42] subsequently confirmed asexual reproduction in
H. difficilis (as Actinopyga parvula).
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Another species of fissiparous holothurians was noted
only approximately 40 years later. Bonham and Held [43]
provided data and a photograph of dividing Holothuria
atra off the Marshall Islands. Harriott [44] then observed
individuals of Stichopus horrens, Stichopus chloronotus, and
Holothuria edulis in the field that had undergone fission and
were in the process of fission. The specimens of S. horrens
reported by Harriott [44] most likely belonged to the species
Stichopus monotuberculatus [45].

In an article describing the neotype for Ocnus brunneus,
McKenzie [46] indicated that this dendrochirotid species was
capable of fission. However, the status of this species was not
subsequently confirmed, and the studied individuals most
likely belonged to O. planci [47]. Subsequently, O’'Loughlin
and O’Hara [48] discovered the first fissiparous dendrochi-
rotid species during the 20th century. They reported that
a new holothurian species, Squamocnus aureoruber, from
the coastal waters off Australia was capable of asexual
reproduction. Conand et al. [49] gave the first description
of asexual reproduction for the aspidochirotid Holothuria
leucospilota, which is widely distributed in the tropical Indo-
Pacific Ocean.

Additional fissiparous holothurians were described in
the 21st century. The initial four species belong to the
order Aspidochirotida. Sonnenholzner [50] reported asexual
reproduction in Holothuria theeli, which occurs along the
coast of Ecuador. Data on the ability of larvae of the
sea cucumber Parastichopus californicus to bud were also
published that year by Eaves and Palmer [51]. This is the
only species of holothurian for which asexual reproduction
by larvae has been definitely established. There may be other
similar species [52]. Japanese researchers then observed an
individual of Stichopus horrens in the process of fission oft
Okinawa Island [53]. However, as Byrne et al. [45] believe, S.
horrens is not capable of fission and the holothurian observed
by Kohtsuka et al. [53] was Stichopus naso. The ability to
reproduce asexually was then established in Holothuria hilla
[38, 54]. Furthermore, a specimen of Holothuria portoval-
lartensis with a growing anterior end was described by
Uthicke et al. [55], which most likely indicates the ability to
reproduce asexually in this species.

Another three species of fissiparous holothurians belong
to the order Dendrochirotida. These species are the Aus-
tralian Cucuvitrum rowei [29] as well as Cladolabes schmeltzii
and Colochirus robustus [25, 26], which occur along the Viet-
nam coast. Additionally, juvenile Staurothyone inconspicua
may possess the ability to perform transverse fission [29].

Thus, asexual reproduction has been currently confirmed
in 16 holothurian species (see Table 1). Five more species,
Havelockia versicolor, Staurothyone inconspicua, Stichopus
monotuberculatus, S. naso, and Holothuria portovallartensis,
may also be capable of fission, but further studies are nec-
essary to establish this. Moreover, some holothurian species
most likely reproduce asexually in the larval stage [52].

3. Asexual Reproduction in the Larval Stage

Currently, there are data for only one holothurian species,
P californicus, which can reproduce asexually in the larval
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TABLE 1: Features of asexual reproduction in holothurians.

Site of fission

Fission method - } Duration of fission  Bias sex ratio Comments
(anterior/posterior)
Aspidochirotida
Holothuriidae
Holothuria atra c/t/s [62] 4:5[61] n m > f[44]
H. difficilis n n n m < f[63]
H. edulis t/s [64] n n n
H. hilla [38] n n n n
H. leucospilota ¢ [49] 1:4 [49] n n
H. parvula n 1:1[60] n n
H. portovallartensis [55] n n n n Confirmation is needed
H. surinamensis c [40] 1:1[40] 1-5d [40] n
H. theeli [50] n n n n
Stichopodidae
Stichopus chloronotus c/s [56] 1:1[58] 5 min [56] m > f[59]
S. monotuberculatus [45] n n n n Former S. .hor'rens [44],
confirmation is needed
S. naso [45] 0 1:1 0 0 Former S..hor.rens [53],
confirmation is needed
Parastichopus californicus b [51] Larvae
Dendrochirotida
Cucumariidae
Cucuvitrum rowei n fr [29]
Ocnus lactea n fr!
O. planci G s, t [39] fr [39] 14h [39] m > f[39]
Squamocnus aureoruber c/s [48] 1:1[48] n
Staurothyone inconspicua c[29] 1:1[29] n n Confirmation is needed
Colochirus robustus /s [25] 2:1[25] ~24h [25]
Sclerodactylidae
Cladolabes schmeltzi c/s [26] 1:1[26] 24h [26] m<f
Phyllophoridae
Havelockia versicolor’ n n n n Confirmation is needed

b—budding; c—fission by constriction; f—female; fr—fragmentation; m—male; n—no data; s—fission by stretching; t—fission by twisting.
1Dalyell, 1851, cited by Monticelli [39]; 2Kamenev and Dolmatov, unpublished data; 3Semper (cited by Monticelli [39]).

stage [51]. In this species, 12.2% of the artificially cultivated
larvae underwent fission. The process of asexual reproduction
begins in the doliolaria stage. The larvae constrict around
the penultimate ciliary band. Subsequently, a deepening of
the constriction at the posterior end causes a bud to form.
This bud (a daughter organism) retains the ciliary band and
remains attached to the mother even after settlement. The bud
is separated in the pentactula stage, and a normal Auricularia
develops.

In the Florida current of the Gulf Stream System,
Balser [52] observed auriculariae of an unknown holothurian
species that possessed lateral lobes. Under artificial cultiva-
tion the lateral lobes of these auriculariae separated from
the individual and formed blastula-like larvae. There was
one “hyaline sphere” in the blastocoele. The larvae began
gastrulation, but further development then stopped, and the
animals died [52].

4. Asexual Reproduction in Adults

Asexual reproduction in adult holothurians occurs as trans-
verse fission (architomy) and fragmentation. The most
detailed description of the fission process is that by Monticelli
[39] who differentiated three fission mechanisms in O. planci:
by constriction, twisting, or stretching. An analysis of the
available fission data on holothurians shows that various
holothurian species use different combinations of the meth-
ods described by Monticelli (see Table 1). Most holothurians,
in which the fission process was observed, began by forming a
constriction. Division into fragments proceeds either by the
development and deepening of the constriction [49] or as a
result of stretching and twisting at the fission site. Usually the
posterior sections of the body are attached to a substrate by
the tube feet whereas the anterior regions move forward or
twist (Figure 1) [26, 56]. The closure of the wound resulting



from fission has not been described but probably results from
contraction of circular muscles in the body wall.

The duration of the process varies from a few minutes,
as in S. chloronotus [56], to 1-5 days, as in H. surinamensis
and Cladolabes schmeltzii [26, 40]. The duration of fission
most likely depends on the intensity of the transformation
of the extracellular matrix of the body wall. For example, the
body wall in S. chloronotus can quickly soften (J. Lawrence,
pers. comm.). Unlike other holothurians, the stimulation of
autotomy with potassium chloride in this species causes a
rapid softening and rupture of the body wall over a large area
and the organs are expelled through the large opening that is
formed [26].

The location of the constriction is apparently a species-
specific characteristic (see Table 1) [57]. In most of the studied
holothurian species, fission occurs approximately across the
middle of the body [26, 29, 40, 48, 58-60]. In H. atra, the body
is divided into two fragments with an anterior: posterior
length ratio of 4: 5 [61]. According to Conand et al. [49], the
location of constriction in H. leucospilota is shifted toward
the anterior end, and the length of the anterior fragments
constitutes approximately 19% of the total body length. In
Colochirus robustus, the ratio of the divided body sections
is 2:1; that is, the anterior fragment is twice as long as the
posterior fragment [25].

Some holothurian species can fragment into several
sections of the body simultaneously. This has long been
known for species as O. lactea and O. planci, as described by
Dalyell (1851, cited by Monticelli [39]) and Monticelli [39].
Cucuvitrum rowei also undergoes fragmentation [29]. The
repeated division into fragments, which do not completely
regenerate the lost section, a process similar to fragmenta-
tion, occurs in the aspidochirotid H. parvula [60] and the
dendrochirotid Cladolabes schmeltzii [25].

5. Fission Mechanisms

Asexual reproduction in holothurians is a very complex
process that involves various mechanisms and organ systems.
First, fission is accompanied by complex behaviors, such as
stretching and twisting at the fission site. Moreover, according
to Purwati [57], holothurians stop feeding prior to fission.
Such complex behaviors are obviously controlled by the
integrated systems of the organism, primarily the nervous
system. This is in accordance with the fact that autotomy,
the process which is close to fission, is neurally mediated
[65, 66]. Second, fission occurs in certain areas of the body,
which is a species-specific characteristic. It means that special
molecular mechanisms determine the fission location along
the anterior-posterior axis of the body. Third, the body wall,
or dermis, in holothurians consists almost exclusively of con-
nective tissue [19, 67]. Therefore, dividing the body by fission
is impossible without transforming the extracellular matrix.
Currently, no studies of the contribution of the nervous
system to fission regulation and studies of the cellular and
molecular mechanisms of fission in holothurians have been
done. There are only data on the properties of the extracellular
matrix. The connective tissue in holothurians possesses
a unique ability to alter its mechanical properties under
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FI1GURE 1: Twisting of Cladolabes schmeltzii during fission. a: anterior
part; p: posterior part. Scale bar 2 cm.

the effects of various factors [68, 69]. Thus it is called mutable
collagenous tissue (MCT) [70] or catch connective tissue [71].
This property apparently is very important for fission [72-75].

The connective tissue of the dermis in holothurians
can occur in three states: stiff, standard, and soft [74]. The
mechanical stretching of a piece of dermis results in the
decreased stiffness of the connective tissue and promotes its
transition into the soft state. A mechanism of strain-induced
softening at autotomy in holothurians has been proposed
[74]. Initially, a small portion of the dermis softens in the
area of future rupture. Then, the muscles contract, and the
pressure in the coelomic cavity rises. The increased pressure
causes an extensive deformation in the softened portion to
develop. Stiffness abruptly declines as the threshold value
of stretching is surpassed. Simultaneously, an increase in
the dissipation (the release of energy by the system) value
is registered, which most likely indicates the breakdown of
intermolecular bonds. This dissipation enables the dermis to
continue deforming at identical pressures (or at lower values).
Thus, a positive feedback occurs: the more dermis becomes
deformed, the easier it is deformed.

At the cellular level, a special type of cells, juxtaligamental
cells, in the connective tissue determines these MCT prop-
erties [68]. The cytoplasm of juxtaligamental cells contains
numerous granules surrounded by a membrane. These cells
are believed to secrete granule-derived substances in response
to signals from the nervous system. These substances influ-
ence the interaction between molecules in the extracellular
matrix of the connective tissue, thus causing rapid changes in
the mechanical properties of the latter [76-81].

Immunocytochemistry methods have revealed two pro-
teins in granules of juxtaligamental cells, tensilin and stiparin,
which are apparently involved in the alteration mechanisms
of MCT properties (Keene, Trotter, unpublished data, cited
by Wilkie [69]). These proteins bind to collagen fibrils and
are thought to form cross-links between them in vivo, thus
stabilizing collagen fibers (i.e., fibril bundles). The nucleotide
sequence of the transcript of the tensilin gene and the
predicted amino acid sequence of tensilin are currently
known for one holothurian species, Cucumaria frondosa [82].
This protein shows a high homology to tissue inhibitors of
metalloproteinases (TIMPs), which suggests the participa-
tion of matrix metalloproteinases (MMPs) in the functioning
of MCT [69]. Studies of compass depressor ligaments in
the sea urchin Paracentrotus lividus revealed some proteases,
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which have gelatinase activity [83]. Blocking them with
a specific inhibitor increases ligament stiffness. According
to the proposed model, the stiffness of MCT depends on
interactions between three protein groups, MMPs, TIMPs,
and cross-link complexes connecting collagen fibrils to one
another [83]. With an increase in TIMP release, MMP is
blocked, cross-links develop between collagen fibrils, and
MCT is strengthened. The growing concentration or activity
of MMP in the extracellular matrix causes the destruction of
cross-link complexes. This destruction enables collagen fibrils
to slide along one another, which bring MCT into a compliant
state. As well as being included in the cross-link complexes,
tensilin may be an endogenous MMP inhibitor.

Some internal organs of holothurians such as gut and lon-
gitudinal muscle bands (along with body wall) are ruptured
during fission. Autotomy of these organs in Eupentacta quin-
quesemita is a result of complete loss in the tensility of their
connective tissue [84]. This process is facilitated by muscle
contraction. Change in the organs appears to begin from the
disruption of the coelomic epithelium. Then the connective
tissue is infiltrated by coelomic fluid. It is proposed that the
coelomic fluid of holothurians contains evisceration factor
which affects connective tissue provoking loss of its tensility
[66]. In contrast to other echinoderms autotomy (eviscera-
tion) in holothurians may occur without participation of jux-
taligamental cells [84]. The processes of these cells remained
largely intact despite extensive breakdown of internal organs.

A similar mechanism that alters the connective tissue
stiffness of the dermis may also operate during asexual repro-
duction of holothurians. During fission, a local softening
of the dermis because of MMP activity occurs at a certain
site along the anterior-posterior axis of holothurians. This
process might be accompanied by contractions of the radial
muscles in the body wall, producing additional tensile. A
prolonged local effect on the dermis would cause even greater
softening, and a constriction in the body wall would be
formed. Additional twisting or stretching body movements
would accelerate fission. The difference in fission duration
between various fissiparous species is most likely determined
by differences in extracellular matrix properties and MMP,
TIMP, and other enzymatic activities.

6. Regeneration of Internal
Organs after Fission

The set of organs remaining in the fragments after fis-
sion is approximately identical for all studied fissiparous
holothurian species (Figures 2(a) and 2(b)). The differences
are related only to the location of the fission site. In H. atra, H.
parvula, S. chloronotus, Colochirus robustus, and Cladolabes
schmeltzii, which perform fission in the middle or posterior
portions of their bodies, the anterior fragment retains the
aquapharyngeal complex (AC), gonads, and one or two
segments of the gut [25, 26, 58, 60, 85]. The posterior fragment
of these animals contains the cloaca, a larger portion of
the gut, and the respiratory trees. The posterior fragment
of aspidochirotids of the family Holothuriidae also contains
Cuvierian tubules. In H. leucospilota, which divides closer to

®

FIGURE 2: Scheme of regeneration of internal organs after fission in
holothurians. (a) Animal before fission. (b) Anterior fragment just
after fission. (c) Formation of gut and cloaca in anterior fragment.
(d) Formation of respiratory trees in anterior fragment. (e) Growth
of the posterior part of the body. (f) Posterior fragment just after fis-
sion. (g) Formation of AC and gut rudiments in posterior fragment.
(h) Posterior fragment with regenerated internal organs. (i) Growth
of the anterior part of the body. ac: aquapharyngeal complex; bw:
body wall; c: cloaca; g: gut; gn: gonad; Imb: longitudinal muscle
band; m: mesentery; rt: respiratory tree; t: tentacles. Dotted line: site
of division of the body during fission.

the anterior end, the gonad may remain in the posterior [49]
or anterior fragment [57].

There are two variants of division of the intestine, which
are most likely depending on the position of the intestine
in the body cavity at the moment of fission [86]. If the
intestinal loops are located posteriorly the fission site, rupture
occurs only in the middle of the first descending portion of
the intestine (IDP). If the intestinal loops cross the fission
plane, the digestive tube is divided into three places, and two
fragments remain in both sections of the animal.



6.1. Macromorphological Features of Regeneration. Regener-
ation of the internal organs after fission has been described
in varying degrees of details for 6 holothurian species: H.
difficilis [42], H. parvula [60], H. atra [85, 86], H. leucospilota
[49], S. chloronotus [58], and C. schmeltzii [26, 87]. All
descriptions are based only on analyses of fragments collected
in nature, and, thus, the duration of regeneration remains
unknown. All data assume that the regeneration of the
internal organs after fission is similar in all holothurians, at
least at the macromorphological level (Figure 2).

In the anterior fragment, regeneration after fission begins
with partial atrophy of the damaged 1DP, the length of which
is consequently reduced. Simultaneously, the wound at the
posterior end is repaired. Moreover, the isolated fragment
of gut, if present, is broken down. The end of IDP then
begins to grow backward, down the mesentery, thus forming
the primordium of the intestine. Simultaneously, the cloaca
develops at the posterior end of the anterior fragment. The
primordium of the intestine becomes longer and grows into
the cloaca, and the integrity of the digestive system is restored
(Figure 2(c)). Animals at this regeneration stage restore the
terminal regions of the longitudinal muscle bands (LMB) that
were damaged during fission. LMB ends become thinner and
grow toward the cloaca. After the intestine and cloaca merge,
the primordia of the respiratory trees appear on the dorsal
side of the cloaca (Figure 2(d)).

Body growth also begins at this stage. At the posterior
end, a small outgrowth emerges and subsequently becomes
longer, thus forming the posterior region of the animal
(Figure 2(e)). Respiratory trees develop with the growth of
the posterior end. The respiratory trees gradually grow and
form lateral branches. In these animals, the terminal regions
of the LMB remain thinner than normal. The restoration of
LMB is most likely completed later.

The main event in the posterior fragment is the regenera-
tion of the AC. First, a connective tissue swelling, which rep-
resents the AC primordium, is formed at the anterior end of
the animal between the torn ends of ambulacra (Figure 2(g)).
Then, the terminal regions of the radial nerve cords and
radial water-vascular canals grow into AC primordium.
Subsequently, these regions form the nerve ring and circular
water-vascular canal, respectively, around the AC. The torn
anterior region of the intestine is transformed along with
the development of the AC. At the damage site, the intes-
tine becomes thinner and begins growing forward up the
mesentery (Figure 2(g)). The primordium of the intestine,
in the shape of a thin tube, grows into the AC and the
integrity of the digestive system is restored (Figure 2(h)).
Then the animal begins to grow. At the anterior end, a small
outgrowth emerges and gradually grows longer, thus forming
the anterior region of the animal (Figure 2(i)).

6.2. Microanatomical Features of Regeneration. Regeneration
after fission at the cellular level has been described only
for C. schmeltzii [87]. Here, the distinguishing feature of
development of the digestive system in both fragments is
the formation of the intestine from two primordia. The
entodermal region (intestine) is formed as a result of dediffer-
entiation and the migration of enterocytes of the remaining
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IDP. During dedifferentiation, the enterocytes lose many
secretory granules and microvilli, and their height decreases.
Nevertheless, the enterocytes retain their intercellular junc-
tions. The luminal epithelium of the intestine is not broken
down. After merging with the cloaca (anterior fragment) or
AC (posterior fragment) and restoring the integrity of the
digestive tract, enterocytes become specialized depending
on their position along the intestine [87]. In general, the
regeneration mechanisms of the intestine in C. schmeltzii
during asexual reproduction are similar to those of intestinal
regeneration after autotomy in other holothurian species [18,
21, 23, 88-91]. In both cases, the lost regions are formed
through dedifferentiation and migration of the remaining
cells of the luminal epithelium.

Ectodermal sections (the pharynx, esophagus, and pos-
terior end of cloaca) are apparently formed from epidermal
cells which migrate from the epidermis of the body wall of
the animal into the connective tissue of the body wall and
AC primordium. In this case, the cells most likely retain links
with one another, and their intercellular junctions are not
broken. In the early stages of gut regeneration, these cells
begin synthesizing the cuticle. Subsequently, the ectodermal
region merges with the entodermal region; thus, the integrity
of the digestive system is restored.

Respiratory trees in the anterior fragment develop
through the transformation of the dorsal wall of the anterior
region of the cloaca. The distinguishing regeneration feature
of the respiratory system is the rapid specialization of cells
in the luminal epithelium. These cells have lamellae on the
apical surface and are connected with one another through
a complex of specific intercellular junctions during the early
stages of formation. Therefore, the regeneration of respiratory
trees in C. schmeltzii is similar to the development and regen-
eration of these organs after evisceration in Apostichopus
japonicus [92, 93].

New muscle bundles are formed in the regenerated ends
of LMB from the coelomic epithelium, which covers the
muscles. First, groups of cells are embedded in the connective
tissue. After that these cells transform into myocytes, and
myofilaments are observed in their cytoplasm. These groups
of cells are then separated from the epithelium and form new
muscle bundles. This process is identical to muscle growth
and regeneration in echinoderms [94-98].

The regeneration of the AC in the posterior fragment also
occurs from cells in the remaining organs [87] and is similar
to repair after evisceration [18, 99]. The cells of the terminal
segments of the radial water-vascular canals and radial nerve
cords are dedifferentiated and migrate down the connective
tissue primordium of the AC. The contractile apparatus
is broken down in the myoepithelial cells of the luminal
epithelium of the water-vascular canals. Myofilaments aggre-
gate into spindle-like structures and are ejected from the
cytoplasm. Intercellular junctions are not broken during
dedifferentiation, and the cells migrate within the epithelium.
Therefore, the tubular primordium of the water-vascular
canal forms and gradually grows along the AC. The nerve
cords apparently grow in a similar manner. Both neurons and
glial cells participate in nervous system regeneration.
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In general, regeneration of the internal organs after fission
in C. schmeltzii is similar to regeneration of these structures
after evisceration or artificial damage. Transformation of
the remaining sections of organs plays a major role in
restoration. The main mechanisms are dedifferentiation and
the relocation of epithelial layers (epithelial morphogenesis).

6.3. Growth of the Body. Growth of the body begins when
the internal organs are formed (Figures 2(e) and 2(i)).
Initial signs of regeneration appear at this stage in most
holothurians. At the fission site, the dermis is depigmented
and a protuberance forms. The growth duration of the body
varies broadly and apparently depends on the species. In C.
schmeltzii individuals, which were most likely caught soon
after fission and did not have visual signs of growth at the
end, a 2-3 mm long outgrowth (10-15% of body length)
formed within 25 days when the animals were maintained
under artificial conditions (Dolmatov, unpublished data). In
S. chloronotus, growth of the external region to normal size
required up to one month [59, 64]. According to Jaquemet et
al. [100] the regeneration of H. atra after fission took about
six months.

Assessments of fission and regeneration rates are typically
based on the external morphology of the animals, particularly
the presence of the growing anterior or posterior end of the
body. In this case, all the animals, which did not manifest
a distinct outgrowth at the fission site, were combined into
one group and considered as just divided individuals. These
holothurians were used for the fission intensity assessment
[49,57, 85, 86]. But, in fact, this group comprises holothurians
at various regeneration stages [60, 85, 87]. The duration
of these stages in nature is unknown, and estimations in
holothurians can be only indirect and based on regeneration
experiments after artificial cutting. We may assume that
the development of organs during asexual reproduction
and after artificial cutting progresses at identical rates. In
C. schmeltzii, the formation of internal organs without the
growth of an external region occurs for approximately 30 days
[26]. Consequently, in animals that have a small outgrowth
at the posterior end, fission occurred over a month ago.
The duration of regeneration of internal organs in other
holothurians may range from 1.5 to 3 months [26, 33, 35].
Thus, animals with small outgrowths could have divided a few
months ago. This fact should be considered when assessing
the seasonal intensity of fission.

6.4. Gonad Development. Gonad development is an impor-
tant matter in the study of holothurian asexual reproduction
because one of the fragments after fission completely loses its
reproductive system, including the set of primary germ cells.
Gonad regeneration apparently occurs in all the fissiparous
holothurians, as even populations with a high degree of
fission continue to reproduce sexually, and the proportion of
asexual individuals does not increase [59, 60, 64].

The development of the reproductive system after fission
has been studied for only one species, H. parvula [27]. The
gonads formed late. The primordium of the reproductive
system was observed only in those individuals that had
completely formed the rest of the organs. The base of

the gonad develops first as one or several aggregations of cells
in the intestinal mesentery. A histological analysis showed
that the base of the gonad contained primary germ cells. The
gonadal tubules then begin growing from the gonad base.
During development, the gonoduct begins to form and grows
from the gonad to the dorsal region of the body wall.

7. Artificial Fission

The so-called “artificial fission” deserves special consider-
ation. “Artificial fission” is division of a holothurian into
two sections by constricting the body with a rubber band
[30, 32, 34-36] or by transverse cutting [31]. Monticelli [39]
conducted the first such experiments. The artificial division
of a holothurian into two sections is very far from natural
stimulation of asexual reproduction and could be considered
as only an imitation of fission. When a rubber band was used,
behavioral reactions related to fission (constriction, twisting,
and stretching) were absent [32]. Most likely, no internal
mechanisms triggering fission were involved. Simple cutting
of an animal has even less in common with natural fission.
Nevertheless, such studies are important and useful to learn
more about regeneration abilities to develop cultivation tech-
nologies and increase holothurian populations. Transverse
cutting experiments have shown that not all holothurians
can restore both body fragments [18, 26, 28, 35, 36]. For
example, both anterior and posterior fragments of Actinopyga
mauritiana die after constricting of the body with a rubber
band [35]. In Holothuria fuscogilva, A. miliaris, and Stichopus
variegatus only the posterior parts can regenerate into whole
animals [35]. On the other hand smaller (younger) individ-
uals of A. mauritiana, H. fuscogilva, and S. variegatus have
higher survivorship and shorter regeneration time relative
to adults [36]. After transverse cutting both fragments of
Holothuria pervicax, H. impatiens, and Massinium magnum
die [25, 26]. Only posterior parts of Apostichopus japonicus,
Holothuria scabra, Ohshimella ehrenbergi, and Colochirus
quadrangularis can regenerate lost anterior structures after
such operation [18, 25, 26].

8. Population Dynamics

8.1. Seasonal Features and Relationship with Sexual Reproduc-
tion. Holothurian asexual reproduction may occur through-
out the year with activity varying between populations and
seasons. In populations of H. atra [44, 64, 101-103], S.
chloronotus [59], H. edulis [64], and H. difficilis [63], living
in the southern hemisphere, the highest fission activity was
observed during winter when the water temperature was
the lowest. The peak of sexual reproduction in these species
occurred during the warm period of the year (November
to February). In the northern hemisphere, the highest fis-
sion activity was recorded within the summer months and
coincided with the sexual breeding season [60, 62, 104].
These differences in the fission season between the northern
and southern hemispheres could be caused by differences in
timing of mid-day low tides in the summer and winter [62].

It is obvious that asexual reproduction has a negative
effect on sexual activity. After fission, one-half of the animals



(mainly the posterior fragment) do not have gonads. Cor-
respondingly, the proportion of sexual individuals declined
in populations of even those species that had both types of
reproduction that was very synchronized and in different
seasons [59, 60]. A typical example of the negative influence
of fission on sexual reproduction is the population of H.
atra along the coasts of Taiwan. Because the sexual breeding
season coincides with the season of maximum fission, the two
halves produced by fission have no gonads and do not spawn
(62, 104]. In H. parvula, the proportion of individuals with
mature gonads does not exceed 10% during the year [60].

A decrease in reproductive potential is manifested not
only as a low gonadal index but also as a biased sex ratio
with a prevalence of males and smaller body sizes. For some
populations of fissiparous holothurians, a bias in sex ratio is
typical [39, 44, 59, 63, 105, 106]. Thus, the male to female
ratio may reach 31:1 [59]. Asexual reproduction is believed
to provoke a biased sex ratio in echinoderms [106-108].
According to McGovern [109], one of the main causes of this
phenomenon is a difference in the fission rate between males
and females. However, this relationship is not as unambigu-
ous as it may appear. There are also populations of fissiparous
species, in which the sex ratio is 1:1 [59]. Moreover, the sex
ratio may vary with age. According to Harriott [44], males
prevailed (8.5:1) among H. atra individuals that weighed
less than 100 g. The proportion of females increased as body
weight increased. The male to female ratio among animals of
more than 1,000 g was 0.7:1. In the H. parvula population
in Bermuda, a sex ratio bias was apparently absent [60]. In
a population of Cladolabes schmeltzii from Nha Trang Bay,
the number of females was more than males (Kamenev and
Dolmatov, unpublished data). There are numerous causes
of a biased sex ratio, which may differ between species
and populations [109-112]. However, no special studies of
biased sex ratio causes in holothurians have been conducted.
Uthicke et al. [106] noted that a decrease in female proportion
might result from a higher mortality among adult females,
higher fission rate among males, lower sexual recruitment, or
higher mortality among larval females.

A high intensity of fission causes a gradual decline in
average body weight and size [39, 59, 75]. The subsequent
fate of a population apparently depends on the growth rate
of fragments and environmental conditions [102]. According
to Monticelli [39], repeated fission in O. planci resulted in
a decrease in individual’s body size and death. The mean
weight of S. chloronotus in some populations at La Réunion
decreased as much as 1.5 times (from 55 to 37 g) over three
years of observation [59]. However, as was shown in Great
Barrier Reef populations, body weight can be restored to
normal within a few months [75].

8.2. Population Genetics. Very little is known about the
genetic structure of populations of fissiparous holothurians.
The structure has been studied in only two species, H. atra
[105, 113] and S. chloronotus [106, 113, 114]. Asexual repro-
duction has a considerable impact on the genetic structure of
populations of these species [114]. Genetic diversity is reduced
in fissiparous holothurians. In the most studied population,
40-60% of individuals resulted from asexual reproduction
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[105, 106, 113]. In some populations of S. chloronotus, which
are nearly entirely composed of males, only up to 20% of all
individuals were sexually produced [114]. The “genetic link”
between populations occurred only by sexually produced
larvae. Holothurian clones are restricted to local populations
[114].

9. Factors That Influence
Asexual Reproduction

The intensity of asexual reproduction varies greatly between
populations of the same holothurian species [59, 75]. This
indicates that the environment plays a major role in triggering
and regulating fission [59]. The factors that influence asexual
reproduction in holothurian larvae are unknown. Never-
theless, there are experimental data on other echinoderms
that serve as the basis for two proposed mechanisms for
the stimulation of asexual reproduction. Sea star and sea
urchin larvae, when cultivated at the optimum temperature
and with diverse food resources, undergo cloning at a higher
rate [115, 116]. Most likely, the larvae that were under the
most suitable habitat conditions were stimulated to asexually
reproduce. Growth in a number of individuals living under
optimum conditions apparently increases the probability
of successful development, metamorphosis, and reaching
the juvenile stage that eventually results in the growth of
population size.

However, in the sea urchin Dendraster excentricus the
rate of asexual reproduction in pluteus larvae increases when
the external mucus from fish (predator cues) is introduced
into the cultivation medium [117-119]. This behavior is a
predation avoidance reaction. The effect of mucus activates
budding and fission in larvae. Therefore, body size decreases,
which enables individuals to escape from predators more
successfully [118].

In adult holothurians, the main factors that influence the
asexual reproduction rate are low environmental stability,
high mortality, small individual body size, and low sexual
reproductive activity [37, 75, 102, 103]. Emson and Wilkie
[22] noted that many fissiparous brittle star species inhabit
intertidal or shallow waters. In this environment, brittle stars
are exposed to greatly varying environmental factors that may
trigger asexual reproduction. In Colochirus robustus, fission
is most likely stimulated by stress when they are maintained
under unsuitable conditions [25].

Environmental influences on intensity of fission have also
been demonstrated for H. atra. This species was observed to
have two size morphs. Small individuals can reproduce both
sexually and asexually whereas large individuals reproduce
only sexually [62, 63, 104]. Both sizes are observed in the
same species and represent phenotypic ecotypes [11]. Small
fissiparous individuals inhabit the intertidal zone, which
is characterized by significant variations in environmental
conditions, whereas large individuals are adapted to the more
stable subtidal zone [62, 75, 85, 102, 104, 105, 120]. If small
individuals are relocated from intertidal to subtidal habitats,
they become big [102,104]. Moreover, higher food availability,
because of decreased population size, stimulates the growth
of individuals and stops asexual reproduction [102, 103].
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The size of some populations of fissiparous holothurians,
despite a high fission rate, can remain constant for a long
time [44, 75, 85,101-104, 120, 121]. This scenario indicates that
some individuals are eliminated from this population because
of mortality after asexual reproduction or emigration to other
habitats [44, 85, 102]. According to the model proposed by
Uthicke [75], population size stability indicates a feedback
mechanism between asexual reproduction and mortality and
emigration. This mechanism maintains population density
near average values, which fulfill the potential of the environ-
ment.

10. Conclusion

An analysis of the available literature shows that asex-
ual reproduction has been documented for 16 holothurian
species (see Table1). Five additional species are also most
likely capable of fission but more studies are necessary to
confirm this. Moreover, some holothurian species may repro-
duce asexually in the larval stage [52]. The recent discovery
of new fissiparous holothurian species indicates that this
reproduction mode is more widespread in Holothuroidea
than previously believed.

Undoubtedly, asexual reproduction plays a major role
in the life activity of holothurians and supports population
size. Fission acquires particular significance for commercially
valuable species that are exposed to widespread overfishing
[12]. Active fission enables holothurians to support a large
population and mitigate negative external effects. However,
although there are some advantages under certain conditions,
cloning most likely is only beneficial for the short term. A
decline in body size and sexual reproduction activity for
a long time may decrease population size and survival of
the species. Unlike other clonal animals, such as Cnidaria,
the development of internal organs and further growth in
holothurians may be for long term (over several months).
The gonad forms only several months after fission. Therefore,
intensity of sexual reproduction decreases, and a bias in the
sex ratio most likely occurs.

It is evident that the adaptive importance and advantages
of asexual reproduction in holothurians can be related to its
combination with sexual reproduction. The presence of two
ecomorphs is a notable adaptation because it enables animals
to use completely different habitat conditions. Moreover,
asexual reproduction occurs as a mechanism to support large
population sizes, where larval emigration is significant [75,
122].

Many problems regarding asexual reproduction in
holothurians have still to be solved. In particular, there
are no studies of the cellular and molecular mechanisms
of fission. Currently, which factors (genes) determine the
location of the site where the body of a holothurian will
divide remains unknown. The matters concerning the
restoration of the reproductive system remain unstudied.
The source of primary germ cells in fragments that lack
gonads is also unclear. Moreover, additional studies of factors
that stimulate fission and increase asexual reproduction
activity in a population are necessary.

Asexual reproduction in holothurians is a notable and
poorly investigated phenomenon. The study of fission and
its associated regeneration is essential for understanding
the reproduction of holothurians. It is possible that the
development of methods to stimulate asexual reproduction
or regeneration after artificial cutting will be helpful to restore
holothurian populations and provide additional economic
effects.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The author is grateful to John Lawrence for critical reading
of the paper. Many thanks are due to the reviewers for
helpful comments. The study was partly supported by the
Russian Foundation for Basic Research (Grant no. 14-04-
00239) and the Government of the Russian Federation (Grant
no. 11.G34.31.0010).

References

[1] R. C. Brusca and G.J. Brusca, Invertebrates, Sinauer Associates,
Sunderland, Mass, USA, 2003, Sinauer Associates,.

[2] J. Engelstadter, “Constraints on the evolution of asexual repro-
duction,” BioEssays, vol. 30, no. 11-12, pp. 1138-1150, 2008.

[3] O. M. Ivanova-Kazas, Asexual Reproduction of Animals, LGU,
Leningrad, Russia, 1977.

[4] P. Brien, “Blastogenesis and morphogenesis,” in Advances in
Morphogenesis, M. Abercrombie, J. Brachet, and T. J. King, Eds.,
vol. 7, pp. 151-203, Academic Press, New York, NY, USA, 1968.

[5] H. Bluhm and A. Gebruk, “Holothuroidea (Echinodermata) of
the Peru basin—ecological and taxonomic remarks based on
underwater images,” Marine Ecology, vol. 20, no. 2, pp. 167-195,
1999.

[6] M. Solan, J. D. Germano, D. C. Rhoads et al., “Towards a
greater understanding of pattern, scale and process in marine
benthic systems: a picture is worth a thousand worms,” Journal
of Experimental Marine Biology and Ecology, vol. 285-286, pp.
313-338, 2003.

[7] S. Ohta, “Photographic observations of the swimming behavior
of the deep-sea pelagothuriid holothurian Enypniastes (Elasip-
oda, Holothurioidea),” Journal of the Oceanographical Society of
Japan, vol. 41, no. 2, pp. 121-133, 1985.

[8] C. Conand, “Population status, fisheries and trade of sea
cucumbers in Africa and the Indian Ocean,” in Sea Cucumbers.
A Global Review of Fisheries and Trade. FAO Fisheries and Aqua-
culture Technical Paper. No. 516, V. Toral-Granda, A. Lovatelli,
and M. Vasconcellos, Eds., pp. 143-193, FAO, Rome, Italy, 2008.

[9] S. W. Purcell, Managing Sea Cucumber Fisheries with an Ecosys-
tem Approach, FAO, Rome, Italy, 2010.

[10] S. W. Purcell, Y. Samyn, and C. Conand, Commercially Impor-
tant Sea Cucumbers of the World, FAO Species Catalogue for
Fishery Purposes no. 6, FAO, Rome, Italy, 2012.

S. Uthicke, M. Byrne, and C. Conand, “Genetic barcoding of
commercial Béche-de-mer species (Echinodermata: Holothu-
roidea);,” Molecular Ecology Resources, vol. 10, no. 4, pp. 634-
646, 2010.

(11



10

[12] S. W. Purcell, A. Mercier, C. Conand et al., “Sea cucumber
fisheries: global analysis of stocks, management measures and
drivers of overfishing,” Fish and Fisheries, vol. 14, no. 1, pp. 34—
59, 2013.

[13] S. Bordbar, E Anwar, and N. Saari, “High-value components
and bioactives from sea cucumbers for functional foods—a
review;” Marine Drugs, vol. 9, no. 10, pp. 1761-1805, 2011.

[14] A.]J. Lawrence, R. Afifi, M. Ahmed, S. Khalifa, and T. Paget,
“Bioactivity as an options value of sea cucumbers in the Egyp-
tian Red Sea,” Conservation Biology, vol. 24, no. 1, pp. 217-225,
2010.

[15] E Lazcano-Pérez, S. A. Roman-Gonzalez, N. Sanchez-Puig,

and R. Arreguin-Espinosa, “Bioactive peptides from marine

organisms: a short overview; Protein and Peptide Letters, vol.

19, no. 7, pp. 700-707, 2012.

J. Micael, M. J. Alves, A. C. Costa, and M. B. Jones, “Exploita-

tion and conservation of echinoderms,” in Oceanography and

Marine Biology: An Annual Review, R. N. Gibson, R. J. A.

Atkinson, and J. D. M. Gordon, Eds., vol. 47, pp. 191-208, Taylor

& Francis, New York, NY, USA, 2009.

[17] I.Y. Dolmatov, “Regeneration in echinoderms,” Russian Journal
of Marine Biology, vol. 25, no. 3, pp. 225-233, 1999.

[18] L. Y. Dolmatov and V. S. Mashanov, Regeneration in Holothuri-
ans, Dalnauka, Vladivostok, Russia, 2007.

(19] L. H. Hyman, The Invertebrates: Echinodermata. The Coelome
Bilateria, McGraw-Hill, New York, NY, USA, 1955.

[20] I. Y. Dolmatov, “Asexual reproduction, evisceration and regen-
eration in holothurians,” Russian Journal of Developmental
Biology, vol. 27, pp. 256-265, 1996.

[21] I. Y. Dolmatov, “Regeneration of the digestive system in
holothunans,” Zhurnal Obshchei Biologii, vol. 70, no. 4, pp. 316—
327,2009.

[22] R.H.Emson and I. C. Wilkie, “Fission and autotomy in echino-
derms;” in Oceanography and Marine Biology: An Amnnual
Review, vol. 18, pp. 155-250, Taylor & Francis, New York, NY,
USA, 1980.

[23] V. S. Mashanov and J. E. Garcia-Arraras, “Gut regeneration in
holothurians: a snapshot of recent developments,” Biological
Bulletin, vol. 221, no. 1, pp. 93-109, 2011.

[24] D. Vandenspiegel, M. Jangoux, and P. Flammang, “Maintain-
ing the line of defense: regeneration of cuvierian tubules
in the sea cucumber Holothuria forskali (Echinodermata,
Holothuroidea),” The Biological Bulletin, vol. 198, no. 1, pp. 34—
49, 2000.

[25] 1. Y. Dolmatov, “New data on asexual reproduction, autotomy;,
and regeneration in holothurians of the order Dendrochi-
rotida,” Russian Journal of Marine Biology, vol. 40, pp. 228-232,
2014.

[26] 1. Y. Dolmatov, N. A. Khang, and Y. O. Kamenev, “Asexual
reproduction, evisceration, and regeneration in holothurians
(Holothuroidea) from Nha Trang Bay of the South China Sea,”
Russian Journal of Marine Biology, vol. 38, no. 3, pp. 243-252,
2012.

[27] E R. Kille, “Regeneration of the reproductive system following
binary fission in the sea cucumber Holothuria parvula, The
Biological Bulletin, vol. 83, no. 1, pp. 55-66, 1942.

[28] E. Torelle, “Regeneration in holothuria,” Zoologischer Anzeiger,
vol. 35, pp. 15-22, 1910.

[29] P. M. O’'Loughlin, J. Eichler, L. Altoff et al., “Observations of
reproductive strategies for some dendrochirotid holothuroids
(Echinodermata: Holothuroidea: Dendrochirotida),” Memoirs
of Museum Victoria, vol. 66, no. 2, pp. 215-220, 2009.

[16

The Scientific World Journal

[30] W. Hermawan and R. Hartati, “Stimulasi reproduksi aseksual
pada Stichopus horrens dan Stichopus vastus di Perairan Pulau
Karimunjawa, Kabupaten Jepara,” Journal of Marine Research,
vol. 1, pp. 118-124, 2012.

[31] A. Laxminarayana, “Asexual reproduction by induced trans-
verse fission in the sea cucumbers Bohadschia marmorata and
Holothuria atra, SPC Beche-de-Mer Information Bulletin, vol.
23, pp. 35-37, 2006.

[32] P.Purwatiand S. A. P. Dwiono, “Fission inducement in Indone-
sian holothurians,” SPC Beche-de-Mer Information Bulletin, vol.
22, pp. 11-15, 2005.

[33] P. Purwati, S. A. P. Dwiono, L. E Indriana, and V. Fahmi,
“Shifting the natural fission plane of Holothuria atra (Aspi-
dochirotida, Holothuroidea, Echinodermata),” SPC Beche-de-
Mer Information Bulletin, vol. 29, pp. 16-19, 2009.

[34] F. A. A.Razek, S. H. A. Rahman, M. H. Mona, M. M. El-Gamal,
and R. M. Moussa, “An observation on the effect of environmen-
tal conditions on induced fission of the Mediterranean sand sea
cucumber, Holothuria arenicola (Semper, 1868) in Egypt,” SPC
Beche de Mer Information Bulletin, vol. 26, pp. 33-34, 2007.

[35] N. Reichenbach and S. Holloway, “Potential for asexual propa-
gation of several commercially important species of tropical sea
cucumber (Echinodermata);” Journal of the World Aquaculture
Society, vol. 26, no. 3, pp. 272-278,1995.

[36] N. Reichenbach, Y. Nishar, and A. Saeed, “Species and size-
related trends in asexual propagation of commercially impor-
tant species of tropical sea cucumbers (Holothuroidea),” Journal
of the World Aquaculture Society, vol. 27, no. 4, pp. 475-482,
1996.

[37] P. V. Mladenov, “Environmental factors influencing asexual
reproductive processes in echinoderms,” Oceanologica Acta, vol.
19, no. 3-4, pp. 227-235, 1996.

[38] J. Lee, M. Byrne, and S. Uthicke, “Asexual reproduction by
fission of a population of Holothuria hilla (Lesson 1830) at One
Tree Island, Great Barrier Reef, Australia,” SPC Beche-de-Mer
Information Bulletin, vol. 27, pp. 17-23, 2008.

[39] E S. Monticelli, “Sull’ autotomia delle Cucumaria planci (Br.)
Atti della Reale Accademia dei Lincei. Classe di Scienze Fisiche,
Matematiche e Naturali. Rendiconti, vol. 5, pp. 231-239, 1896.

[40] W. J. Crozier, “Multiplication by fission in holothurians,” The
American Naturalist, vol. 51, no. 609, pp. 560-566, 1917.

[41] W. B. Benham, “Report on sundry invertebrates from the
Kermadec Islands,” Transactions of the New Zealand Institute,
vol. 44, pp. 135-138, 1912.

[42] E.Deichmann, “On some cases of multiplication by fission and
of coalescence in holothurians; with notes on the synonomy of
Actinopyga parvula. (Sel),” Videnskabelige Meddelelser fra Dansk
Naturhistorisk Forening i Kjobenhavn, vol. 73, pp. 199-214, 1922.

[43] K. Bonham and E. E. Held, “Ecological observations on the
sea cucumbers Holothuria atra and H. leucospilota at Rongelap
Atoll, Marshall Islands,” Pacific Science, vol. 17, pp. 305-314, 1963.

[44] V. J. Harriott, “Sexual and asexual reproduction of Holothuria
atra Jaeger at Heron Island Reef, Great Barrier Reef,” Australian
Museum Memoir, vol. 16, pp. 53-66, 1982.

[45] M. Byrne, E. Rowe, and S. Uthicke, “Molecular taxonomy, phy-
logeny and evolution in the family Stichopodidae (Aspidochi-
rotida: Holothuroidea) based on COI and 16S mitochondrial
DNA,” Molecular Phylogenetics and Evolution, vol. 56, no. 3, pp.
1068-1081, 2010.

[46] J. D. McKenzie, “Description of a neotype for the holothurian
Ocnus brunneus (Forbes MS in Thompson, 1840) from Strang-
ford Lough, (Holothurioidea; Dendrochirotida,” Bulletin of the

»
>



The Scientific World Journal

(48]

[49

(50]

(51]

(52]

(54]

(55

[56]

(58]

(59]

(61]

British Museum (Natural History), Zoology Series, vol. 47, pp.
265-272,1984.

H. G. Hansson, “Echinodermata,” in European Register of
Marine Species. A Check-List of the Marine Species in Europe
and a Bibliography of Guides to Their Identification. Patrimoines
Naturels, M. J. Costello, C. S. Emblow, and R. White, Eds., vol.
50, pp. 336-351, Publications Scientifiques du M.N.H.N., Paris,
France, 2001.

P.M. O'Loughlin and T. D. O’Hara, “New cucumariid holothuri-
ans (Echinodermata) from Southern Australia, including two
brooding and one fissiparous species,” Memoirs of Museum
Victoria, vol. 53, pp- 227-266, 1992.

C. Conand, C. Morel, and R. Mussard, “A new study of asexual
reproduction in holothurian: fission in Holothuria leucospilota
populations on Reunion Island in Indian Ocean,” SPC Beche-de-
Mer Information Bulletin, vol. 9, pp. 5-11, 1997.

J. Sonnenholzner, “Seasonal variation in the food composition
of Holothuria theeli (Holothuroidea: Aspidochirotida) with
observations on density and distribution patterns at the central
coast of Ecuador,” Bulletin of Marine Science, vol. 73, no. 3, pp.
527-543,2003.

A. A. Eaves and A. R. Palmer, “Widespread cloning in echino-
derm larvae,” Nature, vol. 425, no. 6954, p. 146, 2003.

E. J. Balser, “And then there were more: cloning by larvae of
echinoderms,” in Echinoderms: Miinchen, T. Heinzeller and J. H.
Nebelsick, Eds., pp. 3-9, Balkema, New York, NY, USA, 2004.
H. Kohtsuka, S. Arai, and M. Ushimura, “Observation of asexual
reproduction by natural fission of Stichopus horrens Selenka in
Okinawa Island, Japan,” SPC Beche-de-mer Information Bulletin,
vol. 22, p. 23, 2005.

T. Hoareau, E. Boissin, and C. Conand, “First record of asexual
reproduction of Holothuria (Mertensiothuria) hilla in a fringing
reef at Reunion Island, western Indian Ocean,” SPC Beche-de-
Mer Information Bulletin, vol. 27, p. 24, 2008.

S. Uthicke, P.-S. Choo, and C. Conand, “Observations of two
Holothuria species (H. theeli and H. portovallartensis) from the
Galapagos,” SPC Beche-de-mer Information Bulletin, vol. 27, p. 4,
2008.

S. Uthicke, “The process of asexual reproduction by transverse
fission in Stichopus chloronotus (greenfish),” SPC Beche-de-Mer
Information Bulletin, vol. 14, pp. 23-25, 2001.

P. Purwati, “Fissiparity in Holothuria leucospilota from tropical
Darwin waters, northen Australia,” SPC Beche-de-Mer Informa-
tion Bulletin, vol. 20, pp. 26-33, 2004.

C. Conand, J. Armand, N. Dijoux, and J. Garryer, “Fission in a
population of Stichopus chloronotus on Reunion Island, Indian
Ocean,” SPC Beche-de-Mer Information Bulletin, vol. 10, pp. 15—
23,1998.

C. Conand, S. Uthicke, and T. Hoareau, “Sexual and asexual
reproduction of the holothurian Stichopus chloronotus (Echin-
odermata): a comparison between La Réunion (Indian Ocean)
and East Australia (Pacific Ocean),” Invertebrate Reproduction
& Development, vol. 41, pp. 235-242, 2002.

R. H. Emson and P. V. Mladenov, “Studies of the fissiparous
holothurian Holothuria parvula (Selenka) (Echinodermata:
Holothuroidea),” Journal of Experimental Marine Biology and
Ecology, vol. 111, no. 3, pp. 195-211, 1987.

C. Conand and C. de Ridder, “Reproduction asexuée par scis-
sion chez Holothuria atra (Holothuroidea) dans des populations
de platiers récifaux,” in Echinoderm Research 1990, C. de Ridder,
P. Dubois, M. C. la Haye, and M. Jangoux, Eds., pp. 71-76,
Balkema, Rotterdam, The Netherlands, 1990.

[62]

(63]

(65]

[66]

(73]

(74]

(75]

(76]

(77]

1

S.-M. Chao, C.-P. Chen, and P. S. Alexander, “Fission and its
effect on population structure of Holothuria atra (Echinoder-
mata: Holothuroidea) in Taiwan,” Marine Biology, vol. 116, no. 1,
pp- 109-115, 1993.

J. Lee, S. Uthicke, and M. Byrne, “Asexual reproduction and
observations of sexual reproduction in the aspidochirotid sea
cucumber Holothuria difficilis] Invertebrate Reproduction and
Development, vol. 53, no. 2, pp. 87-92, 2009.

S. Uthicke, “Seasonality of asexual reproduction in Holothuria
(Halodeima) atra, H. (H.) edulis and Stichopus chloronotus
(Holothuroidea: Aspidochirotida) on the Great Barrier Reef)
Marine Biology, vol. 129, no. 3, pp. 435-441, 1997.

M. Byrne, “The mechanical properties of the autotomy tissues
of Eupentacta quinquesemita (Echinodermata: Holothuroidea)
and the effects of certain physico-chemical agents,” Journal of
Experimental Biology, vol. 117, pp. 69-86, 1985.

M. Byrne, “Induction of evisceration in the holothurian
Eupentacta quinquesemita and evidence for the existence of
an endogenous evisceration factor,; Journal of Experimental
Biology, vol. 120, pp. 25-39, 1986.

S. Smiley, “Holothuroidea,” in Microscopic Anatomy of Inverte-
brates, Volume 14: Echinodermata, F. W. Harrison and E. S. Chia,
Eds., pp. 401-471, Wiley-Liss, New York, NY, USA, 1994.

I. C. Wilkie, “Autotomy as a prelude to regeneration in echin-
oderms,” Microscopy Research and Technique, vol. 55, no. 6, pp.
369-396, 2001.

L. C. Wilkie, “Mutable collagenous tissue: overview and biotech-
nological perspective,” in Progress in Molecular and Subcellular
Biology, V. Matranga, Ed., Marine Molecular Biotechnology, pp.
221-250, Springer, Heidelberg, Germany, 2005.

I. C. Wilkie, “Variable tensility in echinoderm collagenous
tissues: a review,” Marine Behaviour and Physiology, vol. 11, pp.
1-34,1984.

T. Motokawa, “Connective tissue catch in echinoderms,” Biolog-
ical Reviews, vol. 59, pp. 255-270, 1984.

P. V. Mladenov and R. D. Burke, “Echinodermata: asexual
propagation,” in Reproductive Biology of Invertebrates, K. G.
Adiyodi and R. G. Adiyodi, Eds., vol. 6, part B of Asexual
Propagation and Reproductive Strategies, pp. 339-383, Oxford
and IBH Publishing, New Delhi, India, 1994.

T. Motokawa, E. Sato, and K. Umeyama, “Energy expenditure
associated with softening and stiffening of echinoderm connec-
tive tissue,” The Biological Bulletin, vol. 222, no. 2, pp. 150-157,
2012.

T. Motokawa and A. Tsuchi, “Dynamic mechanical properties
of body-wall dermis in various mechanical states and their
implications for the behavior of sea cucumbers,” The Biological
Bulletin, vol. 205, no. 3, pp. 261-275, 2003.

S. Uthicke, “Influence of asexual reproduction on the structure
and dynamics of Holothuria (Halodeima) atra and Stichopus
chloronotus populations of the Great Barrier Reef” Marine and
Freshwater Research, vol. 52, no. 2, pp. 205-215, 2001.

T.J. Koob, M. M. Koob-Emunds, and J. A. Trotter, “Cell-derived
stiffening and plasticizing factors in sea cucumber (Cucumaria
frondosa) dermis,” The Journal of Experimental Biology, vol. 202,
no. 17, pp. 2291-2301, 1999,

G. K. Szulgit and R. E. Shadwick, “Dynamic mechanical
characterization of a mutable collagenous tissue: response of sea
cucumber dermis to cell lysis and dermal extracts,” Journal of
Experimental Biology, vol. 203, no. 10, pp. 1539-1550, 2000.



12

(78]

[79]

(82]

(84]

(85

(87]

(89]

(90]

(93]

J. A. Trotter, “Echinoderm collagenous tissues: smart bio-
materials with dynamically controlled stiffness,” Comparative
Biochemistry and Physiology, vol. 126, p. 95, 2000.

I. C. Wilkie, “Mutable collagenous tissues: extracellular matrix
as mechano-effector;” in Echinoderm Studies, M. Jangoux and J.
M. Lawrence, Eds., vol. 5, pp. 61-102, Balkema, Rotterdam, The
Netherlands, 1996.

I. C. Wilkie, M. D. Candia Carnevali, and J. A. Trotter, “Mutable
collagenous tissue: recent progress and an evolutionary per-
spective;,” in Echinoderms, T. Heinzeller and J. H. Nebelsick,
Eds., pp. 371-378, Taylor and Francis Group, London, UK, 2004.
I. C. Wilkie and R. H. Emson, “The tendons of Ophiocomina
nigra and their role in autotomy (Echinodermata, Ophiuroida),”
Zoomorphology, vol. 107, no. 1, pp. 33-44, 1987.

J. P. Tipper, G. Lyons-Levy, M. A. L. Atkinson, and J. A.
Trotter, “Purification, characterization and cloning of tensilin,
the collagen-fibril binding and tissue-stiffening factor from
Cucumaria frondosa dermis,” Matrix Biology, vol. 21, no. 8, pp.
625-635, 2002.

A. R. Ribeiro, A. Barbaglio, M. J. Oliveira et al, “Matrix
metalloproteinases in a sea urchin ligament with adaptable
mechanical properties,” PLoS ONE, vol. 7, no. 11, Article ID
€49016, 2012.

M. Byrne, “The morphology of autotomy structures in the
sea cucumber Eupentacta quinquesemita before and during
evisceration,” The Journal of Experimental Biology, vol. 204, no.
5, pp. 849-863, 2001.

C. Conand, “Asexual reproduction by fission in Holothuria atra:
variability of some parameters in populations from the tropical
Indo-Pacific,” Oceanologica Acta, vol. 19, no. 3-4, pp. 209-216,
1996.

C. Boyer, S. Cailasson, and K. Mairesse, “Asexual reproduction
in Holothuria atra on a reef of Reunion Island in the Indian
Ocean,” SPC Beche-de-mer Information Bulletin, vol. 7, pp. 7-9,
1995.

Y. O. Kamenev, Ultrastructure of Internal Organs, Asexual
Reproduction and Regeneration in Holothurian Cladolabes
schmeltzii, AV. Zhirmunsky Institute of Marine Biology FEB
RAS, Vladivostok, Russia, 2013.

J. E. Garcia-Arrards, L. Estrada-Rodgers, R. Santiago, L. I. Torres,
L. Diaz-Miranda, and I. Torres-Avillan, “Cellular mechanisms
in the regeneration of the intestine of the sea cucumber,
Holothuria glaberrima Selenka (Holothuroidea: Echinoder-
mata),” The Journal of Experimental Zoology, vol. 281, pp. 288-
304, 1998.

J. E. Garcia-Arraras and M. J. Greenberg, “Visceral regeneration
in holothurians,” Microscopy Research and Technique, vol. 55, no.
6, pp. 438-451, 2001.

A. W. Gibson and R. D. Burke, “Gut regeneration by morphal-
laxis in the sea cucumber Leptosynapta clarki (Heding, 1928),
Canadian Journal of Zoology, vol. 61, pp. 2720-2732, 1928.

G. N. Smith Jr., “Regeneration in the sea cucumber Leptosy-
napta. 1. The process of regeneration,” Journal of Experimental
Zoology, vol. 177, no. 3, pp. 319-330, 1971.

I. Y. Dolmatov, L. T. Frolova, E. A. Zakharova, and T. T.
Ginanova, “Development of respiratory trees in the holothuri-
ans Apostichopus japonicus (Aspidochirotida: Holothuroidea),”
Cell and Tissue Research, vol. 346, no. 3, pp. 327-338, 2011.

L. Y. Dolmatov and T. T. Ginanova, “Post-autotomy regeneration
of respiratory trees in the holothurian Apostichopus japonicus
(Holothuroidea, Aspidochirotida),” Cell and Tissue Research,
vol. 336, no. 1, pp. 41-58, 2009.

[94]

(95]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

The Scientific World Journal

I. Y. Dolmatov, “Development and evolution of the muscle
system in the Echinodermata,” in Echinoderms: Durham, L. G.
Harris, S. A. Bottger, C. W. Walker, and M. P. Lesser, Eds., pp.
163-166, CRC Press, Boca Raton, Fla, USA, 2010.

L. Y. Dolmatov, M. G. Eliseikina, A. A. Bulgakov, T. T. Ginanova,
N. E. Lamash, and V. P. Korchagin, “Muscle regeneration
in the holothurian Stichopus japonicus, Roux’s Archives of
Developmental Biology, vol. 205, no. 7-8, pp. 486493, 1996.

I. Y. Dolmatov and T. T. Ginanova, “Muscle regeneration in
holothurians,” Microscopy Research and Technique, vol. 55, no.
6, pp. 452463, 2001.

1. Y. Dolmatov, V. S. Mashanov, and O. R. Zueva, “Derivation of
muscles of the Aristotle’s lantern from coelomic epithelia,” Cell
and Tissue Research, vol. 327, no. 2, pp. 371-384, 2007.

J. E. Garcia-Arraras and I. Y. Dolmatov, “Echinoderms: potential
model systems for studies on muscle regeneration,” Current
Pharmaceutical Design, vol. 16, no. 8, pp. 942-955, 2010.

I. Y. Dolmatov, “Regeneration of the aquapharyngeal complex
in the holothurian Eupentacta fraudatrix (Holothuroidea, Den-
drochirota),” in Keys for Regeneration, C. H. Taban and B. Boilly,
Eds., vol. 23 of Monographs in Developmental Biology, pp. 40—
50, Karger, Basel, Switzerland, 1992.

S. Jaquemet, V. Rousset, and C. Conand, “Asexual reproduction
parameters and the influence of fission on a Holothuria atra sea
cucumber population from a fringing reef on Reunion Island
(Indian Ocean),” SPC Beche-de-mer Information Bulletin, vol. 11,
pp. 12-18,1999.

V. J. Harriott, The Ecology of Holothurian Fauna of Heron Reef
and Morten Bay, University of Queensland, Brisbane, Australia,
1980.

J. Lee, M. Byrne, and S. Uthicke, “The influence of population
density on fission and growth of Holothuria atra in natural
mesocosms,” Journal of Experimental Marine Biology and Ecol-
0gy, vol. 365, no. 2, pp- 126-135, 2008.

B. V. Thorne, H. Eriksson, and M. Byrne, “Long term trends
in population dynamics and reproduction in Holothuria atra
(Aspidochirotida) in the southern Great Barrier Reef; the
importance of asexual and sexual reproduction,” Journal of the
Marine Biological Association of the United Kingdom, vol. 93, no.
4, pp. 1067-1072, 2013.

S. M. Chao, C. P. Chen, and P. S. Alexander, “Reproduction and
growth of Holothuria atra (Echinodermata: Holothuroidea) at
two contrasting sites in southern Taiwan,” Marine Biology, vol.
119, no. 4, pp. 565-570, 1994.

S. Uthicke, J. A. H. Benzie, and E. Bailment, “Genetic structure
of fissiparous populations of Holothuria (Halodeima) atra on the
Great Barrier Reef,” Marine Biology, vol. 132, no. 1, pp. 141-151,
1998.

S. Uthicke, J. A. H. Benzie, and E. Bailment, “Population
genetics of the fissiparous holothurian Stichopus chloronotus
(Aspidochirotida) on the Great Barrier Reef, Australia,” Coral
Reefs, vol. 18, no. 2, pp. 123-132, 1999.

R. G. Crump and M. E Barker, “Sexual and asexual reproduc-
tion in geographically separated populations of the fissiparous
asteroid Coscinasterias calamaria (Gray), Journal of Experi-
mental Marine Biology and Ecology, vol. 88, no. 2, pp. 109-127,
1985.

E K. Garrett, P. V. Mladenov, and G. P. Wallis, “Evidence of
amictic reproduction in the brittle-star Ophiomyxa brevirima,
Marine Biology, vol. 129, no. 1, pp. 169-174, 1997.



The Scientific World Journal

(109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

(117]

[118]

[119]

(120]

[121]

(122]

T. M. McGovern, “Sex-ratio bias and clonal reproduction in the
brittle star Ophiactis savignyi,” Evolution, vol. 56, no. 3, pp. 511-
517,2002.

P. Gianguzza, F. Badalamenti, F. Gianguzza, C. Bonaviri, and S.
Riggio, “The operational sex ratio of the sea urchin Paracentro-
tus lividus populations: the case of the Mediterranean marine
protected area of Ustica Island (Tyrrhenian Sea, Italy),” Marine
Ecology, vol. 30, no. 1, pp. 125-132, 2009.

E L. E. Mariante, G. B. Lemos, E J. Eutrépio, R. R. L. Castro, and
L. C. Gomes, “Reproductive biology in the starfish Echinaster
(Othilia) guyanensis (Echinodermata: Asteroidea) in southeast-
ern Brazil,” Zoologia, vol. 27, no. 6, pp. 897-901, 2010.

T. M. McGovern, “Plastic reproductive strategies in a clonal
marine invertebrate,” Proceedings of the Royal Society B: Biolog-
ical Sciences, vol. 270, no. 1532, pp. 2517-2522, 2003.

S. Uthicke, C. Conand, and ]. A. H. Benzie, “Population
genetics of the fissiparous holothurians Stichopus chloronotus
and Holothuria atra (Aspidochirotida): a comparison between
the Torres Strait and La Réunion,” Marine Biology, vol. 139, no.
2, pp. 257-265, 2001.

S. Uthicke and C. Conand, “Amplified fragment length poly-
morphism (AFLP) analysis indicates the importance of both
asexual and sexual reproduction in the fissiparous holothurian
Stichopus chloronotus (Aspidochirotida) in the Indian and
Pacific Ocean,” Coral Reefs, vol. 24, no. 1, pp. 103-111, 2005.

K. A. McDonald and D. Vaughn, “Abrupt change in food envi-
ronment induces cloning in plutei of Dendraster excentricus;
Biological Bulletin, vol. 219, no. 1, pp. 38-49, 2010.

M. S. Vickery and J. B. McClintock, “Effects of food con-
centration and availability on the incidence of cloning in
planktotrophic larvae of the sea star Pisaster ochraceus;, The
Biological Bulletin, vol. 199, no. 3, pp. 298-304, 2000.

D. Vaughn, “Predator-induced larval cloning in the sand dollar
Dendraster excentricus: might mothers matter?” The Biological
Bulletin, vol. 217, no. 2, pp. 103-114, 2009.

D. Vaughn, “Why run and hide when you can divide? Evidence
for larval cloning and reduced larval size as an adaptive
inducible defense,” Marine Biology, vol. 157, no. 6, pp. 1301-1312,
2010.

D. Vaughn and R. R. Strathmann, “Predators induce cloning in
echinoderm larvae. Plastic reproductive strategies in a clonal
marine invertebrate,” Science, vol. 319, p. 1503, 2008.

T. A. Ebert, “Growth and size of the tropical sea cucumber
Holothuria ( Halodeima ) atra Jager at Enewetak Atoll, Marshall
Islands,” Pacific Science, vol. 32, pp. 183-191, 1978.

C. Conand, “Monitoring a fissiparous population of Holothuria
atra on a fringing reef on Réunion Island (Indian Ocean),” SPC
Beche-de-mer Information Bulletin, vol. 20, pp. 22-25, 2004.
D.J. Skillings, C. E. Bird, and R. J. Toonen, “Gateways to Hawai’i:
genetic population structure of the tropical sea cucumber
Holothuria atra;” Journal of Marine Biology, vol. 2011, Article ID
783030, 16 pages, 2011.

13



